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ABSTRACT

Compact objects are natural laboratories to study the most extreme physics under
conditions unable to be replicated anywhere on Earth. White dwarfs (WDs) are the
most abundant compact objects, and when located in binaries, it becomes possible to
measure physical properties such as mass and density. Remarkable phenomena result
from interacting WD binaries; for instance, Type la supernovae, which established
the existence of dark energy, likely result from the coalescence of two WDs or the

accretion of matter by a WD in a binary.

This thesis focuses primarily on interacting WD binaries, in the form of cataclysmic
variables (CVs) and their ultracompact cousins, AM CVns. The main product of
this thesis is the deepest X-ray survey of CVs and AM CVns to date, assembled
using a multiwavelength crossmatch of the SRG/eROSITA all-sky X-ray catalog,
Gaia, and time-domain photometry from the Zwicky Transient Facility (ZTF). I
present a rejuvenated version of a tool used for the discovery of such systems in
the X-ray + optical sky that would be missed in purely optical surveys. I calculated
CV and AM CVn space densities and luminosity functions, and showed that 1)
observations indeed reveal a dearth of accreting WDs compared to population
synthesis predictions, and 2) the mean X-ray luminonsity of CVs was overestimated
by a factor of 10-100 in the past.

Along the way, several single-object papers shine a new light on the diverse physics
of binary star evolution. I report the discovery of the second-nearest eclipsing AM
CVn and, by constraining binary parameters, show that the “evolved CV” formation
channel, which only involves one episode of common envelope evolution, is most
likely. T include work on multiwavelength follow-up of the nearest black holes to
Earth, Gaia BH1 and BH2, and show that the the lack of a detection confirms
predictions of hot accretion flows in the extreme sub-Eddington regime. Later, I
present a muilti-year, multiwavelength campaign of an enigmatic accreting WD,
and argue that it is a missing link between rapidly spinning WD pulsars and slowly
rotating polars. This object serves as strong evidence for the dynamo theory of WD
magnetism in CVs, where a WD must be spun up by accretion to generate a strong
magnetic field. Finally, I report optical spectroscopy of a new radio source pulsing
on a 2.9-hr timescale, the slowest at the time of publication. I show that this is a WD
+ M dwarf binary with a particularly massive (~ 1Mg) WD, likely representing a
new subclass of long period radio transients.
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LIST OF ILLUSTRATIONS

CVs and AM CVns probe intermediate stages of binary star evolution.
Understanding the magnetic fraction of CVs constrains magnetic field
formation during the common envelope phase, and estimating the
space density of AM CVns constrains the rate of thermonuclear
supernovae they produce. Adapted from Postnov and Yungelson
(2014). . . e
The CV evolutionary tracks of Knigge et al. (2011) demonstrate why
homogeneous surveys have been difficult in the past. Approximate
stages are shown as red numbers. At stage 1, CVs have high mass
transfer rates, keeping the accretion disk permanently ionized, and are
bright optical and X-ray sources. As the donor loses mass and reaches
stage 2, CVs have moderate mass transfer rates, but undergo frequent
dwarf novae. At stage 3, the donor star may temporarily detach,
leading to no observed outbursts or accretion features. Finally, in the
longest lived (~few Gyr) stage 4, mass transfer rates are low, leading
to a faint X-ray source and highly infrequent outbursts. . . . . . . .
The SRG/eROSITA eRASS1 survey, released in January 2024, was
the deepest all-sky X-ray survey in nearly thirty years, going five times
deeper than ROSAT, and with a comparable increase in localization
of sources. While Chandra, XMM-Newton, and Swift/XRT catalogs
are deeper than SRG/eROSITA, their limited sky coverage hinders a
large, homogeneous survey, though are still useful for discovery and
proof-of-concept studies. Adapted from Brunner et al. (2022). . . .
X-ray flux compared to DECaLS LS8 optical flux with lines of con-
stant Fy / Fop shown. All SRG/eFEDS Galactic objects are shown in
blue, virtually all of which were below the detection threshold of the
ROSAT all-sky X-ray survey. The two polars stand out as systems

with some of the largest Fx /Fop ratios in the catalog. . . . . . . . .
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Ratio of X-ray flux to DECaLS LS8 optical flux as a function of
optical color. The two polars cluster towards the upper left. Active
M dwarfs dwarfs cluster towards the upper right and active main
sequence binaries (known as BY Dra or RS CVn) below. . . . . . ..
Folded lightcurve of ZTFJ0850+0443 (top, Porp = 1.72 hr) over
ZTF forced photometry. Large amplitude variations (1-2 mag) are
characterstic of cyclotron beaming in polars. . . . . ... ... ...
High-cadence photometry taken over two orbits (left) and multi-phase
spectroscopy (right) of ZTFJ0850+0443. The highlights on the left
panels correspond to the spectrum of the same color on the right. At
phase ¢ = 0.93, pre-eclipse line inversion is seen. At phase ¢ = 0.31,
the emission lines begin to split, revealing the irradiated face of the
secondary star. At ¢ = 0.41, the emission lines completely split and
theirradiated . . . . . . . . ... L L
Cartoon of the orbit of ZTF0850+0443, based on Figure 12 of
Schmidt et al. (2005). The observer can be imagined as rotating
along the dashed circle as a function of orbital phase. . . . ... ..
Zoomed-in spectrum of ZTFJ0850+0443 at ¢ = 0.93. He II is less
broad than H Balmer lines and hardly absorbed. H Balmer lines are
absorbed redward of linecenter. . . . . . . ... ... ... ... ..
High-cadence lightcurve (two stacked orbits) of ZTFJ0850+0443
around the eclipse. Highlights indicate the following phases: In the
one-pole accretion model, the accretion spot on the WD is eclipsed
by the donor star at ¢ = 0.966. The accretion stream is gradu-
ally eclipsed until totally disappearing at ¢ = 0.988. The accretion
spot exits eclipse at ¢ = 1.033 and the accretion stream gradually
re-emerges until being fully exposedat¢ =1.05. . . . . . ... ...
The narrow component of H Balmer and He I/II emission lines
roughly trace the tip of the Roche lobe of the donor star (top). Ca Il
lines trace the irradiated face at the center-of-light (bottom). Spectra

shown are takennear ¢ =0.5. . . . . . ... ... ... ... ...,
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Xiv
“Inverse" Doppler tomograms and radial velocity curves for ZTF0850+0443
using He IT 4686 (top) and HB (bottom). Redder color indicates
stronger line strength. Model magnetic field threading is shown for
clarity using generic parameters. The dominant component is that of
the accretion curtain. The irradiated face of the secondary can also
be seen towardsthetop. . . . . ... . ... ... ... ... 34
Output of a PHOEBE model of a late-type donor being irradiated by
a 15,000K WD. The mean intensity (center-of-light) is located at
& = 0.45, while an empirical analysis of the donor in a similar polar
places the origin of Ca II emission lines to be as far away from the
center-of-massase=0.85. . . ... ... Lo 36
Radial velocity (RV) measurements of the irradiated face of the donor
star as a function of orbital phases, Ké. RV measurements are ob-
tained at orbital phases where 1) Ca Il is strong enough to be seen
above the continuum or 2) the narrow component of H Balmer lines
is not blended with the broad accretion component. . . . . . . . . .. 36
Extinction-corrected (Ay = 0.19; Schlafly and Finkbeiner (2011a))
spectral energy distribution of ZTFJ0850+0443 reproduced using
average photometry from GALEX, PanSTARRS, 2MASS, and WISE
data. The mid-infrared excess of ZTFJ0850+0443 suggests it is a

low-field (B < 10MG) polar. . . . . . ... .. ... ... ..., 39
Folded lightcurve of ZTF0926+0105 (Pow = 1.47 hr) over ZTF
forced photometry. . . . . . . .. .. 40

Cyclotron beaming is seen once per orbital phase in the high-cadence
CHIMERA photometry (top) as well as phase-resolved spectroscopy
(bottom). . . . . . .. e 43
“Inverse" Doppler tomograms and radial velocity curves for ZTF0926+0105
using He II 4686 (top) and HB (bottom). Redder color indicates
stronger line strength. The dominant component is that of the accre-
tion curtain. The irradiated face of the secondary can also be seen at
the bottom, appearing stronger in HB compared to He I1 4686. . . . 44
Extinction-corrected (Ay = 0.12; Schlafly and Finkbeiner (2011a))
spectral energy distribution of ZTFJ0926+0105 reproduced using
average photometry from GALEX, SDSS, 2MASS, and WISE data.
Unlike ZTFJ0850+0443, there is no mid-infrared excess which could

indicate this is a low-field polar. . . . . . ... ... ... ... ... 45
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Gaia EDR3 HR diagram composed of sources within 100 pc with an
exceptional parallax measurement (/0 > 10). The two polars are
located between the main sequence and WD tracks, consistent with

typical polars. . . . . . . ... 46

ZTF light curves of SRGeJ0453 on g, r filters: long-term (top), and
folded at the 55.08 minutes orbital period (bottom). No significant

outbursts are seen over the =5 yr-long baseline. . . . . . . ... ... 57

Phase-folded light curve of RTT-150 data. Blue circles corresponds
to January 19, 2023 data, red circles — January 20, 2023 data. The
light curve shows low amplitude (=~ 0.1 — 0.3™) flickering. Only the
upper part of the light curve is shown out of eclipses. . . . . . . . .. 58
CHIMERA r (red) and g (blue) 10-sec cadence photometry reveal
deep eclipses. Upper three panels: The entire observation on each
occasion. Gaps are due to large error bars in the data where cloud
cover or highly variable seeing prevented a good extraction of the
data. Bottom panel: Data from January 23 and February 17, 2023
are folded over the 55.08 minutes orbital period. . . . ... ... .. 60
LRIS phase-averaged spectrum of SRGeJ0453. The characteristic
features of an AM CVn are clear: helium emission lines imposed
over a blue continuum. Metals such as Mg, Ca, N, and Na are
present. Grey lines are locations where there are telluric features
from the Keck Telluric Line List. . . . . ... ... ... .. .... 63
The SED of SRGelJ0453 is well fit by a T.q = 16,570 K black body
(solid, black line) or T.¢ = 12,210 K DB WD model atmosphere (blue
squares) at UV/optical wavelengths. There is an IR contribution from
the donor and/or accretiondisk. . . . . ... ..o oL 65
The X-ray spectrum of SRGeJ0453 over four SRG/eROSITA all-sky
surveys data (top panel). A red line shows the best-fit power-law
model from Table 3.3. The bottom panel shows the residuals (ratio
of the data divided by the model) in each energy channel. . . . . .. 68
The 0.3-2.3 keV X-ray light curve of SRGeJ0453 during four SRG/eROSITA

all-sky surveys. Arrows show 3¢ upper limits for X-ray fluxes. . . . . 69
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Doppler tomograms and trailed spectra of He I 7065.2 A reveal
a disk with at least one prominent bright spot (upper panel). The
He 11 4685.7 A Doppler tomogram (lower panel) shows the line to

originate near the system center of mass, indicating it is the “central

spike" seen in other AM CVn systems. . . .. ... .........

PHOEBE modeling of the eclipsing allows us to constrain model
parameters of SRGeJ0453. Left: CHIMERA r (red) and g (blue)
light curves plotted alongside best-fitting PHOEBE models. Right:
Goodness-of-fit (y2/dof) for all PHOEBE models. In black, we show

XVi

model parameters where y2/dof < 2.3, indicating a good fit to the data. 73

RV measurements of the He II 4686 A line show a systemic offset
(dotted line; y = 192 km/s) and an RV amplitude of K =9 + 7 km/s
(30 confidence limit shown in grey). This low amplitude suggests that

the emission originates near the binary center of mass, and therefore

the surface of the WD. For more details, see Section 3.4. . . . . ..

Position of SRGeJ0453 in the 100 pc Gaia Hertzsprung-Russell dia-
gram alongside previously known AM CVn systems with a significant

Gaia parallax (parallax_over_error > 3). The non-outbursting

population occupies distinct portions of phase space. . . . ... ..

Phase-resolved spectra of He I 4387.9 A with resulting MCMC
parameter estimates of radial velocities. The He I 4387.9 A line is
poorly fit due to the strong central absorption feature, which affects
the final parameter estimates. Stronger He I A lines, however, are

not affected by low signal-to-noise or strong absorption (see Figure

316). . e

Phase-resolved spectra of He I 6678.2 A (above) and 7065.2 A (be-
low) with resulting MCMC parameter estimates of radial velocities.
The spectrum at phase 0.97 is clearly asymmetric in both lines, con-
firming the disk is eclipsed by the donor at the orbital phase. The
MCMC parameter estimates are therefore done without the spectrum
at that orbital phase, and result in a good fit that would not be possible

if that point were included. The in-eclipse RV measurement is shown

in grey to indicate it is not used in the MCMC analysis. . . . . . . . .
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Doppler tomogram and trailed spectra for He I 5876.5 A reveals a
disk with at least one prominent bright spot. The Doppler tomogram
of He I 6678.2 A suggests there could be a second bright spot, but
this could be an artifact due to a possible cosmic ray in one of the
SPECIra. . . . . . L e e e e
Images of Gaia BH1 (left panels) and Gaia BH2 (right panels) in the
X-ray (upper panels) and the radio (lower panels). Both sources were
observed for ~ 20 ks with Chandra/ACIS-S, corresponding to a flux
limit of ~ 4 x 10~erg s~'ecm™. Gaia BH1 was observed with the
VLA for ~4 hrs, and Gaia BH2 was observed with MeerKAT for ~4
hrs. No significant source of flux is detected at the position of Gaia
BHI1 or BH2 in either X-raysorradio. . . . . .. ... ... .....
For all plausible wind speeds under the assumption of BHL accretion
(black lines), Chandra should have detected X-rays from Gaia BH1 if
the accretion flow were radiatively efficient ( > 0.1; top panel) and
from Gaia BH2 if the accretion flow were radiatively inefficient down
ton > 107 (bottom panel). Black dots show expected efficiencies
from models of hot accretion flows, but assuming the BHL accretion
rate. Neither system is detected in X-rays, due to a combination
of reduced accretion rates compared to the BHL assumption (cyan
lines), and ensuing lower radiative efficiencies (cyan dots). . . . . . .
Gaia BH1 and BH2 could lie on the BH “Fundamental Plane". In
gray are all measurements of hard state galactic BHs. The dotted line
shows the BH fundamental plane from Plotkin et al. (2012) for 10
Mg BHs. . . . . e
Even if Gaia BH2-like system had a shorter orbital period, it would
not be detectable in X-rays before filling its Roche lobe (gray shaded
area; upper panel). A BH in a binary with a tip of the red giant branch
star (R, ~ 100Ry) can be bright enough in X-rays for the system to
be detectable before the star fills its Roche lobe (Posp ~ 10° — 10*
days; bottom panel). . . . . . . ...
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4.7
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5.1

A BH accreting from the ISM in an H; region is detectable by current
X-ray missions out to a few kpc. However, given that the nearest BH,
Gaia BHI, is 480 pc away, it is unlikely to find BHs much nearer
than that. With that in mind, the plot above shows that the prospects
for detecting BHs accreting from the CNM or any lower density ISM
phase are slim to none with current capabilities. . . . . . . .. . ..
A simple model assuming a distribution of 10% stellar-mass BHs
passing through the various phases of the ISM in the Milky Way
show that the most X-ray bright will be those passing through low
density H, regions. However, even generous model assumptions
suggest that the chances of detecting BHs accreting from the ISM are
unlikely after adopting models of hot accretion flows. . . . . . . . .
Gaia BH1 will fill its Roche lobe near the tip of its first giant branch
in a few Gyr. Gaia BH2 will do so near the tip of the AGB in ~ 100
Myr. Leading up to this stage, both systems will likely be detectable
as symbiotic BH XRBs, yet no such systems have been confirmed to
date. . . . .. L
MESA models around the time when the donors fill their Roche
lobes show that Gaia BH1 will be visible as a symbiotic BH XRB for
~50 Myr, while M > 102 Mgyq (upper left) and for =5 Myr, while
M ~ Mggq (lower left). Gaia BH2 will be visible as a symbiotic
BH XRB for ~2 Myr, while M > 1072Mg4q (upper right) and for
~0.2 Myr, while M ~ Mgqq (lower right). Because no such systems
have been discovered through X-ray outbursts, there should be at
most ~ 10* Gaia BH1-like systems in the Milky Way, unless outburst
timescales of such systems have been underestimated. . . . . . . .
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The X-ray Main Sequence. Galactic sources from the XMM-Newton/Gaia

crossmatch is shown in grey. Accreting compact object binaries in
the upper left are separated from symbiotic and active stars on the
bottom right by the “empirical cut" (solid line) or “theoretical cut"
(dotted line). All classifications on the right side panel are from the
literature, and described in Section 5.2. No extinction correction is
applied here, but the extinction vector is shown (de-reddening slides

sources towards the lower left). . . ... ... ... .. ......
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53

54

5.5

5.6

5.7

5.8

59

5.10

The same dataset as in Figure 5.1, but color coded by X-ray variability

(left) and optical variability (right). In both cases, the most variable

sources tend to be located above the cut or just belowit. . . .. ...

Objects from Figure 5.1 (same coloring conventions) plotted atop the
100 pc Gaia Hertzsprung-Russell (HR) diagram (light blue). The

full XMM-Newton/Gaia crossmatch is shown in gray. . . . . .. ..

Galactic sources from the SRG/eROSITA eFEDS catalog (gray), with
colored circles indicating those that have an SDSS-V spectrum. The
two larger circles are polars from Rodriguez et al. (2023c). The
same empirical cut from Figure 5.1 distinguishes CVs (red) from
active stars (magenta). Red stars are spectroscopically confirmed
CVs from an ongoing survey using the XMM-Newton catalog, and

the red triangle is an AM CVn (ultracompact CV) from a separate

SRG/eROSITA catalog (Rodriguez et al., 2023a). . . . . . . ... ..

SDSS-V spectra of four objects with distinct spectral types in the
SRG/eROSITA eFEDS catalog. All objects are new discoveries,

with spectroscopy confirming the predicted classification from the

X-ray Main Sequence. . . . . . . .. ..o

All active stars in the sample of Wright et al. (2011) are below the

saturation limit of Ly /Lpo = 10723, The majority of stars in the

saturated regime tend to be cooler, with T, < SO00K. . . . . . . ..

A MIST isochrone at the current age of the Milky Way converts
between Ly, an optical color, and Ly. The main sequence is shown

in bold, and we omit the evolved tracks shown in lighter color. . . . .

A cartoon of Figure 5.1 demonstrating the location of the three main

categories of objects in the X-ray Main Sequence. . . . . . . . .. ..

Keck and Palomar spectra of six CVs which are part of an ongo-
ing spectroscopic survey of the 4XMM-Gaia catalog. All sources
were predicted to be accreting compact objects using the X-ray Main
Sequence, and confirmed through optical spectroscopy. Sub-classes
shown are preliminary, yet all systems are distinct from archetypal

CVs (dwarf novae such as that shown in Figure 5.5), demonstrating

the richness that X-ray + optical surveys canreveal. . . . . . ... ..

Long term (5 year) ZTF light curves in r band (red) and g band (blue)

of all newly discovered XMM CVs. . . . .. ... ... .......
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5.11

6.1

6.2

6.3

Folded ZTF light curves (excluding outbursts) in r band (red) and g
band (blue) of 4 newly discovered XMM CVs. On the bottom right
are the high-cadence continuous observations of 4XMMJ1955 from
the ZTF Galactic Plane Survey. . . . . .. ... ... ... .....
Volume-limited samples of CVs in eROSITA selected using the X-
ray Main Sequence are shown out to distances of 150, 300, and 1000
pc (from bottom to top; tables available in machine-readable form).
All objects in SRG/eROSITA eRASS1 within the given distance
are shown in black, CV candidates in blue, and spectroscopically
confirmed CVs in red. We select CVs using the dash-dot diagonal
line in the X-ray Main Sequence (left), and exclude all objects with
BP-RP < —0.3 (hot WDs) and BP-RP > 1.5 (false matches). We
plot CVs on an HR diagram constructed using all eRASS1 sources
within each volume (center). The X-ray luminosity distribution out
to each distance is shown on the right, with the 150 pc sample in red
to show it is spectroscopically verified. . . . .. ... .. ... ...
All-sky map of optically-selected CVs from the VSX database (black),
VSX CVs with ROSAT detections (blue), and VSX CVs with eROSITA
detections (cyan). We show our 150 pc sample of CVs identified by
applying the X-ray Main Sequence to a crossmatch of SRG/eROSITA
eRASS1 with Gaia DR3 in red. The increase in density of X-ray de-
tections from ROSAT (launched 1990) to SRG/eROSITA (launched
2019) is obvious. Catalogs assembled from optically-selected CVs
suffer from a selection function that is difficult to characterize (e.g.,
the overdensity of CVs in the Galactic Bulge identified by OGLE). .
Distributions of r, the separation between the optical positions of
VSX CVs and the nearest X-ray counterpart in the ROSAT 2RXS
(blue) and SRG/eROSITA eRASSI1 (cyan) catalogs. Our 150 pc
sample is shown in red. Best-fit theoretical distributions (Equation
6.2) are shown as black dashed and solid lines, respectively. The
distribution of r for VSX optical points shifted by 2’ is shown as a
dash-dot line, demonstrating that the VSX CV + eROSITA catalog is

dominated by true associations. . . . . . .. ... ... ...
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6.4

6.5

6.6

6.7

Our 150 pc sample in the X-ray Main Sequence (upper left, with
all systems in our 150 pc crossmatch in black), Gaia HR diagram
(lower left, with the 100 pc Gaia catalog in black), and in the Pop—
Lx parameter space (right, with the VSX + eROSITA CV sample
in gray). Theoretical Ly values are plotted as a function of period,
using donor mass loss estimates from the CV evolutionary tracks
(“standard" in gray and “optimal” in black) of Pala et al. (2017), “He
WD progenitor"/“evolved CV progenitor" AM CVn tracks of Wong
and Bildsten (2021)/Sarkar et al. (2023a) and Equation 1. Accretion
efficiencies in the range of n ~ 0.02 — 0.3 (dashed and solid tracks)
best fit the data, which could be confirmed through X-ray spectral
analyses that likely depend on CV subclass. Observations of trends
in these parameter spaces by CV subclass are presented in Table 6.3. .
Observed Ly distributions of CVs. Ly distributions of primarily
optically-identified systems that have eROSITA (cyan) and ROSAT
(blue) X-ray counterparts suggest that CVs have (Lx) ~ 1031 732erg s7!.
Our 150 pc volume limited sample of systems selected using the X-ray
Main Sequence (red) instead reveals that (Ly) ~ 10%rg s~

X-ray luminosity functions of the CVs in our 150 pc sample (red
points), with AM CVns excluded. A clear flattening is seen around
Ly ~ 10®%rg s~! in all number and mass luminosity functions (left
and center panels), demonstrating that we are probing the lowest Ly
end of CVs. A significant number of low Ly systems lead to smaller
error bars compared to previous work (gray points). Low Ly (<
10¥%rg s~!) CVs dominate in number over high Ly (= 10¥%rg s™!)
systems (left and center panels), while the right panel shows that the
few high Ly systems dominate the total luminosity budget of the
population. . . . . . .. ..
1eRASS J101328.7-202848 is a newly-discovered AM CVn, selected
thanks to the X-ray Main Sequence (upper left). The optical spectrum
(upper right) shows prominent He I/II emission lines, an absence of
H lines, and the presence of metals resulting from the donor polluting
the WD. Gray lines indicate telluric features. It appears near the WD
track on the HR diagram (lower left), and shows no outbursts in six
years of ZTF data (lower right). Those properties suggest it is a
long-period (Porp 2 S0 min) AMCVn. . . ... ... ... .....
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6.8

6.9

6.10

6.11

1eRASS J054726.9+132649 is a newly-discovered magnetic period
bouncer, selected thanks to the X-ray Main Sequence (upper left). It
is located near the WD track (bottom left), and shows no outbursts in
six years of data (bottom center), indicative of low mass transfer rates.
Z.TF optical photometry (r-band in red, g-band in blue) reveals a 1.57
hr orbital period (bottom right). The optical spectrum (upper right)
shows that a 2900 K donor star predicted by CV evolutionary tracks
(see Figure 6.9) at this orbital period is not seen, thus confirming
this system as a period bouncer. Balmer emission lines show clear
Zeeman splitting (particularly HB and Hy), which reveal the magnetic
nature of the WD. . . . . . ... oo
The orbital period of 1eRASS J054726.9+132649 is shown in red,
and CV “optimal" and “standard" evolutionary tracks are shown by
the solid and dot-dashed lines, respectively. If this were a pre-bounce

system, its donor T, would be 2900K. Since we do not see this in

XXii

the spectrum in Figure 6.8, we determine it must be a period bouncer. 183

All CVsin the 150 pc sample are shown using the same colors/markers
as in Figure 6.4, with the two systems in the Pala et al. (2020a) sample
not in eRASS1 shown as downward pointing gray triangles. All CV
candidates in our 1000 pc sample are shown as gray circles. Gray
lines indicate the Ly completeness limits at 300 pc and 1000 pc,
demonstrating that our 150 pc sample at the depth of eRASS1 is the

only combination of distance/survey to obtain a complete CV catalog. 184

The cumulative distribution of CVs is plotted as a function of distance
(upper panels) for our 1000 pc sample (red), and VSX samples.
The predicted number of systems given our estimate of py o (black)
indicates that both VSX samples are incomplete, even at d < 100 pc.
The percentage of the difference between the predicted and observed
cumulative distributions is shown in the lower panels. At distances
beyond ~ 180 pc, even our eROSITA + Gaia sample starts to become

incomplete. . . . ... Lo



6.12

6.13

7.1

7.2

Our volume-limited samples are shown on the X-ray Main Sequence
(left) and HR diagram (center), with black points denoting all objects
in the sample, blue our CV candidates, and red the best vetted CVs
from the VSX catalog. Only a few VSX CVs are below the “modified"
cut (dash dot line) on the left, meaning that this can be used in place
of the cut from Rodriguez (2024b) (solid diagonal line). On the right
are distributions of the separation between X-ray and optical points.
A Rayleigh distribution with o, = 2.2” (black line) best fits the final
sample at all distances, justifying our choice of cuts. . . . . . . ..
Negative log likelihood of the CV characteristic scale height, Acy
for the VSX + ROSAT (blue), VSX + eROSITA (cyan), and our
1000 pc sample (red). We plot the most likely value as a dotted line
and show 95% confidence intervals as shaded regions. The ROSAT
sample likely has a smaller value since it traces X-ray bright systems
(e.g., polars, IPs) which are younger, while the VSX + eROSITA and
our 1000 pc sample are more sensitive to X-ray faint systems farther
along in their evolution. Both the VSX + eROSITA and our 1000 pc
sample are consistent with our fixed value of Acy =205 pc. . . . .
Left: ZTF light curve of Gaia22ayj in r and g bands folded on the 9.36-
min period. Right: Comparison of the Gaia22ayj ZTF r band light
curve (red) to that of an archetypal polar, GG Leo (top; black points;
Pgpin = Porp, = 1.3 h) and an archetypal IP, V418 Gem (bottom; black
points; Pgpin = 8.0 min). The light curves of GG Leo and V418 are
offset to match with the minimum of Gaia22ayj. Gaia22ayj pulsates
at the short period of an IP, but at the high amplitude of a polar.

Gaia coverage from 2014-2024 shows consistent high amplitude
modulation, while both ZTF (2018—onwards) and Gaia show a ~ 3-
mag outburst beginning on 3 April 2022. ATLAS coverage demon-
strates that the outburst lasts two days, during which the high ampli-
tude modulation seen in quiescence disappears. The low amplitude
and short duration of the outburst more closely resembles those seen
in IPs than those in non-magnetic dwarf novae. In either case, this

outburst suggests ongoing accretion in Gaia22ayj.. . . . . . . . . .
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7.3

7.4

7.5

A Lomb-Scargle periodogram constructed from ZTF r and g pho-
tometry only reveals peaks at 9.36 min (true period) and 4.68 min
(half of that). No other peaks, including one corresponding to a pos-
sible orbital period, pass the typical ZTF detection threshold of 25 in
these units (see text for details). . . . . . ... ... ... ......
All optical and NIR photometry of Gaia22ayj. Left: Quintuple-band
simultaneous high speed (3.77 s) photometry of Gaia22ayj acquired
over 20 min with HIPERCAM on the GTC shows that Gaia22ayj can
increase in brightness by a factor of ~ 10 in 2.5 minutes, and that
the variability amplitude varies significantly with wavelength, being
lowest in the u band. Gaia22ayj also shows high levels of linear
polarization (upper right), with two peaks (~ 20 % and ~ 40 %)
anticorrelated with the peaks of the ZTF light curve (black, arbitrarily
scaled). Such high levels of linear polarization are only rivaled by AR
Sco. The double-peaked nature of the linear polarization curve, along
with the polarization angle swing (middle right), may suggest two-
pole accretion. Triple-band near-infrared photometry (lower right)
reveals similar extreme behavior as in the optical (black; arbitrarily
scaled). . . . ..
Phase-resolved spectroscopy of Gaia22ayj shows that overall mod-
ulation between 4000-8000A leads to the observed high-amplitude
photometric variability. Gray shaded areas are telluric features. Up-
per left: Two hours of Keck I/LRIS spectra, stacked into ten bins
folded on the 9.36-min period show two distinct maxima that re-
semble “cyclotron humps", peaking at phases 0.25 and 0.75 (third
and eighth sub-panels from the bottom, respectively). Upper right:
The Heii 4686 and Ha emission lines remain flat or double-peaked
(broadened with v =~ 1200 km s_l) and show no amplitude or RV
modulation on the spin phase. Bottom: The phase-averaged, stacked
spectrum of Gaia22ayj reveals prominent H and He (slightly double-
peaked) emission lines and a Balmer jump in emission, commonly
seen in CVs. The high concentration of hydrogen rules out an ultra-
compact nature. Strong Heii 4686 (He II/HS =~ 1) is suggestive of a
magnetic WD. Ca Il and Mg I emission lines are marginally detected,

which could trace the irradiated face of the donorstar. . . . . . . ..
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7.6

7.7

7.8

7.9

7.10

Trailed Keck I/LRIS continuum-normalized spectra acquired over
~ 2 h do not reveal any RV shifts in emission lines down to the
limiting resolution of ~ 30 kms='. . . ... ... ... . ... ...
Low-resolution spectropolarimetry acquired with SALT reveals a
possible (> 10°) detection of a circularly polarized continuum, peak-
ing around 6800 A. The height of the feature corresponds to a five
percent level of circular polarization, consistent with magnetic CVs.
X-ray spectra and light curves of Gaia22ayj. Left: The combined
X-ray spectrum of Gaia22ayj from all 11 Swift/XRT observations
(from June 21, 2005 to December 6, 2005).  The red line shows
the best-fit tbabs X pc fabs X mkc flow model. The bottom panel
shows the ratio of the data divided by the model spectrum. Right:
The X-ray light curve folded on the X-ray derived period (top) and on
the optically derived period (bottom) is shown. Due to overlap with
harmonics of the Swift good time interval (GTI) of the observation,
the X-ray period of 9.64 min is tentative and should be tested with
further observations. . . . . . . ... ... Lo
Radio data of Gaia22ayj. Top: VLA non-detection (30~ upper limit
of 15 uly) of Gaia22ayj (a 15 arcsec radius white circle is shown
around the optical position). A bright, unassociated radio source
is located approximately 1.45 arcmin to the south west of the field
center, with the synthesized beam shown on the lower left. Bottom:
If the same radio emission mechanism were present as in the known
WD pulsars, AR Sco and J1912, we should have seen a radio flux of
F, = 3()3% uly from Gaia22ayj. VLA observations rule this out.

A 3900-K donor, with Rgonor = 0.62 R best fits the optical light
curve minimum of Gaia22ayj. This is consistent with near-IR and
mid-IR photometry from VISTA and WISE, respectively, and allows
us to place upper limits on the orbital period of Gaia22ayj (Figure
8.8). The ZTF minima and maxima represent the limits of the variable

light curve in quiescence (i.e., not the 2022 outburst), and the average

optical spectrum is the Keck I/LRIS spectrum presented in Figure 7.5.
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7.11

7.12

7.13

7.14

7.15

Equilibrium spin period as a function of magnetic field strength, for
different accretion rates (Equation 7.3). Limits on magnetic field
strength from Equation 7.1 are shown as vertical blue lines, and the
9.36-min spin period as a horizontal red line. Given the magnetic
field constraints, M > 5 x 10710 Mg yr‘1 is required for Peq < Pgpin,
the condition required for stable accretion. . . . . . . .. ... ...
The “observed" minus “expected" (O—C) diagram of Gaia22ayj (top)
shows that the expected time of the light curve minimum has drifted
over six years. A multiyear, high-speed optical photometry campaign
demonstrated that Gaia22ayj is spinning down at P = (2.89+0.12) x
10712 s 57!, about four times higher than AR Sco, though with a
similar characteristic timescale P/P ~5x 10®yr. . .. ... ...
IPs that show consistent spin up (squares) or spin down (circles),
including the propeller AE Agr, are shown on the P — P diagram.
AR Sco and Gaia22ayj are related in having the longest characteristic
spin-down times of known systems. . . . . .. ... ... .....
Broader context of Gaia22ayj. Top: Gaia22ayj occupies a new region
in the phase space of WD spin period vs. optical amplitude, suggest-
ing that, at least empirically, it represents a new class of magnetic
CVs. Bottom: Gaia22ayj is roughly located between IPs and polar
CVsin the Gaia HR diagram. . . . . .. ... ... ... .....
Cartoon of the possible evolution of WD pulsars into Gaia22ayj and
then into polars. WD pulsars must be products of common envelope
evolution, and WDs are likely spun up by an early accretion phase.
WD pulsars are detached (non-accreting) systems, which are spinning
down. Along the spin-down phase, the donor fills its Roche lobe and
accretion begins, resembling Gaia22ayj. In = 40 Myr, Gaia22ayj
will spin down to the point where the WD spin is synchronized with

the orbit, leading to the creation of apolar CV. . . . ... ... ..
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7.16

7.17

7.18

7.19

7.20

7.21

The evolutionary models of Knigge et al. (2011) illustrate the possible
orbital period of Gaia22ayj. The SED at light curve minimum (Figure
7.10) places upper limits on the donor luminosity (top). The fact that
Gaia22ayj is accreting and not flinging material out as a “propeller”
sets a lower limit on the accretion rate (middle). Combined, they
constrain Py = 3.5 — 5.2 h, though future observations that detect
donor lines and measure RVs are needed to test this. Bottom: Even
assuming weakened (10%) magnetic braking compared to the Knigge
etal. (2011) models, the angular momentum transferred by Gaia22ayj
back to the orbit (assuming constant spin-down) will not detach the
binary. . . . . ...
Simulated r-band light curve by injecting a Gaia22ayj-like signal into
the simulated cadence of the LSST (top). Given typical periodicity
detection thresholds, tested on real data with ZTF, Gaia22ayj-like
systems should be detectable ~ 3 yr after the start of the LSST,
though combining data in multiple filters, such a signal could be
detected earlier. . . . . . . . . .. ... Lo
P200/CHIMERA light curve from 13 Nov 2023. In g band, the
second peak of the spin phase (higher of the two peaks) steadily
decreases over the course of the observing window, from a relative
flux of 4 at minute 7 to a relative flux of 2.5 at minute 42. Similar
behavior is seen in the ULTRACAM light curve (Figure 7.19). . . .
NTT/ULTRACAM light curve from 25 Apr 2022. In g band, the
second peak of the spin phase (higher of the two peaks) is variable
throughout the observing window, reaching its highest value at the
A0 minute mark. . . . ...
NOT/ALFOSC light curve from 13 Apr 2024. The dotted black line
in the top panel denotes 15,000 counts, demonstrating that even at
light curve minimum, a significant measurement is recorded. Linear
polarization percentage regularly reaches 30%, and exceeds 40% in
four data points. Variability in Stokes Q and U confirm that the
variability in polarization percentage and angle are real and not due
tonoisebias. . . . . . ... L Lo
High speed photometry carried out with the Sutherland High Speed
Optical Cameras (SHOC) on the Im SAAO telescope reveals consis-

tent modulation similar to that seen in other photometric runs. . . .
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8.1

8.2

8.3

8.4

XXViil

Binary nature of GLEAM-X J0704-37Left: RVs measured using the
Na I absorption doublet from Night 1 (blue) and Night 2 (red) folded
on a period of 2.915(1) h and plotted with the best RV model (black;
Kup = 189 + 3 km s™). This shows that the binary orbital period
matches the radio pulse period to within 0.05 percent. Radio pulses
(gray) occur just after the maximum redshift of the M dwarf, when
it is at the ascending node as viewed from Earth. Right: Trailed
spectra (Night 2) of the Na I doublet show good agreement with the
RV model (black). Two orbital periods are shown for visual aid. . .
Mapping the Ha emission of GLEAM-X J0407-37. Left: Doppler
tomogram of the Ha line revealing > 30 (red) emission associated
with the orbital phase of the M dwarf (Roche potential shown by
the solid black teardrop shape). The majority of the emission may
originate from outside the M dwarf, with a higher observed velocity.
Right: Trailed spectra of the Ha emission line shown alongside the M
dwarf RV model (black solid line), and the higher velocity component
(black dotted line; K ~330kms™ ). . . .. ... ... ... ...
Spectral modeling of the binary. Top: Average spectrum of GLEAM-
X J0704-37 (black) well fitby a WD + MD binary model (red; param-
eters in Table 8.2). The overall flux level was calibrated by matching
synthetic photometry (squares), generated from the spectrum, with
Gaia average photometry (circles). Middle: Each binary component
provides a good fit to the data when the other is subtracted. Bottom:
Residuals show no obvious systematic disagreement, aside from the
Ha emission and telluric features (gray bands). . . . . . . ... ...
Two of the three “long LPTs” (P > 78 min) are associated with orbital
periods of WD + MD binaries, while “short LPTs” (P < 78 min)
generally lack optical counterparts. The ~78 min division (black line)
corresponds to the orbital period minimum of any binary containing
a Roche lobe-filling H-rich donor star, seen in the observed period
distribution of CVs. The recent discovery of ASKAP J183950.5-
075635.0 and its likely association with an NS spin suggests that
“long LPTs” are not exclusively associated with WD orbits. Two of
the three known “long LPTs” nearly coincide with the CV “period

gap”, where accretion is thought to temporarily shut off (blue band).
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8.5

8.6
8.7

8.8

8.9

9.1

9.2

Keck I/LRIS 900-s exposures (top: Night 1, bottom: Night 2) of
GLEAM-X J0704-37 reveal 2.9 h RV variability of an M dwarf star
in the binary system. Gray bands indicate telluric features. . . . . . .
Corner plot of the MCMC analysis used to constrain RV parameters. .
Average Ha line profile after shifting into the reference frame of the
binary (black), M dwarf (blue), and 1.7 times the velocity of the M
dwarf (red). This demonstrates that Ha is strongest and sharpest
when shifting into the latter frame. This result only depends on the
measured RV curve of the M dwarf from the Na I doublet, and is
independent of any M dwarf parameter estimation. . . . . . . . . ..
I propose two possible scenarios in which Ha emission could be
generated: 1) an emission region locked with M dwarf, co-orbiting
the WD, though 1.7 times farther away from the WD; 2) an emission
region originating from material falling into the WD, either through
free-fall or by being magnetically channeled. Both diagrams are
shown at the ascending node, where the radio pulses occur. . . . . . .
Corner plots resulting from the MCMC analysis. Left: Letting E(B—
V) depend on the distance according to the 3D map of Edenhofer et al.
(2024). Right: Fixing E(B — V) = 0.3, which is likely the highest
possible value. This leads to a lower inferred WD mass, though
which still exceeds that of the mean single WD in the field (0.6 M
for a DA WD; Kepler et al., 2007b). . . . . . ... ... ... ...
The field of LPTs is rapidly growing, showing exponential growth
since 2022. An exponential fit to the data starting in 2023 (2022)
suggests that 30 (15) LPTs will be be known by the end of 2025, with
dozens more over the following years. . . . . . ... ... ... ...
The full eRASS:4 catalog will reveal thousands of new CVs and
accreting compact binaries. Current SDSS-V spectroscopy of those

within 1 kpc will inform the full picture of such systems. . . . . . ..
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All systems shown in Figure 5.1 with literature X-ray detections. (1):
Koljonen and Linares (2023), (2): Garcia et al. (2001a), (3): Menou
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in the fourth column are taken with respect to sources in the third.
The 150 pc sample is the only one complete down to the low Ly end
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6.2

6.3

6.4

7.1

7.2

7.3
8.1

8.2

Our 150 pc volume-limited sample, created through an X-ray + optical
crossmatch of SRG/eROSITA eRASS1 and Gaia DR3 (table with
additional columns available in machine-readable form). All 25
systems that pass our cuts and visual inspection are shown, along
with 23 confirmed CVs, 3 of which are AM CVns. We highlight
newly confirmed systems and provide subtypes and orbital periods
(Porb) for previously known systems following Pala et al. (2020a),
where a volume-limited sample was created primarily from optically-
identified systems. The star (*) symbol indicates a system is a period
bouncer.. . . . ...
Summary of CV subtypes and observed properties. If there are not
enough systems to make a claim, or if the single system is not rep-

en

resentative of the overall population, we denote it with a “-" symbol.
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Chapter 1

INTRODUCTION
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Humanity’s understanding of compact objects and binary stars has been historically
intertwined with the development in multiwavelength and time-domain observations
of the Heavens. Compact objects are the most extreme natural laboratories, serving

as testbeds of physics unable to be reproduced on Earth or in our Solar System.

The fundamental difference between main-sequence stars and compact objects lies
in the first equation of stellar structure (hydrostatic equilibrium):

fl—lr) - ——GM(F’;)'O(F). (1.1)
Simply put, the right-hand term in Equation 1.1 is the downwards pressure of gravity
from the mass of the star itself, while the left-hand term represents a pressure source
to balance it out. In main-sequence stars like the Sun, thermal pressure supplied by
hydrogen fusion is the main source of pressure, though the story is different for all

three types of compact objects.

White dwarfs (WDs) are the most common compact objects, with our nearest star
poised to become one in about five billion years. WDs are held up by degeneracy
pressure — the pressure originating from the Pauli exclusion principle applied to
fermions. In WDs, electrons are the fermions to which this principle applies, and the
fact that at most two electrons (assuming different spin states) can occupy the same

energy state means that a WD is supported by this electron degeneracy pressure.

Neutron stars (NSs) and black holes (BHs) make up the other two flavors of com-
pact objects. NSs are also held up by degeneracy pressure, though in this case,
applied to the fermions known as neutrons. NSs are in fact so dense, that Equation
1.1 must be corrected with general relativity via the Tolman-Oppenheimer-Volkoll
(TOV) equation. In BHs, Equation 1.1 is not even properly defined; instead the
Schwartzchild or Kerr metric must be used to compute the effective “radius” of
a BH — the event horizon. Within that distance from a BH, nothing is causally
connected to our Universe. Table 1.1 summarizes the general properties of compact

objects, and highlights how each class was initially discovered.

1.1 The History of Compact Objects and Binaries

White Dwarfs

Two of the three types of compact objects were first discovered in a binary system.
In the case of WDs, the first such object was discovered in a binary pair with the
brightest star in the night sky: Sirius. Detections by F.W. Bessel in 1844 of periodic

wobbles (with a ~ 50 year period) in the astrometric motion of the A type star in



Compact | Number in | Radius Wavelength of | In this thesis?
Object Milky Way (assuming | light that led to

M ~ My) discovery
White ~10° ~ REarth Visible Yes, main topic
Dwarf
Neutron | ~ 10% 10 km Radio Briefly in Ch. 5
Star
Black ~ 107 3km X-ray In Chs. 4 and 5
Hole

Table 1.1: Summary of compact objects and their general properties.

the system, Sirius A, pointed at a binary companion, later resolved by A.G. Clark
in 1862 to be Sirius B (Holberg and Wesemael, 2007). A particular quote from
Bessel deserves paraphrasing due to its general application to compact objects and
this thesis: “Light is no real property of mass — the existence of countless visible

stars proves nothing about an existence of countless invisible stars.”

However, the first confirmed WD was found in the friple system: 40 Eridiani.
Williamina Fleming was the first to classify 40 Eri B as an A type star in the early
1900s (Russell, 1944). By the early 1910s, plotting it on the earliest version of the
Hertzsprung-Russell diagram demonstrated it to be a an outlier. A few years later,
in 1915, W.S. Adams obtained an optical spectrum of Sirius B, and found that the
spectrum of Sirius B resembled that of Sirius A (Adams, 1915). This was undisputed
evidence that WDs were a new class of small, hot, underluminous objects that were

different from any of the stars known to date.

A final curiosity in the history of WDs: the first known exoplanetary material was
discovered in the spectrum of the third-known WD, van Maanen 2 (van Maanen,
1919). This star was noted to be of spectral type F, very faint, and with a large
proper motion, and thus recognized as a WD. A note was made about unusual
absorption lines in its spectrum, which have since been clarified to be iron, calcium,

and magnesium lines (Zuckerman, 2015).

Neutron Stars and Black Holes

Neutron stars were discovered as variable sources in a part of the electromagnetic
spectrum that was the first to give Humanity a new pair of glasses into the multi-
wavelength Universe: radio light (radio waves were first discovered from space by
Karl G. Jansky in 1932). In 1968, pulsars were discovered by Jocelyn Bell Burnell

as radio sources that repeated nearly once every second (Hewish et al., 1968). It
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was rapidly established that a new type of compact object, an NS, was required to
explain such rapid and stable pulsations (Gold, 1968; Pacini, 1968). In 1982, my
advisor, Shri Kulkarni, discovered millisecond pulsars — the fastest spinning celes-
tial bodies in the Heavens (Hewish et al., 1968). Subsequent studies demonstrated
that millisecond pulsars often have a binary companion, and that it is binary inter-
action which leads to such rapid rotation (e.g.,, Phinney and Kulkarni, 1994). More
recently, optical spectroscopy of the binary companions to the oldest millisecond
pulsars in binary systems, known as “spider” binaries, have revealed what may be

the most massive NSs known to date (Romani et al., 2022).

Finally, the first black hole was discovered when the a window to the X-ray sky was
opened in the 1960s. Cygnus X-1 was initially discovered through an X-ray sounding
rocket in 1964 (Bowyer et al., 1965). However, it remained uncharacterized for over
half a decade until an optical (and radio) source was associated with the X-ray
position in 1971 (Murdin and Webster, 1971; Braes and Miley, 1971). Precise
radial velocity measurements of the optically bright star at the position of Cygnus
X-1 were the only way to securely establish that it was a binary companion to a
stellar-mass black hole (Webster and Murdin, 1972; Bolton, 1972).

Especially in the latter two cases, the motivation for a multiwavelength thesis is clear
— the discovery of compact objects is facilitated outside of the visible spectrum,
though optical spectroscopy still proves to be superior in ultimately characterizing
the nature of the system, when in a binary. The rest of this introduction will focus on
the main topic of this thesis — WDs in close binaries. For additional background

on selected topics within NSs and BHs, see Chs. 4 and 5.

1.2 The Science: Landscape of Close White Dwarf Binaries in 2020
Classification of CVs and Subtypes

Cataclysmic Variables (CVs) are composed of a white dwarf (WD) accreting from
a Roche-lobe filling donor, which is typically a late-type star (e.g., Warner, 1995b;
Hellier, 2001b). In magnetic CVs, where the WD magnetic field is strong enough
that the Alfvén radius (defined in Chapter 7) extends well past the surface of the
WD, the disk is either substantially truncated (intermediate polars; B ~ 1-10 MG)
or entirely prevented from forming (polars; B = 10-230 MG de Martino et al.,
2020a; Ferrario et al., 2020). In both cases, matter is channeled via magnetic field
lines onto the WD surface, rather than flowing through the disk boundary layer onto

the WD as in non-magnetic CVs (e.g., Mukai, 2017). Non-magnetic CVs are then
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separated into two main classes — novalikes (high accretion rate systems that rarely
outburst since their accretion disks are in a stable, fully ionized state) and dwarf
novae (moderate to low accretion rate systems that outburst on timescales which
could range from every few weeks to hundreds or thousands of years). Further

details on disk physics are outlined below.

AM Canum Venaticorum (AM CVn) binaries are the ultracompact analogs of clas-
sical CVs, which are highly evolved, having undergone one or two common envelope
events (e.g., Warner, 1995b; Solheim, 2010; Ramsay et al., 2018). As a result they
have have helium-dominated donors and orbital periods in the range of 5-65 min
(Ramsay et al., 2018). Because of their short orbital periods, some AM CVns will
be among the strongest sources of millihertz gravitational waves as seen by the up-
coming Laser Space Interferometer Antenna (e.g., Nelemans et al., 2004b; Kupfer
et al., 2024).

The “cataclysmic” nature of CVs refers to their variability — CVs can undergo both
regular and irregular outbursts with a range of luminosities, and sometimes pulse on
short timescales, and can even “flicker” unpredictably due to the complex physics
of mass transfer (Hellier, 2001b). For a modern overview of CV subtypes and

phenomenology, see Inight et al. (2023a).

Discovery of CVs Before 2020

Dozens of CVs were known by the start of the 1980s, and around a hundred by
the 1990s, by which point most of the phenomenology of CVs was thought to be
known and categorized. However, the majority of CVs are actually not cataclysmic
— low-accretion rate CVs (WZ Sge type) undergo dwarf novae at most once every
few hundred years, and constitute the majority of CVs. Magnetic CVs tend to be
high-amplitude variables if they are polars, and only when in a high accretion state.
Most IPs and polars do not undergo dwarf nova outbursts and are missed by typical
CV surveys. A summary of CV evolution below outlines the main motivation behind
this thesis.

Formation and Evolution of CVs and AM CVns

CVs are outcomes of one of the most mysterious physical processes in binary star
evolution — the common envelope (CE) phase. Believed to only last a few days to
years, this is the phase when the more massive of the binary pair swells up as a red
giant and engulfs its companion. Figure 1.1, adapted from Postnov and Yungelson
(2014), shows that CVs and AM CVns constrain the unknown physics of CE and
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Figure 1.1: CVs and AM CVns probe intermediate stages of binary star evolution.
Understanding the magnetic fraction of CVs constrains magnetic field formation
during the common envelope phase, and estimating the space density of AM CVns
constrains the rate of thermonuclear supernovae they produce. Adapted from Post-
nov and Yungelson (2014).

supernovae resulting from these systems.

After CE, a close binary composing of a WD and its companion star, remains once
the envelope is ejected. CVs are then “born” when the companion star fills its Roche
lobe and starts mass transfer to the WD. Depending mainly on the nature of the
donor star, most CVs are born at orbital periods of Py, = 6-10 hr (e.g., Knigge
et al., 2011). The full evolutionary process is visually outlined in Figure 1.2. Stage
1: From this point, down to Py, =~ 3—4 hr, mass transfer is high, reaching levels
of M ~ 1078M, yr~!. Non-magnetic CVs in this evolutionary state are usually
discovered as novalikes (e.g., Inight et al., 2023a), while magnetic systems in this
evolutionary state are typically X-ray bright (Ly ~ 103! =103 erg s™!) intermediate

polars (IPs) (e.g., Suleimanov et al., 2019). As mass transfer continues, angular
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momentum loss (AML) is high, driven mostly by magnetic braking of the donor
star, and the accretion disk in non-magnetic CVs remains permanently ionized. Stage
2: As CVs evolve to shorter periods, M is reduced, which leads to the onset of a
thermal instability (Pringle, 1976; Lasota, 2001)1. This is believed to be the cause
of dwarf nova outbursts, which observationally manifest themselves as a 2—8 mag
transient brightening at optical wavelengths lasting a few tens of days (e.g., Hellier,
2001b; Inight et al., 2023a).

Stage 3: At Py, = 2-3 hr, there has been observational evidence and theoretical
explanations for the (contested) existence of a “period gap.” It is believed that mass
transfer halts, presumably due to the donor star becoming fully convective causing
magnetic braking to become much weaker (Spruit and Ritter, 1983a; Howell et al.,
2001; Zorotovic et al., 2016a; Schreiber et al., 2024a). Stage 4: AML due to
gravitational wave radiation brings CVs back into contact at Py, ~ 2 hr, and
mass transfer rates remain high enough for dwarf nova outbursts to be seen until
CVs approach the canonical orbital period minimum of = 78 min (Paczynski and
Sienkiewicz, 1983; Knigge et al., 2011). At this stage in their evolution, mass
transfer rates reduce to M ~ 10~'! — 1071°M yr~!, and the timescale required for
the onset of the thermal instability at such low accretion rates is typically much
longer than observational timescales. At such low mass transfer rates, the X-ray

0% erg s~!

luminosity is also dramatically reduced, reaching values aslow as Ly ~ 1
(Reis et al., 2013). Once enough mass is depleted from the donor, nuclear burning
halts, and the donor becomes degenerate. This means that the donor radius increases
as mass is lost. This causes CVs to “bounce” and evolve to longer periods at the
canonical period minimum of Py = 78 min, leading to these low mass transfer
rate (M ~ 10"""Mg yr~!) systems with degenerate donors being called “period

bouncers.”

At this point, it is clear that CVs at different evolutionary stages have very different
observed phenomenology, and have historically been detected in different ways: 1)
X-ray surveys (especially hard X-ray surveys sensitive to £ > 10 keV) have mainly

discovered magnetic CVs: IPs and nearby polars, though nearby non-magnetic CVs

I'This is an important concept in CVs and accretion disk physics in general. In brief, the dominant
H~ opacity in accretion disks scales as o« T* (not to a negative power as is the case in stars where
the Kramers’ opacity is introduced in classwork). This means that an accretion disk is stable only if
its fully ionized or fully neutral. In the partial regime, the disk opacity is sensitive to small changes
in temperature, which can lead to outbursts. The relationship between disk temperature and surface
density is often described by an “S-curve”, which describes the evolution of these various regimes.
See Hellier (2001b) for a concise, but more thorough explanation.
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with high mass transfer rates have also been discovered this way (e.g., using the
ROSAT all-sky soft X-ray mission and the Swift/BAT and INTEGRAL hard X-ray
missions; Verbunt et al., 1997; Schwope et al., 2000; Suleimanov et al., 2022); 2)
Optical photometric surveys have mainly discovered (non-magnetic) dwarf novae
(e.g., using the Catalina Real-time Transient Facility and Zwicky Transient Facility;
Breedt et al., 2014; Szkody et al., 2020); and 3) large spectroscopic surveys have
mainly discovered low-accretion rate CVs near the orbital period minimum (e.g.,
using the Sloan Digital Sky Survey; Génsicke et al., 2009; Szkody et al., 2011;
Inight et al., 2023a). This has led to present CV catalogs such as the Ritter and Kolb
catalog (Ritter and Kolb, 2003a) and the International Variable Star Index (VSX)
catalog® being comprised of systems from many different surveys, each with their

own biases.

A similar story applies to AM CVns, though they evolve from short to long orbital
periods given the degenerate nature of their donor stars. Short orbital period (Pop =
5 —20 min) systems do not undergo optical outbursts due to their high mass transfer
rates, but are X-ray bright® and have been identified since the ROSAT era (e.g.,
Israel et al., 2002; Ramsay et al., 2018). At intermediate periods (Pyp, = 20 — 50
min), accretion disks in AM CVns are subject to thermal instabilities, leading to
dwarf nova outbursts which enable easy identification through optical photometric
surveys (e.g., van Roestel et al., 2021). However, the majority of AM CVns are
expected to be long-period (Po, = 50 — 65 min) systems, since they remain at low
mass transfer rates for ~ few Gyr (e.g., Nelemans et al., 2001; Wong and Bildsten,
2021). These systems, like low accretion rate CVs, do not outbust frequently, and
have only been identified through large spectroscopic surveys from SDSS (Roelofs
etal., 2007; Carter et al., 2013) or through their eclipses in large optical photometric
surveys (van Roestel et al., 2022).

Outstanding Questions Surroudning CVs and AM CVns

The biggest problems with CV and AM CVn surveys prior to 2020 were incomplete-
ness and inhomogeneity: no single survey method, aside from large spectroscopic
surveys, had been sensitive to all subtypes. Combining systems from various pho-
tometric and spectroscopic surveys as was done in the seminal work by Pala et al.

(2020a) was possible, but requires hard work and led to a selection function that

Zhttps://wWW.aavso. org/vsx/index.php?view=search.top

3 Aside from the shortest period AM CVns, HM Cnc and V407 Vul, the rest of the population is
X-ray faint, reaching only Lx ~ 103 — 10°! erg s~! as seen from X-ray follow-up observations (e.g.,
Ramsay et al., 2005, 2006; Begari and Maccarone, 2023).
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Figure 1.2: The CV evolutionary tracks of Knigge et al. (2011) demonstrate why
homogeneous surveys have been difficult in the past. Approximate stages are shown
as red numbers. At stage 1, CVs have high mass transfer rates, keeping the accretion
disk permanently ionized, and are bright optical and X-ray sources. As the donor
loses mass and reaches stage 2, CVs have moderate mass transfer rates, but undergo
frequent dwarf novae. At stage 3, the donor star may temporarily detach, leading
to no observed outbursts or accretion features. Finally, in the longest lived (~few
Gyr) stage 4, mass transfer rates are low, leading to a faint X-ray source and highly
infrequent outbursts.

was difficult to characterize (e.g., Pala et al., 2020a; Inight et al., 2021). In reality,
by 2020, many of the most important questions of the previous 30 years in the field
of CVs and AM CVns had not been fully answered. Some of the major questions in

CVs were:

1. What is the true space density and magnetic fraction of CVs? (e.g., Goliasch
and Nelson, 2015; Belloni et al., 2018)

2. Where are the missing period bouncers, and are they affected by an incomplete
understanding of the physics of AML? (e.g., Rappaport et al., 1983; Génsicke
et al., 2009; El-Badry et al., 2022; Inight et al., 2023b)

3. What does the low X-ray luminosity (Ly) end of CVs look like? (e.g., Reis
etal., 2013)
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4. What is the origin of magnetism in magnetic CVs? (e.g., Pala et al., 2020a;
Schreiber et al., 2021a)

5. How common are the magnetic oddballs: the WD pulsar (AR Sco) and WD
propeller (AE Aqr)? (e.g., Wynn et al., 1997; Marsh et al., 2016)

6. What is the dominant formation channel of AM CVns? (e.g., van Roestel
et al., 2021; Sarkar et al., 2023a; Belloni and Schreiber, 2023)

7. What is the space density of AM CVns? (e.g., Nelemans et al., 2001; Carter
et al., 2013)

Between 2010 and 2020, some works had tackled questions 1, 2, and 6, but all relied
on a critical completeness correction to existing surveys that was difficult to model.
The problem was with the datasets that formed the basis of these studies. In 2020:

1. Abouta 1,500 known CVs were known, with only a handful having had system
parameters solved for (Ritter and Kolb, 2003a)*.

2. ~10,000 CV candidates were known, but most of which are not placed into

sub-classes>.

3. ~few x1,000 CVs which should be in optical and X-ray datasets, but have
gone undiscovered due to their low X-ray luminosity and/or quiescent optical

lightcurves.

At this point, it was clear what was needed: a homogeneous, uniform survey of CVs,

including AM CVns, to tackle the questions above.

1.3 The Data: Landscape of Astronomical Surveys and “Big Data” in 2020

There is no better time to be doing astronomy than now. Within twenty years (2000—
2020), astronomy went from being a completely data-starved field, to an incredibly
data-rich field. Most of this explosion took place in the late 2010s, when two of
the most important surveys, which made this thesis possible, had their first data
releases: the Zwicky Transient Facility (ZTF) and Gaia (Bellm et al., 2019b; Gaia
Collaboration et al., 2016). By 2020, ZTF had observed nearly a billion sources for

41,429 are in the Ritter and Kolb catalog, but not all are well studied. 939 (66%) of those have
known orbital periods, and at most 50 (3%) have well-measured WD masses.

>Over 10,000 systems exist in the “Open CV Catalog”, with the majority being labeled as
”candidates”Jackim et al. (2020b)
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over two years. Gaia EDR3 had also been released, providing distances and proper
motions for hundreds of millions of sources, and detections for nearly all billion
ZTF sources. However, ZTF was a preview to what would come with the Rubin
Observatory Legacy Survey of Space and Time (LSST) — a large time-domain
survey with too much data to handle unless a specific search strategy was proposed.
With ZTF, that could have meant running a period search, searching for explosive
transients, or finding examples of specific variable stars such as RR Lyrae. In my
first year project, I focused on the discovery of microlensing events within ZTF®. For
my thesis, the goal was to crossmatch ZTF with the X-ray sky in search of compact

object binaries.

In 2020, the last all-sky soft X-ray survey had been undertaken nearly 30 years prior,
with ROSAT having launched in 1990 (Truemper, 1982). A large problem had
been in the Galactic Plane, where ROSAT localization errors of nearly 40” made it
impossible to associate X-ray sources with optical counterparts (e.g., Agiieros et al.,
2009). By 2020, the Chandra, XMM-Newton, and Swift/XRT catalogs with ~few
arcsecond localization had grown immensely, though still cumulatively covered
only a few percent of the sky (Brunner et al., 2022). However, the eROSITA
telescope aboard the SRG mission launched in 2019, promising eight all-sky surveys
that would lead to a final depth forty times deeper than ROSAT and with average
localization errors less than 10 arcsec (Sunyaev et al., 2021; Predehl et al., 2021a).
At the time of writing, 4.4 surveys were taken, scheduled for full release in 2028,
which led to a cumulative depth of twenty times deeper than ROSAT. In Figure 1.3,
the SRG/eROSITA survey is shown in comparison to previous X-ray surveys.

1.4 Contributions of this Thesis
This thesis tells a personal story of scientific development, that concludes with the
most uniformly created CV survey to date and is the deepest in the X-ray sky. Along

the way, novel contributions include:

1. A rejuvenated version of a discovery tool, including proof-of-concept discov-
eries and an application to the largest X-ray survey ever undertaken, used for
the efficient discovery of compact object binaries in the X-ray + optical sky
(Chs. 2, 5, and 6).

®Though not tied to the bulk of my thesis work, it laid the groundwork for skills that I would
use later on, and provided an opportunity to mentor an undergraduate student. Further details
surrounding this work are in Rodriguez et al. (2022) and Zhai et al. (2025).
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Figure 1.3: The SRG/eROSITA eRASSI1 survey, released in January 2024, was
the deepest all-sky X-ray survey in nearly thirty years, going five times deeper
than ROSAT, and with a comparable increase in localization of sources. While
Chandra, XMM-Newton, and Swift/XRT catalogs are deeper than SRG/eROSITA,
their limited sky coverage hinders a large, homogeneous survey, though are still
useful for discovery and proof-of-concept studies. Adapted from Brunner et al.

(2022).

2. A small, directed survey of the X-ray sky that revealed the richness of the
low-Lx end of CVs and revealed that the “evolved CV”’ channel for AM CVns
continued to explain the formation of the nearest such systems (Ch. 3).

A multiwavelength look at the two nearest BHs to Earth that confirms predic-

tions of the physics of ultra-low accretion, and provides upper limits on the

detectability of similar and isolated objects in the X-ray sky (Ch. 4).

The finding that the average Ly of CVs is 10-100 times lower than previously

believed, the observed space density of both CVs and AM CVns is still lower

than that predicted by theory. Elusive period bouncers are revealed in X-rays,

but still do not make up the large fraction of CVs predicted by theory (Ch. 6).
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5. An observational confirmation that WD pulsars may indeed evolve into polars

in a rapid WD spin-down process (Ch. 7).

6. The discovery that a new type of ultra-long period radio source, known as a
long period radio transient, is not a single star, but in fact a WD + M dwarf

detached binary that will evolve into a magnetic CV (Ch. 8).

Additional work that I contributed significantly to were: 1) the discovery of the first
eclipsing magnetic period bouncer, demonstrating that WD magnetic fields are able
to be sustained for ~Gyr (Galiullin et al., 2024b), and 2) a catalog of new CVs in the
Chandra Source Catalog (Galiullin et al., 2024a).

In brief, this thesis highlights the importance of large datasets in astronomy —
given a sufficiently large and deeper dataset, one can make a sufficiently interesting
discovery. At the same time, the importance lies in asking the right questions
along the way and in designing the data search in a way that leads to fundamental

understanding of a given population of objects in the Universe.



14
Chapter 2

DISCOVERY OF TWO POLARS FROM A CROSSMATCH OF
ZTF AND THE SRG/EFEDS X-RAY CATALOG

Antonio C. Rodriguez, Shrinivas R. Kulkarni, Thomas A. Prince, Paula Szkody,
Kevin B. Burdge, Ilaria Caiazzo, Jan van Roestel, Zachary P. Vanderbosch, Ka-
reem El-Badry, Eric C. Bellm, Boris T. Ginsicke, Matthew J. Graham, Ashish A.
Mahabal, Frank J. Masci, Przemek Mréz, Reed Riddle, and Ben Rusholme.
Discovery of Two Polars from a Crossmatch of ZTF and the SRG/eFEDS
X-Ray Catalog. The Astrophysical Journal, 945(2):141, March 2023. doi:
10.3847/1538-4357/acbb6f.
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ABSTRACT

Magnetic cataclysmic variables (CVs) are luminous Galactic X-ray sources but have
been difficult to find in purely optical surveys due to their lack of outburst behavior.
The eROSITA telescope aboard the Spektr-RG (SRG) mission is conducting an all-
sky X-ray survey and recently released the public eROSITA Final Equatorial Depth
Survey (eFEDS) catalog. We crossmatched the eFEDS catalog with photometry
from the Zwicky Transient Facility (ZTF) and discovered two new magnetic CVs.
We obtained high-cadence optical photometry and phase-resolved spectroscopy
for each magnetic CV candidate and found them both to be polars. Among the
newly discovered magnetic CVs is eFEDS J085037.2+044359/ZTFJ0850+0443, an
eclipsing polar with orbital period Py = 1.72 hr and WD mass Mwp = 0.81 +
0.08 M. We suggest that eFEDS J085037.2+044359/ZTFJ0850+0443 is a low
magnetic field strength polar, with Bwp < 10 MG. We also discovered a non-
eclipsing polar, eFEDS J092614.1+010558/ZTFJ0926+0105, with orbital period
Py = 1.47 hr and magnetic field strength Bwp = 36 — 42 MG.
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2.1 Introduction

Magnetic cataclysmic variables (CVs) are compact object binaries in which a highly
magnetized white dwarf (WD) accretes from a Roche-lobe filling donor, typically a
late-type main-sequence star. Magnetic CVs are interesting for two reasons: 1) they
may be the dominant contributors to the Galactic ridge hard X-ray emission (Hailey
et al., 2016) and 2) the origin of the strong (B ~ 1-100 MG) magnetic fields in
accreting WDs is uncertain (Wickramasinghe and Ferrario, 2000; Schreiber et al.,
2021b). More broadly, they are rich laboratories for studying accretion under the

influence of a strong magnetic field.

CVs typically consist of a WD accreting from a donor via an accretion disk (e.g.,
Warner, 1995¢; Hellier, 2001b). In non-magnetic CVs, the secondary fills its Roche
lobe and develops a teardrop-like shape with the tip positioned at the Lagrangian L1
point. Matter leaves the secondary star through this point and forms an accretion
stream after exiting the donor star. This stream extends out until a point known as
the “circularization radius". The circularization radius is the point where the matter
in the accretion stream intersects itself as it orbits the primary. The material then
forms an accretion disk around the WD and makes its way to the surface through

viscous dissipation of energy.

In magnetic CVs known as intermediate polars (IPs; Bwp ~ 1-10 MG), the magnetic
field pressure is comparable to the ram pressure of the accreted material. As aresult,
the disk is truncated at the Alfvén radius (also known as the magnetospheric radius).
In IPs, the Alfvén radius is smaller than the circularization radius so that a partial
disk forms. The accreted material initially flows through the disk but is channeled

along field lines onto the WD surface inside the Alfvén radius.

In magnetic CVs known as polars (Bwp = 10 MG), the magnetic field is strong
enough that the Alfvén radius is larger than the circularization radius (e.g., Hellier,
2001b; Mukai, 2017). Matter can build up at the Alfvén radius, in a region called the
stagnation region (also referred to as the threading region), before being channeled
by WD magnetic field lines onto the surface (e.g., Cropper, 1990; Mukai, 2017).

Extensive literature and evolutionary models exist for non-magnetic CVs (e.g.,
Knigge et al., 2011). In the canonical picture of non-magnetic CVs, these sys-
tems are formed through common envelope evolution. Angular momentum loss
(AML) of the binary system then drives its evolution as the WD accretes matter
from its secondary companion. At orbital periods above ~ 3 hrs, magnetic braking
dominates over gravitational radiation as the dominant contributor to AML. Mag-
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netic braking is thought to shut off at the point when the donor star becomes fully
convective, leading to the observed period gap (Py ~ 2-3 hrs). Below this gap,
gravitational radiation dominates the loss of angular momentum. Few CVs have
been found at orbital periods below ~ 80 mins (known as the "period bounce"),
thought to correspond to the point where the donor star becomes degenerate and

expands as it loses mass.

There is typically no mention of WD magnetic fields in this evolutionary model of
CVs. The discovery of many magnetic CVs within the period gap, and the large
number of polars, at periods below 2 hours, has led to new ideas on how magnetic
CVs form and evolve (e.g., Belloni et al., 2020; Schreiber et al., 2021b).

Magnetic CVs have previously been difficult to find via optical surveys alone. Both
magnetic and non-magnetic CVs have historically been discovered through their
novae or dwarf novae outburst behavior. The former occurs when a thermonuclear
ignition of hydrogen occurs on or near the surface of the accreting WD. The latter
occurs when a thermal instability in the accretion disk leads to a temporary increase
in accretion rate (Hellier, 2001b). However, searching via optical outbursts alone
is inefficient for finding magnetic CVs. The magnetic field disrupts the disk or
eliminates it entirely, which prevents a thermal instability (Hameury and Lasota,
2017b). Novae can still occur in magnetic CVs, but are rare. As a result, optical-
only surveys lead to a ~ 1/100 rate of discovery for magnetic CVs (e.g., Szkody et al.,
2021). However, a recent volume-limited (d < 150 pc) study of CVs discovered via

various techniques found 36% of CVs to be magnetic (Pala et al., 2020b).

Both magnetic and non-magnetic CVs are strong X-ray emitters. The source of X-
rays in magnetic CVs is typically thermal bremsstrahlung from the shock of material
accreting onto the magnetic poles of the WD (e.g., Cropper, 1990; Wickramasinghe
and Ferrario, 2000; Mukai, 2017).

The source of X-rays in non-magnetic CVs can be difficult to disentangle: the hot
WD photosphere of a recent nova, the optically thick boundary layer, or accretion
disk wind shock of non-magnetic CVs can also lead to X-ray emission (Mukai,
2017).

X-ray surveys help overcome the observational bias of optical-only surveys in finding
CVs by uncovering both the magnetic and non-magnetic populations (e.g., Motch
etal., 1996; Bernardini et al., 2017; Halpern et al., 2018). Many magnetic CVs were
discovered through the all-sky Roentgensatellit X-ray survey (ROSAT; Truemper,
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1982; Voges et al., 1999a; Boller et al., 2016c). Hard X-ray surveys such as the
Swift/BAT and INTEGRAL/IBIS surveys also led to the discovery of many CVs,
primarily magnetic CVs (e.g., Mukai, 2017; Lutovinov et al., 2020; de Martino
et al., 2020b). The ongoing eROSITA telescope aboard the Spektr-RG mission
(SRG; Schwope, 2012; Sunyaev et al., 2021; Predehl et al., 2021b) is projected to
go ~30 times deeper than ROSAT with improved localization (~5 arcsec) of X-ray
sources, guaranteeing discoveries of new magnetic CVs, among other objects, all

over the sky.

In this work, we crossmatched the eROSITA Final Equatorial Depth Survey (eFEDS;
Salvato et al., 2022) catalog with forced photometry of ZTF Data Release 5 (DR5)'.
We discovered two new polars: eFEDS J085037.2+044359/ZTFJ0850+0443 and
eFEDS J092614.1+010558/ZTFJ0926+0105 (henceforth ZTFJ0850+0443 and ZTFJ0926+0105,
respectively). In Section 2.2, we present an overview of the SRG/eFEDS cata-
log and ZTF archival photometry. In Section 2.3, we outline our methodology
for finding notable objects within the crossmatched dataset. In Section 2.4, we
present follow-up high-cadence photometry and spectroscopy and analyze all data
for ZTFJ0850+0443. We present data and analysis for ZTFJ0926+0105 in Section
2.5. Finally, in Section 8.4, we place this work in the context of previous CV studies

and discuss the utility of X-ray/optical searches for finding otherwise elusive CVs.

2.2 Catalog Data

eFEDS Catalog

We began with the catalog of eFEDS Galactic sources. The “Main" catalog consists
of all detections detected in the 0.2-2.3 keV band with a detection likelihood larger
than 6, while the “Hard" catalog consists of all sources in the 2.3-5 keV range with
a detection likelihood larger than 10 (Brunner et al., 2022). Salvato et al. (2022)
searched for optical counterparts to the eFEDS X-ray sources by crossmatching
to the DECam Legacy Survey (DECaLS) LS8 catalog, part of the DESI Legacy
Imaging Survey version DRS8 (Dey et al., 2019). The the mean X-ray positional
error (i.e. the eEROSITA/SRG uncertainty in the localization of the X-ray source) in
the eFEDS catalog is 4".7 (Salvato et al., 2022). The median separation between the
X-ray source and optical counterpart, divided by the mean X-ray positional error, is
1.22 (Salvato et al., 2022). For the crossmatch to ZTF data, we use the coordinates
of the LS8 optical counterpart. Given the superior depth of DECaLS (23.4 mag),
we crossmatch the sources to the LS8 catalog instead of the ZTF catalog (21 mag).

"https://www.ztf.caltech.edu/ztf-public-releases.html
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Galactic sources in eFEDS are mainly identified through two methods as described
in Salvato et al. (2022): 1) SDSS redshifts being z < 0.002 and/or 2) Gaia parallaxes
with good significance: 7/0,; > 3. The Renormalised Unit Weight Error (RUWE)
< 1.4 can also be used. The actual method described in Salvato et al. (2022) is
complex, and uses a combination of NWAY, a tool based on Bayesian statistics, and
ASTROMATCH, a tool based on the Maximum Likelihood Ratio.

In the eFEDS Main Catalog, 24774/27369 (90.5%) of X-ray sources are reported to
have a reliable optical counterpart. Of those sources, 2976 are classified with the
label LIKELY GALACTIC or SECURE GALACTIC. It is this sample that we further
investigate with ZTF.

ZTF Data

The Zwicky Transient Facility (ZTF) is a photometric survey that uses a wide 47
deg? field-of-view camera mounted on the Samuel Oschin 48-inch telescope at
Palomar Observatory with g, r, and i filters (Bellm et al., 2019b; Graham et al.,
2019; Dekany et al., 2020; Masci et al., 2019). In its first year of operations, ZTF
carried out a public nightly Galactic Plane Survey in g-band and r-band (Bellm
et al., 2019a; Kupfer et al., 2021). This survey was in addition to the Northern Sky
Survey which operated on a 3 day cadence (Bellm et al., 2019b). Since entering
Phase II, the public Northern Sky Survey is now at a 2-day cadence. The pixel size
of the ZTF camera is 1" and the median delivered image quality is 2.0" at FWHM.

We use forced photometry from ZTF Data Release 5 (DRS5). Lightcurves have a
photometric precision of 0.01 mag at 13—14 mag down to a precision of 0.1-0.2
mag for the faintest objects at 20-21 mag. While both raw photometry and forced
photometry are PSF-fit photometry, the forced photometry calculates photometry
of the object on difference images by forcing the location of the PSF to remain
fixed according to the ZTF absolute astrometric reference. This allows one to obtain
flux estimates below the detection threshold and therefore probe deeper than the
standard photometry. For bulk download, we use a database of forced photometry

files (Mréz, Burdge, et al. in prep).

Objects of Interest

It is useful to plot the X-ray to optical flux ratio for the entire eFEDS catalog.
A similar exercise was carried out by various studies (e.g., Agiieros et al., 2009;
Greiner and Richter, 2015) for the ROSAT catalog and proved to be an effective

way for disentangling CVs from other Galactic X-ray sources such as M dwarfs and
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Figure 2.1: X-ray flux compared to DECaLS LS8 optical flux with lines of constant
Fx [ Fop shown. All SRG/eFEDS Galactic objects are shown in blue, virtually all
of which were below the detection threshold of the ROSAT all-sky X-ray survey.
The two polars stand out as systems with some of the largest Fy /Fop ratios in the
catalog.

chromospherically active binaries: BY Dra and RS CVn systems”. Figure 2.1 shows
the eFEDS X-ray flux versus DECalS LS8 optical flux plot (neither corrected for
intervening Galactic absorption due to eFEDS being located outside the Galactic
Plane: b > 20°) along with ZTFJ0850+0443 and ZTFJ0926+0105. Both systems

stand out as being amongst the systems with the highest Fx /Fy ratio.

Figure 2.2 shows the advantage of a color cut in picking out CVs from active
M dwarfs. By supplementing the X-ray to optical flux ratio with optical color
information, M dwarfs cluster towards the upper right, while CVs cluster towards
the upper left. The population in the lower center of the figure is generally comprised
of the chromsopherically and coronally active BY Dra/RS CVn systems. The labeled
objects in Figure 2.2 have been identified through optical spectroscopy that will be
presented in a follow-up study of the eFEDS field.

>The term BY Dra refers to chromospherically active binary stars on the main sequence, and
should be distinguished from RS CVn binary stars which are evolved and therefore above the main
sequence. However, the term RS CVn has been used in the literature to refer to both; see Eker (1992)
for a summary of the nomenclature.
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Figure 2.2: Ratio of X-ray flux to DECaLS LS8 optical flux as a function of optical
color. The two polars cluster towards the upper left. Active M dwarfs dwarfs cluster
towards the upper right and active main sequence binaries (known as BY Dra or RS
CVn) below.

2.3 Sample Selection
The goal of our study is to classify Galactic eFEDS/ZTF sources, with an emphasis
on those with a high X-ray to optical flux ratio and a strong periodic signal in ZTF.

We adopt the value of optical flux, Fyp, for our entire study, as the standard conver-
sion of the DECaL.S LS8 g magnitude from the AB magnitude system. We assume
a flat SED and a reference wavelength of 5000 Angstrom. We define the following

samples:

1. High X-ray to optical flux ratio. We obtain spectra for all objects with
FX/Fopt > 0.5.

2. Moderate X-ray to optical flux ratio and strong periodicity. We obtain spectra
for all objects with 0.5 > Fx /Fop > 0.025 percent that feature strong period-
icity and pass a color cut. Our color cut eliminates the reddest objects which
are likely to be active M dwarfs. We also report best-fit periods for the objects
that do not pass the color cut.

3. Low X-ray to optical flux ratio and strong periodicity. We compile a list
periods for all objects that have Fy /Fop < 0.025.
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We define the significance of periodicity as the maximum Lomb-Scargle power
subtracted by the median power, all divided by the median absolute deviation.
We define “strong periodicity” as lightcurves where the significance is in the 86
quantile. By this metric, approximately 10 percent of all objects in the eFEDS/ZTF
footprint show strong periodicity. We define our color cut in the LS8 color bands

and exclude objects with g — r > 1.4 as likely M dwarfs.

ZTFJ0850+0443 and ZTFJ0926+0105 stood out immediately from the first cut, with
values of Fx /Fop > 0.5. The Lomb-Scargle periodogram search of their lightcurves
using gatspy also showed strong periodicity (VanderPlas, 2016b, 2018). Both
criteria prompted follow-up spectroscopy.

The full analysis of our findings from the above cuts will be reported in an upcoming
study.

24 ZTFJ0850+0443

Data

ZTFJ0850+0443 was found in both ZTF r and g band data to be a periodic source
with high amplitude. The best-fit Lomb-Scargle period is 103.44 minutes (1.72
hr) in both bands. The approximate uncertainty (in both bands) based on the
frequency grid oversampling, is 0.01 minutes. The folded lightcurve is shown
in Figure 2.3. The optical position in ZTF (average FWHM: 2”) is RA (J2000):
08h 50m 37.19s, DEC(J2000): +04° 43” 57.04", which corresponds to Gaia DR3
581892477184063232. The X-ray position in the SRG/eROSITA eFEDS catalog
(positional uncertainty of source: 1.757) is RA (J2000): 08h 50m 37.22s, DEC
(J2000): +04° 43° 59.38", which is 2" away from the optical counterpart. No other

optical or X-ray sources are present within 2".

We followed up ZTFJ0850+0443 with high-cadence photometry in r and g bands
using the Caltech HIgh-speed Multi-color camERA (CHIMERA; Harding et al.,
2016) and u band using the Wafer-Scale Imager for Prime (WASP; Bilgi, 2019). The
WASP u-band data were only acquired over a single period, while the CHIMERA
r-and g-band data were both acquired simultaneously over two orbital periods. The
high-cadence data revealed the eclipse in ZTFJ0850+0443 as well as cyclotron

beaming at two points during a single orbit as seen in Figure 2.4.

An identification spectrum of ZTFJ0850+0443 was acquired using the Dual Imaging
Spectrograph on the 3.5-m Apache Point telescope on 03 January 2022. That
spectrum revealed strong He II 4686 compared to the HS Balmer line. This is
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Figure 2.3: Folded lightcurve of ZTFJ0850+0443 (top, Pop = 1.72 hr) over ZTF
forced photometry. Large amplitude variations (1-2 mag) are characterstic of cy-
clotron beaming in polars.

strong evidence of a magnetic CV, although non-magnetic CVs can sometimes
show this line behavior (Silber, 1992; Oliveira et al., 2020). Additional spectra at
three orbital phases were obtained on the Keck telescope using the Low-Resolution
Imaging Spectrometer (LRIS; Oke et al., 1995b) on 01 February 2022. A full orbit
of ZTFJ0850+0443 was acquired on 07 March 2022 using LRIS. A summary of all
data acquired for ZTF0850+0443 is presented in Table 8.3.
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General Lightcurve Features

In Figure 2.4 we present the high-cadence photometry and spectroscopy of ZTF0850+0443
during notable orbital phases. The most prominent features of the high-cadence
lightcurve are 1) the eclipse and 2) the two broad bumps per orbital phase in the

u, g, and r bands, one of which occurs around the eclipse and the other at phase

¢ ~ 0.6.

As described in the Introduction, the magnetic field in polars channels accreted
material directly from the threading region. The material is directed by the magnetic
field out of the orbital plane through the “accretion curtain" and onto the WD surface
via one or two magnetic poles; see Figure 11 of Littlefield et al. (2018). Furthermore,
the strong magnetic fields in polars lead to beamed cyclotron emission as non-
relativistic spiral around magnetic field lines. Cyclotron emission can manifest
itself in optical lightcurves as broad 1-2 mag bumps (e.g., Cropper, 1990; Hellier,
2001b). The data on ZTFJ0850+0443 points to it being an eclipsing polar. A visual

aid to describe the system configuration is presented in Figure 8.8.

In most polars (= 95 percent), the WD spin is locked with the orbit. We searched
to see if ZTFJ0850+0443 is an “asynchronous" polar (i.e. the WD spin period is
not locked to the orbital period). After Gaussian smoothing of the high-cadence
lightcurves, no separate WD spin period is seen, suggesting that ZTFJ0850+0443
is a (typical) tidally locked polar. Furthermore, we see no signs of a beat period (a
periodogram peak above 30 from the median) aside from the sidereal day, which
could indicate a WD spin period close to the orbital period as seen in most asyn-
chronous polars. The period obtained from the high-speed CHIMERA photometry
over two orbits is the same, further suggesting against any asynchronism. For the
most part, orbital periods of polars range between 1.5 and 4 hours, placing the 1.72
hr period of ZTFJ0850+0443 well within the range of most polars (e.g., Halpern
et al., 2018; Pala et al., 2020b; Abril et al., 2020).

In the following subsections, we walk through the orbit of ZTFJ0850+0443 and

incorporate photometric and spectroscopic data to support our analysis.

Pre-Eclipse

CVs, both magnetic and non-magnetic, typically feature strong emission lines due
to accretion. ZTFJ0850+0443 is now one of eight polars (Littlefield et al., 2018,
private communication) where line inversions are seen in the pre-eclipse phase.

Other polars that show pre-eclipse line inversions are Howell et al. (2008) and
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Figure 2.4: High-cadence photometry taken over two orbits (left) and multi-phase
spectroscopy (right) of ZTFJ0850+0443. The highlights on the left panels corre-
spond to the spectrum of the same color on the right. At phase ¢ = 0.93, pre-eclipse
line inversion is seen. At phase ¢ = 0.31, the emission lines begin to split, revealing
the irradiated face of the secondary star. At ¢ = 0.41, the emission lines completely

split and the irradiated .
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Fuchs et al. (2016).  Figures 2.4 and 2.6 show that at phase ¢ = 0.93, the H
Balmer and He I lines are absorbed redward of line center. The He II 4686 line
is only slightly absorbed. This also the case in the non-eclipsing polar MASTER
OT J132104.04+560957.8 (Littlefield et al., 2018) as well as the eclipsing polar FL
Cet (SDSS J015543.40+002807.2) (Schmidt et al., 2005). Littlefield et al. (2018)
attribute this phenomenon to absorption within the accretion curtain (i.e. within the
magnetosphere), not the threading region as was suspected before MASTER OT
J132104.04+560957.8 was discovered. The main reason for this is that threading
region is confined to the orbital plane, while the accretion curtain comes out of the
plane along with the WD magnetic field lines. Since ZTFJ0850+0443 is an eclipsing
system, the presence of line inversions supports the idea that this phenomenon is
more common at higher inclinations (i — 90°). We choose to adopt the extended
“accretion curtain" as opposed to the thin “accretion column" geometry to be more
general. We do not attempt to model this geometry in this study so we leave the
innermost part of the accretion region as having an abritrary width: either a curtain

or a column.

Another notable feature seen at pre-eclipse is that the u-band flux drops while the r-

and g-band flux increase (Figure 2.4). This is due to the u passband being centered
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Figure 2.6: Zoomed-in spectrum of ZTFJ0850+0443 at ¢ = 0.93. He Il is less broad
than H Balmer lines and hardly absorbed. H Balmer lines are absorbed redward of
line center.

blueward of the Balmer jump. In the pre-eclipse occultation of accretion spot
emission by the accretion curtain, cooler material passes in front of the dominant

source of radiation. Thus, the Balmer jump transitions from emission to absorption.

Eclipse: A Likely One-Pole System

The lightcurve near eclipse can often be used to identify whether a polar has one or
two accreting poles. We present the high-cadence lightcurve zoomed in around the
eclipse in Figure 2.7. The data favors ZTFJ0850+0443 being a one-pole system, but

we cannot discard the possibility of a second low-luminosity accreting pole.

In the single-pole case, the pole is eclipsed at ¢ = 0.966 as indicated by the sharp
decline in the g- and r-band data. The sampling of the #-band data is insufficient to
resolve this. The first shaded region (¢ = 0.966 — 0.988) in Figure 2.7 corresponds
to the gradual ingress of the ballistic stream. The pole exits eclipse at ¢ = 1.033 as
indicated by the sharp rise in the g- and r-band data. The second shaded window
(¢ = 1.033 — 1.05) shows the gradual egress of the accretion curtain. We denote
¢ = 1.05 as the end of the accretion stream eclipse as that is the point where the
total flux returns to its pre-eclipse value in r- and g-band data. The u-band flux is
larger during post-eclipse due to the absence of pre-eclipse self-absorption by the
accretion curtain. Previous observations and numerical simulations have been able
to reproduce remarkably similar lightcurves (Breytenbach et al., 2019; Zhilkin et al.,
2019).

In the case of two-pole accretion, two “steps" in the ingress and egress of the
magnetic poles are often seen. However, our photometric sampling cadence (10
seconds) is too low to detect that. For example, a ~ 0.1-second cadence was
needed to see this in FL. Cet (O’Donoghue et al., 2006) and a 1-second cadence for
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eRASStJ192932.9-560346 (Schwope et al., 2022b). It could also be that the second

pole is so faint at optical wavelengths that it would not appear in optical photometry
at all. After all, no spectroscopic evidence aside from weak evidence in the Doppler
tomograms (see Section 2.4) of a second pole is seen. Additional data (e.g., optical
polarimetry, X-ray lightcurves, or higher cadence optical photometry) are needed
to definitively classify this as a one- or two-pole system, although the current data

more strongly support the one-pole model.

On the whole, the eclipse is shallowest in the u band and deepest in the r band.
This has been attributed to the accreted material being channeled in the lowest
energy configuration, which concentrates cooler material towards the center of the
accretion stream. Hotter material is therefore more sparse and can still be seen while
the cooler, concentrated material is eclipsed (see Figure 5 of Harrop-Allin et al.,
1999) for the modeling of HU Aquarii). We note that in the case of HU Aquarii,
modeling of this feature alone in optical lightcurves was insufficient to determine

whether the system is accreting at one or two poles.

Donor Star Revealed

At phase ¢ ~ 0.3, the H Balmer, He I, and He II emission lines begin to split before
being distinguishably separated at ¢ ~ 0.4 (Figure 2.4). The broad (FWHM ~20A),
blueshifted component traces the accretion onto the WD. The narrow (FWHM zSA)
component, which at this phase is slightly redshifted, traces the irradiated face of
the donor star. At phase ¢ ~ 0.5, the narrow component in the H Balmer, He I, and
He Il emission lines is at line center and stronger than the blueshifted accretion spot

emission lines (Figure 2.8).

At this point in the orbital phase, we are seeing directly into the irradiated face of the
donor, confirming the origin of the narrow emission component. This phenomenon
has been known since early studies of polars (e.g., Cropper, 1990) and used to
constrain binary parameters of the eclipsing polar BS Tri (Kolbin et al., 2022) when
the traditionally used Na I 8183, 8195 doublet could not be spotted. The Na I 8183,
8195 doublet is not seen in ZTFJ0850+0443 due to the strong accretion continuum
that dominates out to red optical wavelengths. At the same orbital phases that H
Balmer, He I, and He II emission lines are split into broad and narrow components
(center around ¢ = 0.5), Ca II 8498 and 8542 from the irradiated donor are seen in

emission above the accretion continuum (Figure 2.8).

Nal, Call, H Balmer, He I, and He II lines from the donor star do not all arise from
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Figure 2.7: High-cadence lightcurve (two stacked orbits) of ZTFJ0850+0443 around
the eclipse. Highlights indicate the following phases: In the one-pole accretion
model, the accretion spot on the WD is eclipsed by the donor star at ¢ = 0.966.
The accretion stream is gradually eclipsed until totally disappearing at ¢ = 0.988.
The accretion spot exits eclipse at ¢ = 1.033 and the accretion stream gradually
re-emerges until being fully exposed at ¢ = 1.05.
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Figure 2.8: The narrow component of H Balmer and He I/II emission lines roughly
trace the tip of the Roche lobe of the donor star (top). Ca Il lines trace the irradiated
face at the center-of-light (bottom). Spectra shown are taken near ¢ = 0.5.

the same location. The H Balmer, He I, and He II lines likely arise from the tip of
the Roche lobe and possibly into the accretion stream (e.g., Schwope et al., 2011).
The Ca II lines roughly trace the center-of-light of the irradiated donor, somewhere
between the center-of-mass and the tip of the Roche Lobe. The Na I lines tend to
arise from deeper within the donor and more reliably trace the center-of-mass (e.g.,
Schwope et al., 2011). Therefore, in order to correctly use the Ca II lines to trace the
radial velocity of the donor, we must apply a correction which we explain in detail
in Section 2.4.

Doppler Tomography

Spectral lines in CVs vary as a function of orbital phase, often containing information
about all system parameters which can be blended together. In CVs with an accretion
disk, the disk, the accretion hot spot (where the accretion stream hits the disk),
and irradiated face of the donor star can all contribute to the observed emission.
Doppler tomography converts phase-resolved spectroscopy into a plot of observed
radial velocity and line strength as a function of orbital phase. Doppler tomograms
disentangle the contribution of the various CV components (e.g., accretion disk,
accretion hot spot, donor star) to a given spectral line; see Marsh (2005) for a review

of the method of Doppler tomography. We present Doppler tomogams and radial
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velocity curves of He II 4686 and Hg in Figure 2.9.

We use the doptomog® code developed by Kotze et al. (2015b). We show the
“inverse" Doppler tomograms, which better illustrate the high-velocity components
in magnetic CVs. Higher velocities are located closer in to the center of the diagram,
while lower velocities are farther from center (traditional Doppler tomography flips

this around).

The feature with an amplitude of 1000 km/s is the dominant component. The
free-fall velocity at the surface of a WD, assuming typical parameters (Mwp =
0.8Mg, Rwp = Rgarn) 1s = 4000 km/s. By observing emission at 1000 km/s, we can
infer that this emission is due to material within the accretion curtain as it approaches
the WD surface. We do not know enough about the magnetic field configuration
near the surface to know exactly where in the accretion curtain we are probing. A
weak, diffuse component can also be seen towards the bottom right, which could
be indicative of a second magnetic pole. This is the only possible evidence for a

second pole that we have in our current data.

The irradiated face of the secondary is clearly shown roughly between 300—400 km/s
in both Doppler tomograms as well near ¢ = 0.5 in the radial velocity curves. The
gap near ¢ = 0.3 is due to a small gap in our data acquisition. The radial velocity
curves clearly show the pre-eclipse line inversion, where He I1 4686 is hardly split,

but Hp is split into two components due to the intervening redshifted absorption.

Binary Parameters

In order to solve for the full mass and radius parameters of the system, we assume
a circular orbit. Our constraining equations are the following: 1) the Roche lobe
equation from Eggleton (1983c), 2) the binary star mass function, 3) the relationship
between the mass ratio and the correction applied to the RVs derived from Ca II
lines, 4) an R(M) relation derived from modern CV evolutionary tracks, and 5) the

eclipse of the system.

The Roche lobe equation (Eggleton, 1983c) is:

R, 0.4942/3
a  0.6¢%3+1In (1+4'73)

= f(q) 2.1)

where a is the orbital separation of the system: a* = G(M; + M) P2, /An* and g is
the ratio of the donor star mass to the WD mass: ¢ = M,/M;. We adopt this mass

ratio convention consistently throughout this study.

3https ://www.saao.ac.za/~ejk/doptomog/main.html
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Figure 2.9: “Inverse" Doppler tomograms and radial velocity curves for
ZTF0850+0443 using He II 4686 (top) and HS (bottom). Redder color indicates
stronger line strength. Model magnetic field threading is shown for clarity using
generic parameters. The dominant component is that of the accretion curtain. The
irradiated face of the secondary can also be seen towards the top.

The binary star mass function is:

(M1 sin i)3 _ Porng

(M1 + M2)2 B 2rG 22)

where M| is the mass of the accreting WD and M, is the mass of the donor. K is the
radial velocity of the donor, which we must infer from the observed radial velocity
of the Ca Il lines, Ké. As discussed earlier, these lines originate from the center-of-
light of the irradiated (day) side of the donor star, which is not a good approximation
for the center-of-mass of the donor star. We obtain K} = 360 + 15 km/s from a
least-squares fit to the observed line profiles (Figure 8.1). The statistical error of
15 km/s arises from instrumental precision and low signal-to-noise in measuring
the line position at certain phases. We assume the entire donor star is co-rotating
around the center of mass of the system at the same orbital period. To determine
the relationship between K, and Ké, we assume the center-of-light of the donor

star is located R from the center-of-mass of the donor star. The factor & can be
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thought as being the coordinate on the axis between the donor center-of-mass and
the tip of the Roche lobe. Therefore, the semi-major axis of the center-of-light is
a) = ay — €Ry, and the observed radial velocity is K} = 2n(a; — eR)/Por. Since
K> =2na;/ Pow, we can solve for the correction factor: Ké /K, =1—¢&Ry/ay. Since

a =ay(1+ q), we write:

’

K
= =1-ef(@x(1+q) 23)
2

and therefore the RV correction is a function of the mass ratio ¢ = M{/M?2 and &,
the coordinate on the axis between the donor center-of-mass and the tip of the Roche
lobe. A value of € = 0 corresponds to the donor center-of-light being located at the
donor center-of-mass and a value of € = 1 corresponds to the donor center-of-light
being located at the tip of the Roche lobe.

In order to determine reasonable values of €, we constructed a simple binary star
model using PHOEBE (Prsa and Zwitter, 2005; Prsa et al., 2016) consisting of a
15,000 K primary star (average of WDs in CVs at this orbital period, e.g., Pala
et al., 2022b) irradiating a 3000 K donor star at a typical CV orbital separation. This
model with a single source of radiation serves as the lower limit of possible radiation
for the donor. In polars, radiation from the accretion stream, accretion curtain, and
accretion pole can also irradiate the donor. Modeling of the accretion-induced X-ray
flux is beyond the scope of our work. However, in our simple two-star model, the

center-of-light (location of mean intensity) at € = 0.45, serves as a lower limit.

We then turn to empirical findings to place an upper limit on &. We consider the
analysis of He II, Ca II, and Na I lines of the donor star in HU Aquarii (Schwope
etal., 2011). Doppler tomography of those lines showed that the Ca Il lines precisely
probe the center-of-light, located approximately at values of £ = 0.5 — 0.85.

Therefore, we adopt the range € = 0.45 — 0.85, combining the simple analytical
model and empirical results. We overplot this range on our PHOEBE model in Figure
2.10. A full treatment of radiation from the WD, accretion spot, accretion curtain,
accretion stream, and efficiency of irradiation of the donor are beyond the scope of
this study.

In order to obtain an R(M) relation, we use the CV donor star evolutionary tracks
from the Knigge et al. (2011) set of models. They account for the inflated radius of
the donor star due to the rotation it undergoes and tidal forces it experiences while
in the binary system. The Knigge et al. (2011) models also account for inflation of

the secondary due to irradiation by the primary.
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Figure 2.11: Radial velocity (RV) measurements of the irradiated face of the donor
star as a function of orbital phases, Ké. RV measurements are obtained at orbital
phases where 1) Ca II is strong enough to be seen above the continuum or 2)
the narrow component of H Balmer lines is not blended with the broad accretion
component.

The final component is the eclipsing nature of the system. Given the typical system
parameters of polars, we know the inclination of the system must be i > 78° for
the system to be eclipsing. Chanan et al. (1976) showed that if the eclipse timing
is well-constrained, then the mass ratio ¢ is a function of the inclination i in Roche
lobe filling systems. We find the eclipse duration to be 415 + 5 sec, measured at the

sharp dropoff and sharp rise as described in Section 2.4.

The Chanan et al. (1976) geometry, however, assumes a point source located at the
center of the WD and not on the surface, as is that case in polars. This however,
leads to a negligible systematic that is contained within the statistic error bars on
the measurement of all system parameters. Finally, we note that the deep eclipse

places upper limits on the temperature of the donor star, but does not significantly
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tighten our final constraints on the donor star properties. The CHIMERA zero
point magnitude in the r filter is approximately 27 (Harding et al., 2016) at time
of instrument commissioning. Based on the comparison star photometry in our
data, however, we estimate a zero point magnitude of no greater than r = 26. At
the distance of ZTFJ0850+0443 (1080*33° pc), a null detection in the CHIMERA r

-250
filter places the donor star at M5 or later based on SDSS colors.

We then solve for all equations simultaneously via a vectorized least-squares ap-
proach implemented with scipy to find the final best-fit values. This is equivalent
to minimizing the error in Equation 2.2, Equation 2.4, R; = R(M;), and the eclipse
timing equation from Chanan et al. (1976) simultaneously. We present the final

values for the binary system in Table 2.4.

Table 2.2: System Parameters for ZTFJ0850+0443

System Parameter Estimated Value

M, (Mg) 0.81 £0.08
M, (M) 0.119 + 0.002
Ry (Rp) 0.163 + 0.002
K> (kms™) 434 + 15

i (degrees) 83.3° +1.2°
Po (hr) 1.724

Ateer (8) 415+5

M (Mg yr 1) ~ 1071

e=(ax—a,)/Ry  0.65+0.20

The largest uncertainty in our WD mass estimate stems from the uncertainty in
radial velocity (which scales to the third power in Kepler’s binary system equation).
While this is limited by our estimates of the location of the donor center-of-light
(parameterized by &), we find that we can still reasonably constrain the mass of the
WD.

Magnetic Field Strength

There are three common ways to determine the magnetic field strength of a polar
as outlined by Cropper (1990): 1) Cyclotron humps in the optical spectrum, 2)
Zeeman splitting of emission lines in the optical spectrum, 3) Optical polarization
measurements. In the case of ZTF0850+0443, we do not detect the first two and

have not acquired optical polarization data to test the third criterion.

Why don’t we see any cyclotron harmonics? The wavelengths of cyclotron har-
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monics (e.g., Ferrario et al., 2015; Mason et al., 2019) are given by the following

formula:

sinf A (2.4)

n=

1= 10710 (100 MG)
n

where A, is in Angstrom and 6 is the viewing angle of the cyclotron beaming. In
cases where cyclotron humps are seen in the optical, it is usually the n =3 orn = 4
harmonics that are seen (Cropper, 1990; Wickramasinghe and Ferrario, 2000). Since
lower-order harmonics are less prominent, the absence of cyclotron harmonics at
optical wavelengths often implies low magnetic field strength. Ferrario et al. (1993)
and (Wickramasinghe and Ferrario, 2000) showed that in polars with field strengths
of B < 20 MG, cyclotron harmonics (n = 2, 3,4) can only be seen in near-infrared

spectra and not at all in optical spectra.

When infrared spectra are not available, infrared photometry has been shown to
be insightful for magnetic field characterization of low-field polars (Harrison and
Campbell, 2015; Wickramasinghe and Ferrario, 2000). Mason et al. (2019) dis-
covered CRTS J035010.7 +323230, a polar that did not show any of the typical
magnetic field diagnostics outlined by Cropper (1990). CRTS J035010.7 +323230
stood out by showing a strong infrared excess with WISE W3 and W4 magnitudes
higher than W2 and W1 points. The authors argued this was indicative of a low-field
(< 10MQ) polar. Similarly, Bernardini et al. (2019) inferred that WISE photometric
excess of 2PBC J0658.0—1746 was indicative of a low magnetic field in a polar. We
see exactly the same behavior in ZTF0850+0443, with a clear infrared excess in the
WISE W3 and W4 bands. We reproduce a spectral energy distribution in Figure
7.10 compiled from GALEX, PanSTARRS, 2MASS, and WISE.

We propose that ZTF0850+0443 must be viewed at a high enough angle (sinf ~ 1)
from the magnetic pole so that cyclotron beaming can be observed in its optical
lightcurve. What we see in the optical is likely a blend of many low-order cyclotron
harmonics in the lightcurve bumps peaking at phase ¢ = 0.6 and ¢ = 1 (the second
peak in the lightcurve would be at ¢ = 1, but the WD is eclipsed in this system).
The fundamental (n = 1) harmonic is then in the mid-infared (~ 10 — 20um) with
strong n = 2, 3,4 harmonics in the near-infrared. We suggest that ZTF0850+0443
is a low-field (B < 10 MG) polar, potentially adding to a small pool of polars with

such low magnetic field strengths.
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Figure 2.12: Extinction-corrected (Ay = 0.19; Schlafly and Finkbeiner (2011a))
spectral energy distribution of ZTFJ0850+0443 reproduced using average photome-
try from GALEX, PanSTARRS, 2MASS, and WISE data. The mid-infrared excess
of ZTFJ0850+0443 suggests it is a low-field (B < 10 MG) polar.

2.5 ZTFJ0926+0105

Data

ZTFJ0926+0105 was found in ZTF data to be a periodic source with high amplitude
in both r and g bands (Figure 2.13). The optical position in ZTF (average FWHM: 2”)
is RA (J2000): 09h 26m 14.30s, DEC (J2000): +01° 05’ 57.40", which corresponds
to Gaia DR3 3844016380122912640. The X-ray position in the SRG/eROSITA
eFEDS catalog (positional uncertainty: 1.26”) is RA (J2000): 09h 26m 14.20s,
DEC (J2000): +01° 05°58.43" , which is 1.3" away from the optical counterpart.

No other optical or X-ray sources are present within 2".

We followed up ZTFJ0926+0105 with high-cadence photometry using CHIMERA.
Data were acquired over 3.5 hours, but all orbital phases could not be completely
covered due to transient clouds. The best-fit period of the r and g-band data is
88.34 min (1.47 hr). The approximate uncertainty based on the frequency grid
oversampling is 0.01 minutes. Furthermore, as with ZTFJ0850+0443, we see no
signs of a beat period (a periodogram peak above 30~ from the median) aside from
the sidereal day, which could indicate a WD spin period close to the orbital period

as seen in most asynchronous polars.

An identification spectrum was acquired using the Double Spectrograph (DBSP;
Oke and Gunn, 1982b) on the Hale telescope on 08 January 2022. This spectrum
showed strong H Balmer, He I, and He 1II lines in emission. He II 4686 fulfilled
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Figure 2.13: Folded lightcurve of ZTF0926+0105 (Pop = 1.47 hr) over ZTF forced
photometry.

the criteria of Silber (1992) for being a magnetic CV candidate, prompting us to
acquire follow-up spectroscopy. Phase-resolved spectra were taken on the Keck
telescope using the Echelle Spectrograph and Imager (ESI; Sheinis et al., 2002)
on 01 February 2022. Eight 10-minute spectra were taken consecutively with ~11
minutes between the starting point of each spectrum. Table 2.5 summarizes all data

taken and the contribution of each dataset.
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Lightcurve and Spectral Analysis with Doppler Tomography

We see cyclotron beaming once per orbital phase in the g and r high-cadence
lightcurves of ZTFJ0926+0105 (Figure 2.14). The large factor by which the flux
increases, combined with the orbital period of 1.47 hr, is characteristic of few objects
other than polars. No eclipse or any other notable features are seen. We also see a
prominent cyclotron bump in the phase-resolved spectra of ZTFJ0926+0105 (Figure
2.14). The phase where the bump is most prominent coincides with the maximum in
the photometry, confirming cyclotron beaming as the source of the high-amplitude
variation. We only see one cyclotron harmonic around 8800 Angstrom, and discuss

the implications for determining the magnetic field strength in Section 2.5.

Aside from the prominent cyclotron bump, the phase-resolved spectroscopy of
ZTFJ0926+0105 is much like that of ZTFJ0850+0443, revealing emission from both
the accretion curtain and the face of the irradiated donor star. We produce Doppler
tomograms for ZTFJ0926+0105 in order to disentangle the two components (Figure
2.15).

Both Doppler tomograms of ZTFJ0926+0105 reveal the irradiated face of the donor
star at approxmiately 300 km/s, particularly the HS tomogram. This coincides with
the presence of Ca Il lines (see Figure 2.14) which also stem from the irradiated face
of the donor star like in ZTFJ0850+0443. While we could estimate radial velocity
measurements of the donor star in ZTFJ0926+0105, the lack of an eclipse prevents
us from obtaining a precise estimate of the mass ratio and component masses.
Both the He II 4686 and HfS tomograms reveal large, approximately 750 km/s
amplitude radial velocities. We attribute such large radial velocities to the accretion
curtain, as was the case with 1000 km/s radial velocities in ZTFJ0850+0443. Since
ZTFJ0926+0105 is viewed at a more face-on inclination (no eclipse is seen in the

lightcurve), the observed radial velocity should be lower.

Magnetic Field Strength

Three cyclotron harmonics are present in the spectrum of ZTFJ0926+1015 at max-
imum beaming (® = 0.64 in Figure 2.14). We fit a polynomial continuum to the
un-beamed spectrum (® = 0.78 in Figure 2.14), scale it by an additive factor, and
subtract it from the beamed spectrum to find cyclotron features. We find three
features: a large, prominent one (180 times the continuum) peaking around 8600 A,
a smaller one (20 times the continuum) at 6450 A, and another small one (30 time
the continuum) at 5160 A.
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Figure 2.14: Cyclotron beaming is seen once per orbital phase in the high-cadence
CHIMERA photometry (top) as well as phase-resolved spectroscopy (bottom).

Using Equation 2.4, we must assume both a viewing angle and obtain cyclotron
harmonic numbers to find the magnetic field strength. From the spacing of the three
cyclotron features (8600 A, 6450 A, 5160 A), we deduce them to correspond to the
n = 3,4, 5 harmonics, respectively. There should be a n = 6 harmonic also present
in the wavelength range of the data, but harmonics that high are usually optically
thick (e.g., Cropper, 1990), and the spectrum at those wavelengths is dominated by
emission lines anyway. The viewing angle must also be large (6 > 60°) for the
beaming to be as high amplitude as we see in the spectroscopy and photometry (e.g.,
Cropper, 1990). We therefore adopt a viewing angle range of 6 = 60° —90°, leading
to a magnetic field of B = 36 — 42 MG. Follow-up X-ray and optical studies could
be used to determine magnetic field orientation and viewing angle of cyclotron

features.

We conclude this section by presenting an SED of ZTFJ0926+0105 (Figure 2.16).
There are no significant WISE W3 or W4 detections, consistent with ZTFJ0926+0105
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Figure 2.15: “Inverse” Doppler tomograms and radial velocity curves for
ZTF0926+0105 using He II 4686 (top) and HB (bottom). Redder color indicates
stronger line strength. The dominant component is that of the accretion curtain. The
irradiated face of the secondary can also be seen at the bottom, appearing stronger
in HB compared to He II 4686.

having a magnetic field strength of B = 36 — 42 MG.

2.6 Discussion

Previous Classifications and X-ray Detections

ZTFJ0850+0443 was previously misclassified as a quasar based on its GALEX
color information (Warwick et al., 2012). That same work reported a marginal
XMM Slew Survey detection (with 40 percent flux errors), where it was listed as
XMMSL1 J085036.8+044354. Had they existed at the time, Gaia proper motions

or parallax would have likely prevented the misclassification.

ZTFJ0926+0105 was previously classified as a WD + M dwarf binary in Augusteijn
et al. (2008) based on SDSS colors. It is likely to have been observed in a state
of cyclotron beaming, during which the increase in flux at red optical wavelengths
gives the impression of a late-type donor (note Figure 2.14 at phase ® = 0.64).
ZTFJ0926+0105 is also in the Gaia WD Catalog (Gentile Fusillo et al., 2021b).
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Figure 2.16: Extinction-corrected (Ay = 0.12; Schlafly and Finkbeiner (2011a))
spectral energy distribution of ZTFJ0926+0105 reproduced using average photom-
etry from GALEX, SDSS, 2MASS, and WISE data. Unlike ZTFJ0850+0443, there
is no mid-infrared excess which could indicate this is a low-field polar.

Distances and X-ray Luminosities
The Gaia EDR3 distances calculated in Bailer-Jones et al. (2021d) for ZTFJ0850+0443

and ZTFJ0926+0105 are 1080352%0 pc and 385’:1% pc, respectively.

We estimate the X-ray luminosities of ZTFJ0850+0443 and ZTFJ0926+0105 in
the eROSITA Main range (0.2-2.3 keV) using the eFEDS co-added fluxes and
Gaia distances. The fluxes of ZTFJ0850+0443 and ZTFJ0926+0105 are 1.80 +
0.16 x 10~ Berg/s/cm? and 2.80 + 0.16 x 10~ '3erg/s/cm?, respectively. The X-ray
luminosities (in the 0.2-2.3 keV range) of ZTFJ0850+0443 and ZTFJ0926+0105
are 27 x 10! erg/s and 4.7*}:0 x 10°° erg/s, respectively. We also note that
ZTFJ0850+0443 and ZTFJ0926+0105 fulfill at least one of the criteria to be classi-
fied as X-ray variable in the eFEDS data release (Salvato et al., 2022) and are also
present in the Hard (2.3-5 keV) sample.

Placement on the HR Diagram

We overplot ZTFJ0850+0443 and ZTFJ0926+0105 (corrected for extinction) on a

Gaia Hertzsprung-Russell (HR) diagram (Figure 2.17). We note that ZTFJ0850+0443
has a parallax divided by parallax error (7/0,) value of 2.8. This is lower than the

value adopted by some authors to claim a precise distance measurement (/0 > 3

or even /o, > 10, depending on the study). We plot all sources in Gaia EDR3

within 100 pc of the Sun with parallax 7/0; > 10. On average, the locations
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Figure 2.17: Gaia EDR3 HR diagram composed of sources within 100 pc with an
exceptional parallax measurement (/0 > 10). The two polars are located between
the main sequence and WD tracks, consistent with typical polars.

of ZTFJ0850+0443 and ZTFJ0926+0105 are consistent with the mean position of
polars as found by Abril et al. (2020).

Current CV Population and SRG

All CVs are X-ray emitters, to some extent (Mukai, 2017). While magnetic CVs
typically have higher X-ray luminosities than their non-magnetic counterparts, the
eFEDS dataset is deep enough to reveal new X-ray detections of non-magnetic CVs.
Even from this modest sample, the efficiency of discovery of magnetic CVs is greatly
increased by incorporating X-ray data from eFEDS/SRG. Neither of the two polars
were listed as SDSS CVs. A complete analysis of all CVs in the eFEDS field will

be presented in a follow-up study.

An all-sky eROSITA/SRG release will be vital for constructing a volume-limited
survey similar to that of Pala et al. (2020b). Volume-limited samples are one way
of eliminating observational bias from constructing a full picture of CVs and their
evolution, as was shown by Pala et al. (2020b). Introducing X-ray information
eliminates another observational bias and provides another property that can be
used to study CVs.

Schwope et al. (2022b) identified an eclipsing polar through an eROSITA/SRG
crossmatch with Gaia using a proprietary eRASS dataset. We showed here that

the public eFEDS dataset revealed a similarly interesting object when crossmatched
with ZTF.
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Our findings show that the eROSITA/SRG X-ray survey is vital in supplementing
ZTF for the discovery of new CVs. Making use of Gaia, we can obtain precise

luminosities of the objects we find.

2.7 Conclusion

We have discovered two polars: ZTFJ0850+0443 (eclipsing, Pow, = 1.72 hr) and
ZTFJ0926+0105 (non-eclipsing, Pop = 1.47 hr), through a crossmatch of the
eFEDS dataset and ZTF archival photometry. We suggest that ZTFJ0850+0443
is likely a low-field polar with magnetic field Bwp < 10 MG. The accreting WD
in ZTFJ0850+0443 has a mass of Mwp = 0.81 + 0.08 M, and the donor is a M5.5
dwarf typical of CV donors at short orbital periods. ZTFJ0850+0443 is now one
of eight polars in the literature that shows pre-eclipse emission line reversals, pos-
sibly due to absorption within the accretion curtain. Further study of these systems
could help constrain the geometry of the accretion in polars near the central WD.
Our second system, ZTFJ0926+0105, is not eclipsing, so we cannot place robust
measurements on the WD mass. However, we identify cyclotron harmonics in the
spectra of ZTFJ0926+0105 to determine a magnetic field strength of 3642 MG.

This study is part of a larger follow-up analysis of the eFEDS/ZTF footprint. Studies
such as this are useful in overcoming observational biases in previous optical-only
searches for CVs, and will directly lead to accurate volume-limited studies of CVs
such as that by Pala et al. (2020b). This in turn will test our knowledge of the origin

of magnetic fields in WDs, compact object accretion, and binary star evolution.
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ABSTRACT

AM CVn systems are ultra-compact binaries where a white dwarf accretes from
a helium-rich degenerate or semi-degenerate donor. Some AM CVn systems will
be among the loudest sources of gravitational waves for the upcoming Laser In-
terferometer Space Antenna (LISA), yet the formation channel of AM CVns re-
mains uncertain. We report the study and characterisation of a new eclipsing
AM CVn, SRGeJ045359.9+622444 (hereafter SRGeJ0453), discovered from a joint
SRG/eROSITA and ZTF program to identify cataclysmic variables (CVs). We ob-
tained optical photometry to confirm the eclipse of SRGeJ0453 and determine the
orbital period to be Py, = 55.0802 + 0.0003 min. We constrain the binary param-
eters by modeling the high-speed photometry and radial velocity curves and find
Mgonor = 0.044 + 0.024M and Rgonor = 0.078 £ 0.012R. The X-ray spectrum is
approximated by a power-law model with an unusually flat photon index of I ~ 1
previously seen in magnetic CVs with SRG/eROSITA, but verifying the magnetic
nature of SRGeJ0453 requires further investigation. Optical spectroscopy suggests
that the donor star of SRGeJ0453 could have initially been a He star or a He white
dwarf. SRGeJ0453 is the ninth eclipsing AM CVn system published to date, and
its lack of optical outbursts have made it elusive in previous surveys. The discovery
of SRGeJ0453 using joint X-ray and optical surveys highlights the potential for

discovering similar systems in the near future.
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3.1 Introduction

AM Canum Venaticorum stars (AM CVn) are ultra-compact binaries, where a white
dwarf (WD) accretes material from a helium-dominated, Roche lobe-filling donor.
The orbital period of these systems lies in the 5.4—67.8 minutes range (for recent
reviews, see Solheim, 2010; Ramsay et al., 2018). These ultra-compact binaries are
potential laboratories to study accretion processes under extreme conditions. Due
to the short orbital periods of AM CVn systems, their evolution is governed by the
angular momentum loss (AML) via gravitational wave (GW) radiation (Paczyniski,
1967). Hellings (1996) recognized that AM CVn stars may be detected by space-
based GW antennas. Indeed, many AM CVns are expected to be detected by LISA
(e.g., Amaro-Seoane et al., 2023; Kupfer et al., 2024).

AM CVns, like other cataclysmic variables (henceforth, CVs), originate from ini-
tially more widely separated binaries via common envelope evolution (Paczynski,
1976). Currently, three evolutionary channels are suggested for their formation. In
the Helium WD donor (He WD) channel (Paczyiiski, 1967), two common envelope
(CE) episodes leave behind a detached system composed by a more massive carbon-
oxygen WD and a less massive helium WD. This system evolves to shorter orbital
periods due to GW radiation. Once it reaches Py, =~ 5 minutes, the WD donor fills
its Roche lobe, and mass transfer begins. Since degenerate donors expand as they

lose mass, the system evolves to longer orbital periods.

Two CE episodes in the Helium star (He star) channel (Iben and Tutukov, 1987)
leave behind a carbon-oxygen WD and a low mass He-star, which may be non-
degenerate or weakly degenerate (Sarkar et al., 2023b). GW radiation brings the
helium star to Roche lobe overflow. Mass transfer then results in the decrease of the
orbital period to a minimum of about 10 minutes, after which Py, starts to increase.
Conventionally, binaries that evolved past Py minimum are considered AM CVn

stars.

In the evolved CV channel, a single CE episode leaves behind a carbon-oxygen WD
with a main-sequence companion. In this model, initially suggested by Tutukov
et al. (1985), the donor fills its Roche lobe when hydrogen in its core is almost
exhausted (X, < 0.1). Such an inhomogeneous star becomes completely convective
only when its mass decreases to several 0.01 My and, hence, AML via magnetic
braking may be at work. Later, evolution is governed by GW emission. Such a
system does not bounce at Py ~ 80 minutes like “ordinary” CVs, but may evolve

to Porp ~ 30 minutes, if the Verbunt and Zwaan (1981) empirical AML mechanism
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is assumed (see Podsiadlowski et al., 2003). In the double-dynamo governed
evolution model (Sarkar et al., 2023c¢), the driving force of evolution is magnetic
braking due to the field generated in the boundary layer at P,,, > 3 hr. Evolution is
also governed by GW emission and the magnetic field, owing to differential rotation
between core and outer layer at P,,, < 2hr. In this model, the system may reach

P, ~10 minutes.

AM CVns exhibit a wide range of observed phenomena, often analogous to longer
periods CVs with Roche lobe-filling main-sequence donors. In the He WD channel,
the system immediately after contact may be so close that no accretion disk can
form, and instead, direct impact accretion takes place. The possibility of stable
mass exchange depends on the efficiency of tidal synchronization (Webbink, 1984;
Nelemans et al., 2001; Marsh et al., 2004; Dan et al., 2011). Furthermore, at the high
mass transfer rates that occur during direct impact accretion, the matter is ionized
and no thermal instabilities can occur. Thus, systems with the lowest orbital periods
do not show optical outbursts and can only be discovered through their periodic

optical or X-ray emission (e.g., HM Cancri; Ramsay et al., 2002).

Systems with orbital periods in the range Py ~ 20 — 50 minutes transfer mass
through an accretion disk and are subject to thermal instabilities (Cannizzo and
Nelemans, 2015). This leads to the vast majority of AM CVn systems being
discovered through their optical outbursts and having periods in this range (e.g.,
Levitan et al., 2013; van Roestel et al., 2021).

Long-period AM CVn systems (Po, 2 50 minutes) have such low mass transfer
rates that outbursts are extremely rare. Furthermore, their low mass transfer rates
make them optically dim and almost impossible to distinguish from WDs in a
Hertzsrpung-Russell diagram. These systems have only been identified in the past
using two methods: 1) large-scale optical spectroscopic surveys with color cuts
(Carter et al., 2013) and 2) eclipsing systems in all-sky photometric surveys (van
Roestel et al., 2022). Each method has inefficiencies, as the former yielded only two
new systems out of 2000 candidates; the latter approach is only sensitive to eclipsing
systems and yielded five systems after performing a computationally expensive
Box Least Squares (Kovécs et al., 2002) search of 200,000 objects. Theoretical
models suggest that the Galaxy may harbor up to =~ 3.4 x 10’ AM CVn stars (e.g.,,
Nelemans et al., 2004a), most of which should have long periods. Results of the
above-mentioned surveys may suggest that the models overpredict the number of

Galactic AM CVns and they are really rare objects or that our current methods do
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not allow to detect majority of them.

All-sky surveys provide unique possibilities to probe the Galactic population of
compact object binaries. We are in the age of precise all-sky astrometry with Gaia
and thousands of epochs of Northern sky photometric coverage with the Zwicky
Transient Facility (ZTF) (Gaia Collaboration et al., 2016; Bellm et al., 2019b).
While these surveys are useful on their own, they contain billions of targets. Such a
large dataset is intractable without initial pre-selection, such as X-ray counterparts.
CVs and AM CVns among them were discovered in the past through the all-sky
Roentgensatellit X-ray survey (ROSAT; Truemper, 1982; Voges et al., 1999a; Ver-
bunt et al., 1997; Ramsay et al., 2002). The ongoing eROSITA telescope aboard
the Spektr-RG mission (SRG; Sunyaev et al., 2021; Predehl et al., 2021b) goes ~15
times deeper than ROSAT, with improved localization of X-ray sources, and has
already led to the discovery of new CVs (e.g., Schwope et al., 2022a; Bikmaev
etal., 2022; Rodriguez et al., 2023d). Some CVs were discovered using the Mikhail
Pavlinsky ART-XC telescope (Pavlinsky et al., 2021) on board of SRG observatory
(e.g., Zaznobin et al., 2022).

SRGeJ0453 is one of the sources discovered from a joint program to search for
Galactic CVs from a cross-match of SRG/eROSITA and ZTF data in a 1200 deg?
patch of the sky. The parameters and procedures of this CV search program will
be described in full in future publications. Its first results of the discovery and
optical identification of several new Galactic CVs will be presented in upcoming
work (Galiullin et al. in prep). At the time of writing, no AM CVn system has been
published using SRG/eROSITA data.

In this paper, we present the study and characterisation of the new long-period,
eclipsing AM CVn, SRGeJ0453. In Section 8.2, we present X-ray and optical
observations with data reduction. In Section 3.3, we outline the discovery and the
optical and X-ray properties of SRGeJ0453. In Section 8.4, we discuss our results,
the binary parameters, the possible evolutionary channel of the donor, and compare
it to the known population of AM CVns in the Hertzsprung-Russell diagram. We

summarize our results in Section 3.5.

3.2 Observations and data reduction
SRG/eROSITA
On July 13, 2019, the Spektr—Roentgen—Gamma orbital observatory was success-

fully launched from the Baikonur Cosmodrome (Sunyaev et al., 2021; Predehl et al.,
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SRGe J045359.9+622444 SRGe J045359.9+622444

RTT-150

Optical, white filter

Figure 3.1: Left: False-colour X-ray image of SRGeJ0453 in the 0.3-2.3 keV
energy band from combined data of four all-sky surveys of SRG/eROSITA. The
image was smoothed with a 15 Gaussian kernel. The white box shows the field of
view of the optical image on the right. Right: Optical image around SRGeJ0453
based on RTT-150 data with a white filter. The red circle with a radius of 5.6 (98%
localization error, R98) is centred at the X-ray position of SRGeJ0453.

2021b). SRG observatory carries two X-ray telescopes with grazing incidence
optics: the ART-XC telescope, named after M. N. Pavlinsky (Pavlinsky et al.,
2021), its operating range is 4-30 keV, and the eROSITA telescope, operating in
the 0.2-8 keV energy band (Predehl et al., 2021b). We use all data collected by
SRG/eROSITA in the survey mode between December 2019 and February 2022,
which comprised ~ 4.4 all-sky surveys. The initial data processing and calibration
of the eROSITA data were carried out at the Space Research Institute of the Russian
Academy of Sciences (IKI RAS) using the software developed in the eROSITA
X-ray source catalogue science working group of the RU consortium with the use
of the calibration tasks, and calibration database of the eSASS package (eROSITA
Science Analysis Software) developed at the Max Planck Institute of Extraterrestrial
Physics (MPE), Garching, Germany. The data were preprocessed using the results
of ground pre-flight calibrations and flight calibration observations performed in
October-November 2019 and throughout 2020-2022. The data from all sky surveys
were combined to increase the sensitivity of the final source catalog. Figure 3.1
shows the X-ray image of the SRGeJ0453 obtained from combined data from four
all-sky surveys of the SRG/eROSITA and an optical image of the same sky region
from RTT-150.

To extract the X-ray spectrum of the source, we used a circle with a radius of 40,
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and an annulus with inner and outer radii of 120 and 300, respectively, for the
background region. The X-ray spectrum was analysed using XSPEC v.12 software
(Arnaud, 1996). Due to the low number of source spectrum counts, we approximated
it using the C-statistics (Cash, 1979). The spectrum was grouped to have at least

three counts per spectral channels'.

ZTF

The Zwicky Transient Facility (ZTF) is a photometric survey that uses a wide 47
deg? field-of-view camera mounted on the Samuel Oschin 48-inch telescope at
Palomar Observatory with g, r, and i filters (Bellm et al., 2019b; Graham et al.,
2019; Dekany et al., 2020; Masci et al., 2019). In its first year of operations, ZTF
carried out a public nightly Galactic Plane Survey in g-band and r-band (Bellm
et al., 2019a; Kupfer et al., 2021). This survey was in addition to the Northern Sky
Survey which operated on a 3 day cadence (Bellm et al., 2019b). Since entering
Phase II, the public Northern Sky Survey is now at a 2-day cadence. The pixel size
of the ZTF camera is 1 and the median delivered image quality is 2.0 at FWHM.

We use ZTF forced photometry taken through February 1, 2023, processed by IPAC
at Caltech?. Light curves have a photometric precision of 0.015-0.02" at 14™
down to a precision of 0.1-0.2" for the faintest objects at 20-21"". While both the
default photometry and forced photometry from ZTF use PSF-fit photometry, the
forced photometry calculates the flux of the object on difference images by forcing
the location of the PSF to remain fixed according to the ZTF absolute astrometric
reference. This allows one to obtain flux estimates below the detection threshold

and therefore probe deeper than the standard photometry.

We present archival ZTF data (SNR > 5; no upper limits shown) for SRGeJ0453 in
Figure 3.2. The lack of optical points is due to the object consistently falling on the
edge of a ZTF camera chip. This coincidence led to poor quality data taken after JD
2459000 and a subsequent deficiency in observing epochs.

RTT-150 photometry

We observed SRGeJ0453 with the 1.5-meter Russian-Turkish Telescope (RTT-150)
as part of the optical follow-up program of SRG/eROSITA sources. The observations
were performed using the TFOSC instrument ANDOR CCD camera, model iKon-L

ISee note for work in XSPEC: https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
XSappendixStatistics.html
Zhttps://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_forced_photometry.pdf
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Figure 3.2: ZTF light curves of SRGeJ0453 on g, r filters: long-term (top), and
folded at the 55.08 minutes orbital period (bottom). No significant outbursts are
seen over the =5 yr-long baseline.
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Figure 3.3: Optical light curve of SRGeJ0453 observed by RTT-150, where axes are
G-magnitude versus the time from the start of the observations in units of minutes
(top — the first; and bottom — the second nights of observations).

936 and BEX2-DD-9ZQ (a 2048 x 2048 pixels) chip. The resolution element is
0.326 at 1 x 1 binning. Two sets of observations were carried out on January 19 and
20, 2023. The weather was clear, and the average seeing was 1.5-2.0. All images
were pre-processed using ATROLIB/IDL packages and the standard method: bias
subtracted and flat-field corrected. In addition, astrometric alignment was performed

for all images and forced photometry.

A total of 160 images (with 60 seconds of exposure time and 28 seconds of readout



58

RTT-150, P=55.084 min

-0.5 0.0 0.5 1.0 1.5
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Figure 3.4: Phase-folded light curve of RTT-150 data. Blue circles corresponds to
January 19, 2023 data, red circles — January 20, 2023 data. The light curve shows
low amplitude (= 0.1 — 0.3™) flickering. Only the upper part of the light curve is
shown out of eclipses.

time) were obtained on January 19 with a sub-frame size of 2048 x 600 pixels and
binning 1 x 1. The total duration of observations was 245 minutes, and the time
resolution was 88 seconds on the first night of observations. Five minima (eclipses)
were detected with different depths of minima. Two possible periods were found (55
or 110 minutes) by using the first night’s light curve. We found that eclipses were
very narrow (= 60 seconds); therefore, different depths of minima were produced
due to insufficient time resolution during the first night observations. On the second
night (January 20, 2023), 258 images with 20 seconds of exposure time and 9
seconds of readout time were obtained with the sub-frame size 1024 x 200 pixels
(binning 2X2). The total duration of observations was 135 minutes, and the time
resolution was 29 seconds. The three minima (eclipses) were detected with the same

depths of minima, confirming 55 and excluding the 110 minutes period.

Having eight minima within both nights’ light curves, we searched for an accurate
period by using a combined approach (for more details, see Appendix 3.7). We found
the period to be 55.084 + 0.015 minutes. The optical light curves of SRGeJ0453
obtained by RTT-150 are shown in Figures 3.3 (long term), and Figure 3.4 (folded
at the orbital period).

LRIS spectroscopy

We obtained an identification spectrum of SRGeJ0453 on the Keck I telescope using
the Low-Resolution Imaging Spectrometer (LRIS; Oke et al., 1995b) on January
15, 2023 (UT). We used the 600/4000 grism on the blue side with 2x2 binning
(spatial, spectral), and the 600/7500 grating on the red side with 2x1 binning. We
used a 1.0 slit, and the seeing during the portion of the night was approximately 0.7,

leading to minimal slit losses. Phase-resolved spectroscopy over the entire orbit was
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acquired on March 25, 2023 (UT) using LRIS. In that case, the 600/4000 grism (2x2
binning) was used on the blue side, and the 400/8500 grating on the red side (2x1
binning). A 1.0 slit was used, and the seeing during the portion of the night was
approximately 0.9. Wavelength coverage and resolution are shown in the timeline

of all observations in Table 8.3.

On the night of March 25, 2023, observations were affected by telescope vignetting,
resulting in a loss of throughput. In early January 2023, the Keck I bottom shutter
drive sustained damage, forcing it to remain stationary at its park position of 24
degrees elevation. In this condition, all observations taken below an elevation of
38 degrees are affected by vignetting. That night, all 6 exposures were forced to
be taken at an elevation below 30 degrees (corresponding to airmass = 1.9) as the

object was quickly setting.

All Keck I/LRIS data were reduced with 1pipe, an IDL-based pipeline optimized
for LRIS long slit spectroscopy and imaging (Perley, 2019). All data were flat
fielded and sky-subtracted using standard techniques. Internal arc lamps were used

for the wavelength calibration and a standard star for overall flux calibration.

CHIMERA high-speed photometry

We acquired high-speed photometry in Sloan r and g bands using the Caltech High-
speed Multi-color camERA (CHIMERA; Harding et al., 2016) on three occasions.
In all cases, CHIMERA r-and g-band data were both acquired at a 10 second cadence
simultaneously over two orbital periods. We are clearly able to identify eclipses in
all CHIMERA data sets, but it may be difficult to interpret out of eclipse variability
due to abnormally poor seeing on every night: 3 on January 23, 2023 (UT), 4 on
January 27, 2023 (UT), and 3 on February 17, 2023 (UT). Data from the night of
January 27, 2023 (UT) was most strongly affected by poor seeing, and the overall
flux level surrounding the eclipse was affected. In all the light curve analysis, we
only use data from January 23, 2023 (UT) and February 17, 2023 (UT). We show
all light curves in Figure 3.5 and summarize this information in Table 8.3.

All CHIMERA data were bias-subtracted and flat-fielded using standard techniques
in the PyCHIMERA pipeline’. The ULTRACAM pipeline was used to do aperture
photometry (Dhillon et al., 2007a). A differential light curve was created by dividing
the counts of the target by those of a standard star. We experimented with different

standard stars to ensure we were not affected by standard star variability.

3https ://github.com/caltech-chimera/PyChimera



60

_ P200/CHIMERA
¢+ 48+ 23Jan 2023
1 ey Wiy o
. A
oLt {
><
=,
1 ‘
q>) & A
B N 727 Jan 2023 1.5
e % ;(bad seeing) )
)
&0 i E . 0.
4 m o
V bkl s el 17 Feb 2023 )
1 2
# 0.5
} ! &
o, ! i 0.0l | |
-0.5 0.0 0.5 1.0 1.5

0 20 40 60 80 100 120

t — tstart (minutes, B]JD) Orbital Phase

Figure 3.5: CHIMERA r (red) and g (blue) 10-sec cadence photometry reveal deep
eclipses. Upper three panels: The entire observation on each occasion. Gaps
are due to large error bars in the data where cloud cover or highly variable seeing
prevented a good extraction of the data. Bottom panel: Data from January 23 and
February 17, 2023 are folded over the 55.08 minutes orbital period.
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3.3 Discovery and Results

SRGeJ0453 is one of the objects identified as a CV candidate in a cross-match of a
1200 deg? patch of sky of SRG/eROSITA X-ray data with Gaia proper motion data
and the optical ZTF database. SRGeJ0453 was called to our attention by its proper
motion statistically significantly detected by Gaia, high ratio of X-ray flux to optical
flux, Fx/F,p,: = 0.12, and placement in the Gaia color-magnitude diagram near the
WD region. This is a pilot study, and more targets identified from this program will

be presented in future work (Galiullin et al. in prep.).

Period Determination

We detected eight deep eclipses in two observing nights with RTT-150, determining
the system’s orbital period as 55.084 + 0.015 minutes (see Section 3.2). The light
curve shows low amplitude (= (0.1 — 0.3)") flickering, possibly caused by an
accretion disk. During eclipses, the light curve shows deep dips (= 3™) separated
by ~ 55.08 minutes (see Figures 3.3 and 3.4).

We ran the Box Least Squares (BLS) algorithm (Kovics et al., 2002) on the ZTF
data to find the orbital period of SRGeJ0453. We used the exposure time as an
oversampling factor when creating our frequency grid to search for possible periods
and durations of the eclipse. We found the best-fit period of 55.1+0.5 minutes using
the ZTF forced photometry data, where the uncertainty is determined by exposure
time. The ZTF optical light curves of SRGeJ0453 folded with a best-fit period are
shown in Figure 3.2.

To clarify and better constrain the period of SRGeJ0453, we ran the BLS algorithm
on all CHIMERA light curves, recovering a period of 55.08+0.08 minutes. Starting
with the 55.08 minutes period determined from a single CHIMERA observation,
we assume there is no significant period derivative and calculate precisely 652
orbits to transpire between the first (January 23, 2023) and last eclipses (February
17, 2023) measured with CHIMERA. By matching the observed mid-eclipse time
of all CHIMERA eclipses to the expected mid-eclipse time within 10 seconds
(exposure time of individual CHIMERA exposure), we can obtain a much more
precise period measurement. Using this method, we obtain a period estimate of
Porp = 55.0802 + 0.0003 minutes. We present all good quality CHIMERA data
folded on this period in Figure 3.5.

All periods estimated from different optical data agree with each other within

their respective error bars. In all analysis, we adopted the orbital period based
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Figure 3.6: LRIS phase-averaged spectrum of SRGeJ0453. The characteristic
features of an AM CVn are clear: helium emission lines imposed over a blue
continuum. Metals such as Mg, Ca, N, and Na are present. Grey lines are locations
where there are telluric features from the Keck Telluric Line List.

on CHIMERA and RTT-150 light curves Py = 55.08 minutes, and ephemeris
to(BID)=2459967.726794129(1).

Optical Spectral Features

We present the optical spectrum of SRGeJ0453 in Figure 3.6. We show the average
of the first five spectra taken on March 25, 2023 with LRIS, which cover an entire
orbit (with approximately 10 percent gap due to read out time). The phase coverage
of the sixth spectrum overlaps with that of the first, and was taken near the limiting

elevation of 24 degrees, so it is omitted from all analysis.

The archetypal features of an AM CVn system are clear: a blue continuum with He
lines (in emission and/or absorption) and an absence of H lines. There is no Balmer
jump (or inverse thereof, as commonly present in CVs) in the spectrum. All He I
emission lines redward of 3800 A are clearly doubled, originating from the helium
rich accretion disk around the WD. All He I emission lines show a narrow central

absorption commonly seen in nearly edge-on (high inclination) AM CVns. This



Table 3.2: Equivalent widths (EWs) of selected lines

) LRIS 25

Line (A) Mar. EW
(A)

Emission features
He 14387.9 -1.68 +0.02
He 14921.9 -3.0+0.1
He 1 5876.5 -28.7+0.3
He 1 6678.2 -24.5+0.1
He I 7065.2 -34.3+0.2
He 17281.4 -11.6 £ 0.5
He 11 4685.7 -1.7+0.1
Absorption features
C16013.2 0.2+0.2
N 17442.3 0.8+0.2
N 17468.3 0.5+0.1
Na II 3304.96 1.35+0.03
Mg 15183.6 1.3+£0.2
Call 3933.7 0.6 +£0.1
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phenomenon has been explained by WD light passing through an accretion disk that

is optically thick at central He I wavelengths, but optically thin in the wings.

We see a single-peaked emission line of He II 4685.7 A, which we discuss in

detail in Section 3.4. Table 3.2 shows equivalent widths (EWs) for prominent

lines identified in the optical spectrum of SRGeJ0453, which we calculate from the

averaged spectrum.

Metal lines are also present in the spectrum, which can tell us about the formation

channel of this system. We present the most prominent elements below:

em C: There is at best marginal (107) evidence for C 1 6013.2 A in absorption

in the phase-averaged spectrum of SRGeJ0453. The dip in the spectrum at that

position is around 5 percent below the continuum, which is only marginally

above the noise level. Therefore, we do not claim this as a significant detection
of carbon in SRGeJ0453. No other CIor CII lines are present. em N: We see N
Iin both emission (8629.2, 8655.8, 8680.28, 8683.4, 8711.7 A) and absorption
(7442.3, 7468.3 A). The complex around 8184.9, 8188.0, and 8216.30 A are

all near telluric features, making their clear identification difficult. em O: No

O I or O II lines are present. em Other metals: We detect Na I/II lines, Mg

I/I1, and Ca II lines, all in absorption.
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With a confident detection of various lines of nitrogen, we are able to place con-
straints on the formation channel of SRGeJ0453. The lack of oxygen and the high
nitrogen to carbon ratio favors either the He star or He WD formation channel, and
makes the evolved CV channel unlikely. A detailed discussion and connection to

formation channel is in Section 3.4.

Distance, Extinction, and Ny

The only Gaia source associated with SRGeJ0453 within 5.6 search radius (98%
localization error, R98) has an ID 477829370972112000 (Gaia EDR3) and celestial
coordinates of RA=04"54"00°.1 and DEC=+6224"45".6. The distance calculated
using Gaia EDR3 parallaxes is d = 239*¢! pc (Bailer-Jones et al., 2021b). We
adopt an extinction value of E(B — V) = 0.01 + 0.004 using the Bayestar19 dust
map (Green et al., 2019b). We use the extinction law of Cardelli et al. (1989) and a
value of Ry = 3.1 to calculate the flux correction from UV to IR wavelengths. We
can now calculate the intervening hydrogen column, Ny = (6.8 +2.8) x 10"%cm 2,

using the relation from Giiver and Ozel (2009a).

SED Modeling and WD Mass
1011

DB White Dwarf
Model Atmosphere

10—12 L

10—13_

AF, (erg/s/cm?)

10—14 L

—-15 , L ,
107151 100 1ot
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Figure 3.7: The SED of SRGeJ0453 is well fit by a T.¢ = 16,570 K black body
(solid, black line) or Teg = 12,210 K DB WD model atmosphere (blue squares)
at UV/optical wavelengths. There is an IR contribution from the donor and/or
accretion disk.

We construct the SED of SRGeJ0453 using photometry from GALEX (Martin
etal., 2005), PanSTARRS (Chambers et al., 2016), and WISE (Wright et al., 2010),
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compiled from the VizieR* and Barbara A. Mikulski Archive for Space Telescopes
(MAST)> databases. For the WISE data, we make use of the CatWISE (Eisenhardt
et al., 2020) catalog, which accounts for proper motions and uses stacked WISE
images to go deeper than the AIIWISE catalog (in which SRGeJ0453 is not present).

We model the SED, excluding CatWISE data, with a black body corresponding
to the accreting WD. Since SRGeJ0453 is a long-period AM CVn (P = 50
minutes), we assume the accretion disk contribution in the optical wavelengths is
negligible due to the low accretion rate. We do not model the bright spot since its
contribution is also negligible at optical wavelengths (though this may not be true
in the UV). Two other long-period AM CVn systems ZTFJ0220+21 (Pop = 53.5
minutes) and ZTFJ0003+14 (Pop = 55.5 minutes) were found to have the disk and
bright spot contribute to the continuum < 8 percent at optical wavelengths (g and r
bands) (van Roestel et al., 2022). The light curve of SRGeJ0453 similarly does not
show any evidence of a significant disk or bright spot contribution, justifying our

approximation.

We perform a Bayesian analysis using the Markov Chain Monte Carlo (MCMC)
technique to sample the posterior distribution of the WD radius, WD effective
temperature, and extinction, Ay. We use an affine invariant sampler as implemented
in emcee (Foreman-Mackey et al., 2013). We assume a Gaussian likelihood and set
a uniform prior on Rwp (0.005 — 0.5)Re, a uniform prior T (8,000 — 30,000) K,
and a Gaussian prior on the extinction (E(B — V) = 0.010 + 0.004). We run the
sampler for 4000 steps, taking half as the burn-in period. The y?/dof from the black
body approximation is 14.67/5. We determine the WD radius to be (with errors
from the 16th and 84th percentiles): Rwp = 7.39%0-09 5 1073 Ro. From this radius,

we determine the mass to be Mwp = O.854t%'.%§ M;),'Ofgollowing the WD mass-radius
relation from Shipman (1972). We chose this WD relation because the accretion rate
is so low that it is unlikely to inflate the WD of order more than a few percent (see
Section 6.2). We determine the WD effective temperature to be Teg = 16, 5703‘;%
K. In Figure 7.10, we present the SED of SRGeJ0453 with the WD model resulting
from the MCMC analysis. There is clear evidence of an IR excess in WISE W1 and
W2 bands. This has been seen in other AM CVns and attributed to the donor and/or

accretion disk (e.g., van Roestel et al., 2022).

In addition to the black body modeling, we also modeled the UV/optical photometry

4https://vizier.cds.unistra.fr/viz—bin/VizieR
Shttps://archive.stsci.edu/
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of SRGeJ0453 using DB (pure helium) WD atmosphere models. We used the
WDPhotTools® package (Lam et al., 2022), which uses the DB model atmospheres
from Bergeron et al. (2011). We leave Ty and Mwp as free parameters in this
code, which uses the emcee MCMC sampler to explore the parameter space and
generate the posterior distribution. The y?/dof from the DB atmosphere model
approximation is 14.78/5. Using this approach, we determine the WD temperature
to be Tog = 12, 2007420 K. The WD mass is Mywp = 0.60*%93 M, and also computed

—4 -0.

is the surface grawityo:O logg = 8.02f%'.%88. With these tW(()) (\)Isalues, the WD radius is
Rwp = 1.2*91 x 1072 R, (not accounting for any inflation due to accretion heating).
Consequently, any parameters computed in this paper that depend on Mwp could be
scaled by a factor of 0.71 to account for the difference between the black body and

DB atmosphere models.

However, we emphasize that DB model atmospheres still constitute an approxi-
mation. Various metals (N, Na, Mg, Ca) are detected in the optical spectrum of
SRGeJ0453, all of which have strong resonance lines in the UV that are not modeled
in the pure helium atmospheres (Bergeron et al., 2011). We note that both the black
body and DB atmosphere models lead to a sub-optimal reduced chi-squared of about
3. This could be explained by neither model actually being a good approximation
to the true WD atmosphere in this system. Additionally, it is unclear if there is
any contribution from the hot spot or boundary layer in the UV, which DB model
atmospheres cannot reproduce. Rather than add the complications associated with
assuming a DB model atmosphere, we proceed with all calculations using the black

body estimates.

X-ray Properties

The X-ray spectrum of SRGeJ0453 is shown in Figure 7.8. The spectrum was
obtained by combining four SRG/eROSITA all-sky survey data. We approximated
the spectrum of the sources using two models: the power-law model (powerlaw in
XSPEC) and the optically thin thermal plasma model (mekal in XSPEC) with solar
abundance. To take into account interstellar absorption, we used the Tubingen-
Boulder ISM absorption model (tbabs model in XSPEC, Wilms et al. 2000). We
used cflux task in XSPEC to compute the unabsorbed fluxes. The results of the
approximation of the X-ray spectrum of SRGeJ0453 are shown in Table 3.3. The
hydrogen column densities estimated from the approximation of the X-ray spectrum

are low and agree with the Galactic absorption column density in the direction of

6https ://github.com/cylammarco/WDPhotTools
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Table 3.3: Results of approximation of X-ray spectrum of SRGeJ0453 by different
models.

Model: thabs X (powerlaw)

Parameters:

Ny (x10%2cm?) 0.03

r 0.63*0.21
C - stat/(d.o.f) 11.5/16
Model: thabs x (mekal)

Parameters:

Np(x10%cm?) 0.19*%:17
kT nekar(keV) 3.2

C — stat/(d.o.f) 13.4/16
Fys 03 kev (x107"% ergem™2 571  9.0+0.6
Los o3 ey (X107 erg s7!) 6.2+ 0.4
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Figure 3.8: The X-ray spectrum of SRGeJ0453 over four SRG/eROSITA all-sky
surveys data (top panel). A red line shows the best-fit power-law model from Table
3.3. The bottom panel shows the residuals (ratio of the data divided by the model)
in each energy channel.

SRGeJ0453. Only a lower limit of the palsma temperature 3.2 keV (10 confidence)
is estimated from the X-ray spectroscopy.

The absorption-corrected X-ray flux of SRGeJ0453 in the 0.3-2.3 keV energy band is
(9.0+0.6)x 107 erg s~'ecm™2, computed from the power-law model approximation.
Given the well-constrained distance from Gaia, the X-ray luminosity is (6.2 +0.4) X
10 erg s7!.

Assuming half of the gravitational potential energy is radiated away in the boundary

layer, as in non-magnetic CVs, the accretion luminosity is:

_n GMWDM

Loec = 1
acc 2 RWD (3 )
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SRGe J045359.9+622444: SRG/eROSITA All Sky Survey Data
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Figure 3.9: The 0.3-2.3 keV X-ray light curve of SRGeJ0453 during four
SRG/eROSITA all-sky surveys. Arrows show 30 upper limits for X-ray fluxes.

where Mwp and Rwp are the mass and radius of the WD from the results of
SED modelling (see Section 3.3), and 7 is the radiative efficiency of accretion
(n = 1). We assumed the canonical bremsstrahlung model to compute the bolometric
correction (BC) factor for the X-ray luminosity in the 0.3-2.3 keV energy band. For
the fixed temperature in the 2-50 keV range, we compute the BC factor in the
~ 1.8 — 11.1 range. Taking this into account, we obtain an accretion rate of
M =~ (2 -10) x 1072 Mg yr™!, where uncertainties are caused by the BC factor.

Figure 3.9 shows the X-ray light curve of SRGeJ0453 within four sky surveys of
SRG/eROSITA. We see the variability in X-rays, where the 30~ lower limit for the
ratio between maximum and minimum fluxes is 6.3. X-ray variability could correlate
with the system’s orbital period, but this needs to be investigated by further X-ray

and optical follow-up.

We note that the approximation of the X-ray spectrum of SRGeJ0453 by the power-
law model gives a photon index of I' ~ 1. Previous studies of a dozen classical
novae in the Galaxy observed by SRG/eROSITA in quiescence revealed a dichotomy
between their photon indexes (e.g.,, Galiullin and Gilfanov, 2021). X-ray spectra of
several intermediate polars (magnetic CVs believed to harbor WDs with magnetic
field strengths B ~ 1 — 10 MG Mukai, 2017) and candidate IPs are approximated by
photon index I ~ 1. Non-magnetic systems are approximated by photon index I" ~
2. The hard spectrum of SRGeJ0453 may suggest that it harbors a magnetized WD,
however, any meaningful conclusion would require further observations, including

polarimetric studies.
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Table 3.4: Radial Velocity Measurements of He Lines

Line (A Y Ky Ky
& (km/s)  (km/s) (km/s)

He 16678.2 114 29+5 39+7

He 17065.2 17+3 -29+4 58+5

He I14685.77 192+5 -5+8 7+6

Phase-Resolved Spectroscopy
Systemic Velocity

We first constrain the system radial velocity (RV) by identifying He I disk emission
lines. We choose several lines that are not blended with other elements (e.g., this
eliminates He 1 5875.6 A due a strong blend with Na I). We also exclude lines that
are affected by telluric features or show deep central absorption (see Appendix 3.8).
The remaining He I lines that fit these criteria are centered at 6678.2 and 7065.2 A.
We fit two Gaussian profiles to each of the two peaks of the He I emission lines.
We then produce RV curves using the center of each of the two Gaussians. We
only analyze the middle four orbital phases, since spectra centered at orbital phases
between 0.9—1.1 are affected by the donor eclipsing the disk. Spectra centered at
these orbital phases, unless centered perfectly at conjunction, will show the donor
star preferentially eclipsing a component of the disk that is blue/redshifted (see
Appendix 3.9).

We assume a circular orbit with a RV equation of the form:
RV =y + K, sin(2r¢) + K, cos(2m¢), (3.2)

where K, and K, are the two components of the RV, and vy is systemic velocity. We
use an MCMC technique to sample the posterior distribution, assuming a uniform
prior on vy, K,, and K, (all ranging between —300 and +300 km/s), and a Gaussian
likelihood. We take the standard error of the mean (of the fit to the Gaussians) as the
error of each RV. The median value of all parameters and error (16th, 84th quartiles)
are in Table 3.4. The weighted average of the systemic velocity of both He I lines
represents the systemic velocity of the binary system as whole: ypipary = 14 =5
km/s.

We also present the RV results for the He IT 4685.7 A line in Table 3.4, which we

discuss in more detail in Section 3.4.
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Doppler Tomograms

Doppler tomography converts phase-resolved spectroscopy into a plot of observed
RV and line strength as a function of orbital phase. In other words, spectral line
information is converted from time and wavelength space to phase and velocity
space. In this process, Doppler tomograms disentangle the contribution of the
various CV components (e.g., accretion disk, accretion hot spot, donor star) to
a given spectral line; see Marsh (2005) for a review of the method of Doppler
tomography. We use the doptomog® code developed by Kotze et al. (2015b) to

construct Doppler tomograms shown here.

We use 5 Keck LRIS spectra from a single orbit to create Doppler tomograms
for the He I 5876.5 A, 6678.2 A and 7065.2 A lines. We use the systemic
RV offset calculated after performing a double Gaussian fit to the emission line
throughout the entire orbit (see Table 3.4). However, there is strong blending
present in He I 5876.5 A and there could be an artifact in one of the spectra of
6678.2 A so we discuss those Doppler tomograms in Appendix 3.10. The He I
7065.2 A Doppler tomograms, along with trailed spectra, are shown in Figure 3.10.
We present a Doppler tomogram for the other He I lines in Appendix 3.10.

The He 1 7065.2 Doppler tomogram shows that line traces the accretion disk, and
a prominent bright spot located approximately 45 degrees ahead of the donor star
(second quadrant of the plot). We do not see a significant second bright spot as has
been seen in previous studies for other AM CVn systems (e.g., Green et al., 2019¢),
but other studies have suggested that the second bright spot may be weak (e.g., van
Roestel et al., 2022).

We also create a Doppler tomogram for He II 4685.7 A (Figure 3.10), using the
average systemic RV offset of that line. The He II 4685.7 A tomogram shows
neither a disk nor the bright spot seen in the He I tomograms. Instead, the He II
tomogram shows clear evidence that this line originates near the center of mass of
the system — the “central spike" seen in other AM CVn systems. We present a

detailed analysis of this feature in Section 3.4.

3.4 Discussion

Binary Parameters

We used two techniques to compute the binary parameters of SRGeJ0453: 1)
modelling of the optical light curve, and 2) RV measurements of the He II 4685.7

8https ://www.saao.ac.za/~ejk/doptomog/main.html
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Figure 3.10: Doppler tomograms and trailed spectra of He I 7065.2 A reveal a disk
with at least one prominent bright spot (upper panel). The He 11 4685.7 A Doppler
tomogram (lower panel) shows the line to originate near the system center of mass,
indicating it is the “central spike" seen in other AM CVn systems.

A line. The results of these methods are discussed below.

Light curve Modeling

We modeled the optical light curve using the PHysics Of Eclipsing BinariEs code
PHOEBE (Prsa and Zwitter, 2005; Prsa et al., 2016). This code allows to model
and fit optical light curves, RV curves, and spectral line profiles of binary systems.
PHOEBE constructs 3D models of each star using a triangular mesh and incorporates
the physics of irradiation, ellipsoidal modulation, spots, and most relevant to our
work, a complete Roche geometry.

When comparing our PHOEBE models to data, we only made use of the CHIMERA
g band light curve, since any emission from the disk and/or bright spot is minimal in
that passband. Helium disk emission lines contribute minimally in the CHIMERA
g band (equivalent to Sloan g: 4000 — 5500 A): The integrated flux over the entire

passband (average spectrum) is ~ 10713 erg/s/cm?, while the integrated flux over the
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Figure 3.11: PHOEBE modeling of the eclipsing allows us to constrain model
parameters of SRGeJ0453. Left: CHIMERA r (red) and g (blue) light curves
plotted alongside best-fitting PHOEBE models. Right: Goodness-of-fit (y2/dof)
for all PHOEBE models. In black, we show model parameters where )(Z/dof < 2.3,
indicating a good fit to the data.

most prominent He I emission line, He I 5015.7 A, is ~ 8 x 107'® erg/s/cm?. The
contribution of all emission lines in the CHIMERA g passband is therefore < 101
erg/s/cm?, around one percent of the continuum flux, which is dominated by the
WD.

With the above argument in mind, we neglected the emission from the accretion
disk and bright spot in our approximation of the g band light curve. Indeed, the
contribution of a bright spot does not distort the optical light curve of SRGeJ0453,
as expected for non-magnetic CVs (e.g., McAllister et al., 2019). As mentioned in
Section 3.3, previous results of modelling the g band optical light curve of other
long period AM CVns show that the contribution of the accretion disk and bright
spot to the integrated emission of the system is usually less than 10 per cent (van
Roestel et al., 2022).

We fixed the WD’s mass, radius, and temperature using the SED modelling results
(see Section 3.3). The optical spectrum and SED of SRGeJ0453 suggests that the
donor temperature should be less than 3000 K, since any object at that temperature

should be seen in either the spectrum or SED. We fixed the temperature of the

I250

200
-150::;
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donor star at 1500 K. PHOEBE modeling is unaffected by varying the donor star
temperature in the 1000-3000 K range or varying the WD temperature between
15,000-18,000 K. The donor star is assumed to fill its Roche lobe, and its radius is
computed based on the Eggleton (1983a) approximation:

R, 0.494°/°
a  0.6¢23+In(1+q¢'3)

(3.3)

where the semi-major axis of the system a was calculated based on Kepler’s law
using a best-fit period from section 3.3 as a® = G(M, + Mz)Pg b /4n?. The ratio
of the donor star mass to the WD mass: g = M»/M;. Therefore, the two free

parameters that we aim to fit are the mass ratio, g, and inclination, i.

Outside the eclipse, light curves show flickering at the < 10 percent level, possibly
produced by the accretion disk (see Figures 3.3, 3.4 and 3.5). To compare the
PHOEBE model to data, we used only the eclipse in the 0.97-1.03 phase range to

minimize the contribution of flickering in parameter estimation.

We created a grid of PHOEBE models with 0.2° steps in i and 0.002 steps in ¢, in
the range: 75° <i < 90° and 0.002 < g < 0.22. After initially experimenting with
a coarser grid over the entire parameter range, we only created PHOEBE models for
values of ¢ and i that lead to the best fits to the data due to the high computational
cost of creating such a fine grid. In Figure 3.11, we present the resulting fits
along with y?/dof values. In the left panel of the figure, we present both in-eclipse
CHIMERA g and r data (although the fit is only to the g band data) along with the
PHOEBE models for which y?/dof < 2.3. The residuals show better than 10 percent
agreement for the entire range of CHIMERA g band data, while some r band points
in eclipse disagree with PHOEBE models at the ~20 percent level. It is unclear if
the CHIMERA r band points are due to disk contribution or contamination from

the poor seeing that was present during data acquisition.

In the right panel of Figure 3.11, we present the y?/dof values for the grid of g vs.
i used in our PHOEBE models. The best fitting models ( ledof < 2.3) allow us to
obtain the following parameter range: i (°) = 82.5+ 1.5, ¢ = 0.052 +0.024. Lower
inclinations (and therefore higher values of ¢) are disfavored by the depth of the
eclipse, while higher inclinations (and therefore lower values of ¢) are disfavored

by the length of WD ingress/egress in the high speed photometry.

The error bars we report ¢ and i reflect the > 99.9% confidence limit. We choose

the y?/dof < 2.3 range to ensure we do not underestimate our final parameter
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Figure 3.12: RV measurements of the He II 4686 A line show a systemic offset
(dotted line; y = 192 km/s) and an RV amplitude of K = 9 + 7 km/s (30~ confidence
limit shown in grey). This low amplitude suggests that the emission originates near
the binary center of mass, and therefore the surface of the WD. For more details,
see Section 3.4.

uncertainties. Visually, all models in this range fit the CHIMERA g band data
equally well, which implies that enforcing a lower y?/dof value would carry little
meaning. This also implies that additional high cadence photometry is needed to

place tighter constraints on the binary parameters.

“Central Spike'': He II 4685.7 A

The central spike lines are observed features in the optical spectra of AM CVns. The
central-spike lines are thought to originate on the WD surface or close to it (e.g.,,
Marsh, 1999; Kupfer et al., 2016; Green et al., 2019c). Therefore, RV measurements
for the central spike lines could be used to place limits on the binary parameters of

the system.

From the average optical spectrum of SRGeJ0453, we identified the central spike
line at He I1 4686 A (see Figure 3.6). A similar line was found in the optical spectra
of other long-period AM CVns (see, for example, Kupfer et al., 2016; Green et al.,
2019c; van Roestel et al., 2022). We perform a Gaussian fit to the He 11 4686 A line
at every orbital phase. We experiment by trying different sets of initial positions
of the line and bounds to find a best-fit line position. The estimated best-fit line
positions are independent of initial guesses and bounds. Figure 3.12 shows the RV

measurements for the central-spike line at He II 4686 A.

The best-fit by Eq. (3.2) does not give statistically significant measurements for

RVs of the central-spike line, where a systemic velocity of ygs = 192 + 5 km/s
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and RVs of K, = -5+ 8 km/s and K, = 7 = 6 km/s. The systemic velocity is
highly significant, but a similar result might be obtained by fitting the RVs of the
central-spike line by a flat line. The chi-squared for a flat line model at the weighted
average RV values is y?/d.o.f= 11.5/4 = 2.8, and for the sinusoid function from Eq.
(3.2) is y?/d.o.f=9.4/2 = 4.7. F—test suggests that both models give an acceptable
fit (p-value is 0.82) for RV measurements of He II 4686 line.

No significant detection of the RV of the central-spike line at He IT 4686 A is likely
due to the low resolution of our data, yet we can still use the amplitude to calculate
upper limits (K = /K?Z + Ky2 = 9 + 7 km/s). To constrain the binary parameters,
we used a 30~ upper limit to the RV amplitude of K < 30 km/s. Assuming that the
central-spike line is produced at the WD surface, and its RV is equal to the RV of

the WD (K = K1), we compute the binary mass function as:

PorbKl3 _ (M2 sini)3 _ Ml(q sini)3

271G (My+My)2 (1+¢q)? 3-4)

where the mass of the WD is equal to M; = 0.85 M, (see Section 3.3), the orbital
period is P,,, = 55.08 minutes (see Section 3.3), and the inclination angle is i = 82
(see Section 3.4). Using Eq. (3.4), we compute g < 0.052, which allows us to place
limits on both the donor mass and radius: M, < 0.044 My and R, < 0.078 R,
assuming a Roche-lobe filling star.

The systemic velocity of the He I1 4686 line shows the offset from the system velocity
of the binary (Ypinary = 14 £ 5 km/s) by yne 4686 = 178 £ 7 km/s. A similar excess
of the systematic velocities was found in other AM CVns (e.g., Green et al., 2019c¢).
We emphasize that this systemic redshift is present at all orbital phases, ruling out
orbital motion as a possible source. This leaves only the gravitational redshift of the
WD as a source of the systemic redshift. However, given our measured WD mass and
radius, we would only expect a gravitational redshift of v = GMwp/(cRwp) = 72
km/s, which is substantially lower than our measured value. A WD mass = 1.1Mg
is required to obtain a gravitational redshift of ~ 180 km/s, but a WD of this
mass seems unlikely given our SED analysis (Section 3.3). Further investigation is
needed to confirm the large systemic redshift observed in the He II 4685.7 A line

and determine its origin.

Evolutionary History
We discuss the evolutionary history of the system using lines of H, C, N, and O. We
do not detect H in the optical spectrum of SRGeJ0453. In the Tutukov et al. (1985)
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Table 3.5: Summary of system parameters of SRGeJ0453.

Parameter Value Origin
Distance, d (pc) 239231 Gaia Parallax
Orbital period, Py, (min) 55.0802 + 0.0003 Optical Photometry
Extinction, Ay 0.03 £ 0.01 SED Fit
Accretor mass, Mwp (Mo) 0.8570-04 SED Fit
Accretor temperature, Tegwp (K) 16, 5703‘;% SED Fit
Inclination, i (°) 82.5+1.5 PHOEBE Model
Mass ratio, g 0.052 +0.024 PHOEBE Model
0.052 Spectroscopy
Accretion rate, M (Mo yr‘l) ~ (2-10) x 10712 X-ray
Donor mass, Mgonor (Mg) 0.044 + 0.020 SED Fit + PHOEBE
0.044 SED Fit + Spectroscopy
Donor radius, Rgonor (Re) 0.078 £0.012 SED Fit + PHOEBE
0.078 SED Fit + Spectroscopy

evolved donor channel model, based on the empirical Verbunt and Zwaan (1981)
magnetic braking picture, the surface mass abundance of hydrogen of systems with
Pory =55 minutes never drops below several 0.01 in a Hubble time (see Table Al
in Podsiadlowski et al., 2003). In this scenario, H should be detected by modern
techniques (T. Marsh, private communication). However, in the @ — € dynamo
picture for magnetic braking in the evolved CV model (Sarkar et al., 2023c), and in
the modeling done in El-Badry et al. (2021b), the hydrogen mass fraction in long-
period AM CVns may be present at a non-detectable level. Thus, our non-detection
of H in SRGeJ0453 cannot rule out the evolved donor channel.

Nelemans et al. (2010) calculated abundances for systems evolving through all three
postulated AM CVn formation channels. A useful diagnostic from that work is the
N/O ratio, which in the evolved CV channel, is N/O~1 (see Figure 6 of Nelemans
et al., 2010). In the He WD and He star channels, it is possible to have N/O>1.
(see Figure 11 of Nelemans et al., 2010). Since there is a clear non-detection of
oxygen and a strong detection of nitrogen, we can discard the evolved CV channel for
SRGeJ0453. This leaves us with the He star and He WD channels as possibilities.

The N/C ratio may be also informative in distinguishing between formation channels
(Nelemans et al., 2010). For the He star channel, Nelemans et al. (2010), using the
“standard" magnetic braking model and Sarkar et al. (2023b), using the double-
dynamo model, predict N/C=5 and 120-200, respectively, while for the He WD and
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evolved CV channels N/C> 100 in both models. However, based on the equivalent
widths of the N and C lines, we are able only to estimate for SRGeJ0453 a lower
limit of N/Cx 1, thus allowing for both He WD and He star channels.

It is not surprising that it is difficult to distinguish between the He star and He WD
formation channels, since at long orbital periods, donors in systems forming from
either channel have nearly identical entropies. This is due to the thermal timescale
becoming nearly equal to the mass-transfer timescale, leading to the donor in the

He-star channel becoming nearly degenerate (e.g., Solheim, 2010).

We conclude that even with precise abundance or donor mass and radius estimates,
the uncertainties in current evolutionary models of any formation channel are large
enough to accommodate more than one channel for some AM CVn systems (e.g.,
van Roestel et al., 2022).

Comparison to Other AM CVns and Future Work

SRGeJ0453 is the ninth published eclipsing AM CVn— YZ LMi/SDSSJ0926+3624
was the first (Anderson et al., 2005), Gaia 14aae the second (Campbell et al., 2015),
ZTFJ1905+3134 the third (Burdge et al., 2020), and the fourth through eighth were
discovered through a dedicated search for eclipsing AM CVns in ZTF (van Roestel
et al., 2022). Like in all other eclipsing AM CVns with WD mass measurements,
the WD in SRGeJ0453 has a mass equal to or greater than that of single WDs
(MWD ~ 0.6Mgy; Kepler et al., 2007a), regardless of the black body or DB model
atmosphere approximation. This presents further evidence that the mean mass of
the WD in AM CVns is greater than that of single WDs, as has been found for CVs

(see Pala et al. (2022a) and references therein).

We plot the location of SRGeJ0453 in a 100 pc Gaia Hertzsprung-Russell diagram
(Gaia Collaboration et al., 2022) along with other other known AM CVn systems
assembled from the catalogs by Ramsay et al. (2018) and van Roestel et al. (2022)
in Figure 3.13. We only plot systems for which a significant Gaia parallax is known
(parallax_over_error > 3). Only systems for which a period is known are then
color-coded. We make a distinction between systems that show frequent optical

outbursts and those that spend the vast majority of their time in optical quiescence.

Figure 3.13 shows the progression of AM CVn systems throughout their accreting
lifetimes. They start as non-outbursting, short period (P, = 5 — 10 minutes),
whose high luminosity makes them easy to discover. As they evolve to moderate

periods (Py, = 20 — 50 minutes), they become less luminous, but undergo frequent
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Figure 3.13: Position of SRGeJ0453 in the 100 pc Gaia Hertzsprung-Russell diagram
alongside previously known AM CVn systems with a significant Gaia parallax
(parallax_over_error > 3). The non-outbursting population occupies distinct
portions of phase space.

outbursts which can be discovered by all-sky optical surveys. Finally, AM CVns
become long-period (Pop 2 50 minutes) systems such as SRGeJ0453, which blend
in with the WD track.

We have shown that our multiwavelength analysis has led to the discovery of a long
period AM CVn system, due to it being an X-ray source in the SRG/eROSITA sky.
With its observed flux of 9 x 107'* erg s~'cm™2 in the 0.3-2.3 keV energy band,
SRGeJ0453 is not present in the Second ROSAT All Sky Survey Source Catalog,
which had a flux limit of ~ 2 x 107Perg s~'cm=2 (2RXS; Boller et al., 2016b).
Furthermore, this system was missed in a search for eclipsing AM CVn systems in
the ZTF database of optical photometry due to the requirement that several in-eclipse

points be present in the light curve (van Roestel et al., 2022).

Finally, we note that while many AM CVn systems emit GWs that will be detectable
by LISA, it is unlikely that SRGeJ0453 will be detectable in the initial 4 year long
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campaign. We use LEGWORK (Wagg et al., 2022a,b), a package designed to calculate

LISA signal-to-noise ratios for GWs emitted from inspiraling binary systems. We
estimate that SRGeJ0453 will be observed with a signal-to-noise ratio =~ 1 in the

initial 4 year long campaign.

3.5 Summary and Conclusion

We have presented the first discovery from a joint SRG/eROSITA and ZTF program
to search for CVs and related objects in the Milky Way. SRGeJ0453 is an eclipsing,
long period AM CVn system which was identified through its high X-ray to optical

flux ratio (Fx/Fop: = 0.12). Our results are summarised as follows:

em[—] The optical spectrum of SRGeJ0453 shows common features for AM
CVn systems: a blue continuum with prominent He lines and an absence
of H lines. All He I lines have a narrow central absorption commonly seen
in nearly edge-on CVs and AM CVns among them. He II 4685.7 A is
only seen as a narrow emission feature (see Figure 3.6). em[—] The opti-
cal light curves from observations done with RTT-150/TFOSC, ZTF, and
P200/CHIMERA show deep eclipses (~ 3™). Low amplitude (= 0.1 — 0.3™)
flickering, possibly caused by an accretion disk, is also seen (see Figures
3.2-3.5). High-speed photometry allows us to tightly constrain the orbital
period to be Py = 55.0802 + 0.0003 minutes. em[-] Using Keck I/LRIS
spectra, we created Doppler tomograms for several prominent lines (Figure
3.17). The He I 7065.2 A Doppler tomogram shows a bright spot located
~45 degrees ahead of the donor star, but we see at most weak evidence for a
second bright spot in other helium lines. The He IT 4685.7 A tomogram indi-
cates that this line traces the “central spike" seen in other AM CVn systems.
em[—] To estimate the binary parameters, we modelled the optical light curve
using PHOEBE and used the RV measurements of the central spike line at
He 11 4685.7 A. The computed binary parameters are presented in Table 8.2.
em[—] SRGeJ0453 has an X-ray luminosity ~ 6.2 x 10?° erg s~! in the 0.3-2.3
keV energy band. The X-ray spectrum of the source can be approximated
by a power law model with a photon index of I' ~ 1, while the optically
thin thermal plasma model gives a lower limit on the plasma temperature of
> 3.2 keV (1o confidence, see Table 3.3). Intermediate polars (magnetic
CVs with B =~ 1 — 10 MG) observed with SRG/eROSITA show similarly hard
photon indexes. This could tentatively suggest a possible magnetic nature of

SRGeJ0453, but such a hypothesis requires further investigation. em[—] The
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lower limit of abundance ratio of N/C >1 and the absence of oxygen lines
suggests that the He WD and He star evolutionary channels could both be
possible for SRGeJ0453 (Section 3.4).

A multi-wavelength campaign such as our combination of X-ray and optical infor-
mation enables the possibility to efficiently search for and discover AM CVns. This
method is particularly useful to identify systems that remain quiescent without any
outburst activity. This work is a pilot study, and more systems discovered from a
joint SRG/eROSITA and ZTF program to identify CVs will be presented in the near

future.
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3.7 Period estimation using RTT-150 data

To calculate RTT-150 optical photometry, five stars with good signal-to-noise ra-
tio were used to estimate the position and perform photometric calibration of
SRGeJ0453 to the Gaia G band. Fluxes were computed using a 2 aperture, and
the accuracy of RTT-150 differential photometry is 0.02 mag.

A combined approach was used to determine the period of SRGeJ0453. Based on the
frequency analysis, a preliminary period was determined and refined by comparing
two epochs of observations on different nights. Even though the eclipse profiles for
each night in the RTT-150 data are highly smoothed, the two observational epochs
differ by about 25 cycles. Thus, the available cycles of eclipse coverage are sufficient

to estimate the eclipse center and, therefore, to correct the period itself.
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Figure 3.14: Period determination with two epochs of RTT-150 data comparison.
Blue circles corresponds to January 19, 2023 data, red circles — January 20, 2023
data with Gaussian fit as solid lines.

For the frequency analysis, we used the Stellingwerf method implemented in the
ISDA code (Stellingwerf, 1978). This method is one of many variations of the
PDM (Phase Dispersion Minimization) method. The period that gives the smallest
possible dispersion of the obtained light curve is chosen in the PDM method. This
is achieved by minimizing the sum of the squares of ordinate differences from one

data point to the next. The periods giving the smallest sum are taken as true periods.

The following algorithm was used to correct the obtained period: (i) The phase curve
with the given period is constructed for each night separately; (ii) A phase interval
of +0.05 around the phase, corresponding to the maximum magnitude value, is
determined. A Gaussian with a constant fitting of the eclipse region is constructed
separately for each night; (iii) The difference modulus between the displacement
parameters of the two Gaussians is determined; (iv) Finally, the period corresponding
to the minimum of the difference modulus is the best calculated period. The period
estimation error is computed as the square root of the sum of the squares of the

mean square errors of the Gaussian displacement parameters.

Newton’s method finds the minimum of the displacement modulus, dividing the
interval in half, where the interval bounds are taken from the preliminary estimation
of the period by the Stellingwerf method. The computed period is 55.084 + 0.015

min.

3.8 Selection of He I Lines
We elaborate on why we omit the He [ 4387.9 A and 4921.9 A lines in the analysis
presented in Section 3.3. In Figure 3.15, we present phase resolved spectra of the He

14387.9 A line, together with the best-fit made up of two Gaussians. We also show
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Figure 3.15: Phase-resolved spectra of He I 4387.9 A with resulting MCMC
parameter estimates of radial velocities. The He I 4387.9 A line is poorly fit due
to the strong central absorption feature, which affects the final parameter estimates.
Stronger He I A lines, however, are not affected by low signal-to-noise or strong
absorption (see Figure 3.16).

MCMC corner plots to show the constraints on 7y, K, and K, and the resulting RV
curves. We show that the He 1 4387.9 A line is affected by both low signal above
the continuum and deep central absorption. This absorption seems to be overall
redshifted with respect to line center, and has the effect of redshifting the systemic
velocity of the line. We attempted to use another fitting procedure where the widths
of two Gaussians are held equal, and the central absorption core is omitted from the
fit (e.g., Green et al., 2019c). However, this leaves too few points to fit since the
peak of the He 1 4387.9 A line is less than 10% above the continuum, which results
in a poor fit. Exactly the same feature is present in the He 14921.9 A line.

This effect is not seen in the 6678.2 A and 7065.2 A lines, which are much stronger
(see Figure 3.16). In that case, the lines are more than 50% above the continuum and
the absorption core is not deep enough to affect the Gaussian fits (i.e. the absorption

does not go below the continuum).

3.9 He I Radial Velocity Curves
We present phase-resolved spectroscopy of the He I 6678.2 and 7065.2 A lines,
along with corresponding MCMC corner plots and RV curves in Figure 3.16. Our
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process is the following: we independently fit two Gaussians (letting the amplitude,
mean, and variance be free for each) to the two peaks of a He I emission line.
Using the curve_fit routine from scipy, we obtain the best-fit parameters and
covariance matrix for each of the two fits. To compute radial velocity of a given
line, we take the average of the two peaks as the central wavelength of the line at

that orbital phase.

Furthermore, we argue that spectra taken near the WD eclipse (phase ~ 0.9 — 1.1)
can lead to an incorrect RV analysis. From the photometry, we know that there is an
eclipse, at which point both the WD and the disk are eclipsed. Since emission lines
originate in the disk surrounding the WD, at this orbital phase the donor star eclipses
the disk in an asymmetric manner with respect to our line of sight. In other words,
the donor obscures the part of the disk where the lines are blueshifted, causing a

velocity distribution that does not reflect the actual disk velocity.

Note: there is a clear feature in the He I 6678 A line at phase 0.38, with a strong
absorption feature in the left peak. It is unclear if this is a cosmic ray or a real
feature. The Gaussian fit to that peak does not change significantly if the affected
points are omitted, and we keep the feature there for transparency.

3.10 Doppler Tomogram for Other He I Lines

We present a Doppler tomogram and trailed spectra for the strongest He I line at
5875.6 A. Due to the strong blending with Na I, we cannot perform an adequate
RV analysis to find the systemic velocity of the line, y. In making this Doppler
tomogram, we use y = 17 km/s, used for the He 1 7065.2 A line. The accretion
disk is seen in the Doppler tomogram along with a prominent bright spot 45 degrees
ahead of the donor star (second quadrant). There is no strong evidence of another
bright spot located 135-180 degrees ahead of the donor star (third quadrant of the
plot). The emission seen in yellow at apparently high velocities is likely due to
blending with the Na I doublet at 5890.0 and 5895.9 A.

We also present the Doppler tomogram and trailed spectra of the He 1 6678.2 A line.
The Doppler tomogram shows strong evidence there could be another bright spot
located 135 degrees ahead of the donor star (third quadrant of the plot). In Figure
3.16, we show that one of the spectra of this line could be affected by a cosmic
ray, which may artificially lead to a second bright spot. Overall, the He I 6678.2
A tomogram reveals the disk to be more patchy, but further spectra are needed to

verify the true structure of the disk. In short, because we do not see strong evidence
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Figure 3.16: Phase-resolved spectra of He 1 6678.2 A (above) and 7065.2 A (below)
with resulting MCMC parameter estimates of radial velocities. The spectrum at
phase 0.97 is clearly asymmetric in both lines, confirming the disk is eclipsed by
the donor at the orbital phase. The MCMC parameter estimates are therefore done
without the spectrum at that orbital phase, and result in a good fit that would not be
possible if that point were included. The in-eclipse RV measurement is shown in
grey to indicate it is not used in the MCMC analysis.
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Figure 3.17: Doppler tomogram and trailed spectra for He I 5876.5 A reveals a disk
with at least one prominent bright spot. The Doppler tomogram of He I 6678.2 A
suggests there could be a second bright spot, but this could be an artifact due to a
possible cosmic ray in one of the spectra.

for a second bright spot in all He I emission lines, we do not conclusively determine

if it exists or not.
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Chapter 4

NO X-RAYS OR RADIO FROM THE NEAREST BLACK HOLES
AND IMPLICATIONS FOR FUTURE SEARCHES

Antonio C. Rodriguez, Yvette Cendes, Kareem El-Badry, and Edo Berger. No X-
Rays or Radio from the Nearest Black Holes and Implications for Future Searches.
Publications of the Astronomical Society of the Pacific, 136(2):024203, February
2024. doi: 10.1088/1538-3873/ad228e.
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ABSTRACT

Astrometry from the Gaia mission was recently used to discover the two nearest
known stellar-mass black holes (BHs), Gaia BH1 and Gaia BH2. These objects are
among the first stellar-mass BHs not discovered via X-rays or gravitational waves.
Both systems contain ~ 1 M stars in wide orbits (a =1.4 AU, 4.96 AU) around
~ 9 My BHs, with both stars (solar-type main sequence star, red giant) well within
their Roche lobes in Gaia BH1 and BH2, respectively. However, the BHs are still
expected to accrete stellar winds, leading to potentially detectable X-ray or radio
emission. Here, we report observations of both systems with the Chandra X-ray
Observatory, the VLA (for Gaia BH1) and MeerKAT (for Gaia BH2). We did
not detect either system, leading to X-ray upper limits of Ly < 9.4 x 10?® and
Ly < 4.0 x 10¥ ergs~! and radio upper limits of L, < 1.6 x 10% and L, <
1.0 x 10?6 erg s~! for Gaia BH1 and BH2, respectively. For Gaia BH2, the non-
detection implies that the the accretion rate near the horizon is much lower than
the Bondi rate, consistent with recent models for hot accretion flows. We discuss
implications of these non-detections for broader BH searches, concluding that it is
unlikely that isolated BHs will be detected via ISM accretion in the near future. We
also calculate evolutionary models for the binaries’ future evolution using Modules
for Experiments in Stellar Astrophysics (MESA), and find that Gaia BH1 will be
visible as a symbiotic BH X-ray binary for 5-50 Myr. Since no symbiotic BH X-ray
binaries are known, this implies either that fewer than ~ 10* Gaia BH1-like binaries

exist in the Milky Way, or that they are common but have evaded detection.
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4.1 Introduction

Understanding the full demographics of the stellar-mass black hole (BH) population
provides key insights into stellar and galactic evolution. BHs are created by the
deaths of some stars with initial masses M, > 20My. Precisely which stars form
BHs, and which leave behind neutron stars or no remnant at all, is uncertain (e.g.,
O’Connor and Ott, 2011; Sukhbold et al., 2016; Laplace et al., 2021). The Milky
Way has formed ~ 10" stars in its lifetime, and the stellar initial mass function (IMF;
e.g., Salpeter, 1955) dictates that the number of massive stars that have formed, died,
and left behind a BH stands at ~ 107 — 108 (e.g., Sweeney et al., 2022).

Most (> 70%) of these massive stars exist with a binary companion, with triple and
higher order systems also being common (Kobulnicky and Fryer, 2007; Sana et al.,
2012; Moe and Di Stefano, 2017). However, the binary fraction of BHs is unknown.
Virtually all known or suspected stellar-mass BHs today are in close binaries,
in which a stellar companion to a BH is close enough that the BH is accreting
significant quantities of gas from it, and the accretion flow produces observable
emission across the electromagnetic spectrum. ~20 dynamically confirmed BHs
exist in X-ray binaries, ~50 X-ray sources are suspected to contain a BH based on
their X-ray properties (e.g., McClintock and Remillard, 2006; Corral-Santana et al.,
2016), and a few X-ray quiet binaries have been reported in which a BH is suspected
on dynamical grounds (e.g., Giesers et al., 2018a, 2019; Shenar et al., 2022; Mahy
et al., 2022). Just one isolated BH candidate has been discovered via microlensing
(Sahu et al., 2022; Lam et al., 2022; Mréz et al., 2022).

In X-ray bright systems, a BH accretes material from a close companion through
stable Roche lobe overflow or stellar winds (e.g., McClintock and Remillard, 2006).
These systems are called X-ray binaries (XRBs), and are often placed into three
distinct spectral/temporal states: 1) the soft state, where the system is X-ray bright
(Lx ~ Lgqq) and dominated by thermal emission from the accretion disk; 2) the
hard state, which can be seen across an intermediate range of luminosities (Lx ~
107> — 1072 Lgqq) and is dominated by power-law emission; and the 3) quiescent
state, where the system is very faint (Ly < 1073 Lgqq) and still dominated by
power-law emission (e.g., Remillard and McClintock, 2006). All BH XRBs have
been discovered in either a persistent high lumionsity state or through transient X-ray
nova (outburst) events (e.g., Corral-Santana et al., 2016). X-ray novae are caused by
a sudden increase of mass transfer onto the BH, which leads to a dramatic increase

in X-ray luminosity from quiescence (e.g., McClintock and Remillard, 2006). All-
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sky X-ray monitors (e.g., MAXI, Swift/BAT; Matsuoka et al., 2009; Burrows et al.,

2005) have been effective at discovering BH candidates from their X-ray novae
across the entire Milky Way for those whose luminosities approach Lgqq, and out
to a few kpc for those that reach ~ 1072 LEggq (e.g., Corral-Santana et al., 2016).
However, the recurrence timescale of these outbursts is under strong debate, and
so the total number of BH XRBs in the Galaxy is still quite uncertain (Tanaka and
Shibazaki, 1996; Maccarone et al., 2022; Mori et al., 2022).

In the last few years, a handful of BHs orbited by luminous stars have been discovered
in wider orbits (Giesers et al., 2018b; Shenar et al., 2022; El-Badry et al., 2023b,a).
These systems are still outnumbered by XRBs, but this is likely a consequence of
the very different selection functions of X-ray and optical searches. The few wide
systems discovered so far likely represent the tip of a substantial iceberg. In this
paper, we focus on Gaia BH1 and BH2, the newest and nearest of these systems.
Precision astrometry from the third data release of the Gaia mission (DR3) enabled
their discovery, and optical high-resolution spectroscopy confirmed their nature.
Gaia BH1 and BH2 are systems with a BH in an orbit with a sun-like main-sequence
star, and a red giant likely in its first ascent of the giant branch, respectively. These
systems are unique in currently being the BH binaries with the longest known orbital
periods (186 days, 1277 days), largest binary separations (a =1.4 AU, 4.96 AU), and
also the closest to Earth (480 pc, 1.16 kpc).

Since both sun-like stars and red giants have stellar winds (e.g., Parker, 1958;
Faulkner and Iben, 1966), we asked: can we see evidence of wind accretion in Gaia
BHI1 and BH2? In Section 8.2, we describe our observations and calculate upper
limits for both Gaia BH1 and BH2 based on X-ray data from Chandra/ACIS-S,
and radio data from the Very Large Array (VLA) and MeerKAT. In Section 8.3,
we show that under the assumption of Bondi-Hoyle-Littleton (BHL) accretion, we
should have seen X-rays and radio from Gaia BH2. We argue that a lack thereof
signals that radiatively inefficient accretion is responsible for reduced accretion
rates and the subsequent lack of multiwavelength emission. Finally, in Section
4.4, we explore the prospects of detecting wind accretion onto BHs using rates and
efficiencies assuming inefficient accretion flow, either through a red giant companion
or from the interstellar medium (ISM). We show that surveys such as SRG/eROSITA
and pointed observations from Chandra are at best sensitive to 1) BHs accreting
from ~ 100R,, red giants and 2) BHs accreting from high density (n 2 10°> cm™)

H; regions while traveling at very low (< 5 km/s) speeds. Finally, we present
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MESA models for the future evolution of both systems and their expected X-ray
luminosities. Based on these models and the lack of detections of symbiotic BH
XRBs from all-sky surveys, we conclude that at most ~ 10* systems similar to
either Gaia BH1 or BH2 exist in the Milky Way, unless a substantial population of
symbiotic BH XRBs have evaded detection so far.

4.2 Data

X-Ray

We observed Gaia BH1 with the Chandra X-ray Observatory (ObsID: 27524; PI:
Rodriguez) using the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al.
2003) on 31 October 2022 (UT) for a cumulative time of 21.89 ks (sum of two
observations: 12.13 ks and 9.76 ks). The ACIS-S instrument was used in pointing
mode, chosen over ACIS-I for its slight sensitivity advantage. The observations

were taken about 9 days before apastron, when the separation between the BH and
star was ~2.01 AU.

We observed Gaia BH2 for 20ks with Chandra on 25 January 2023 (proposal
ID 23208881; PI: El-Badry). We also used the ACIS-S configuration, with a
spatial resolution of about 1 arcsec. The observations were timed to occur near the

periastron passage, when the separation between the BH and the star was ~ 2.47
AU.

The X-ray images of both sources are shown in Figure 4.1. We first ran the
chandra_repro tool to reprocess the observations; this creates a new bad pixel
file and de-streaks the event file. Since the observation of Gaia BH1 was split into
two, we then ran the reproject_obs tool to merge both observations with respect
to a common World Coordinate System (WCS). We then used the srcflux tool to
estimate the 90% upper limit for detecting a source at the optical positions of Gaia
BHI1 and BH2. We created a 1" radius source region (1, O counts in Gaia BHI,
BH2, respectively) at the optical positions of each source, and a 15" background
region (156, 171 counts in Gaia BH1, BH2, respectively) to the side, away from any
obvious sources. This tool uses Poisson statistics, as pertinent to X-ray observations
and described in (Kashyap et al., 2010), to calculate upper flux limits. This is unique
from estimating the (false negative) case in which a source is not detected due to
confusion with the background rate; in both observations the background rate is
very low and the upper limit obtained this way with the aplimits tool is similar to

our reported value. We detect no significant flux at the location of either system
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and obtain a 90% upper limit of (1.94 x 1074, 1.45 x 10~ cts s~!), for Gaia BH1

and BH2 respectively. We note that these values are consistent with the 90% upper
limits obtained when detecting n = 1,0 photons in the source region in a 20ks
exposure, as tabulated by (Gehrels, 1986).

In order to convert to unabsorbed flux, we assume a power-law spectrum with
index of 2, and calculate the Galactic hydrogen column density using the relation
from Giiver and Ozel (2009¢) and the value of Ay from Lallement et al. (2022) —
Ay =0.93+0.1,0.62 +£ 0.1 for BH1, BH2, respectively. Using the PIMMS tool, we
calculate an unabsorbed X-ray flux of Fy = 3.58 x 10~ erg s~'cm™2 (BH1) and
Fx = 2.58x 10" Perg s~'em™? (BH2) in the 0.5-7 keV energy range. With the Gaia
distances, we can calculate the upper limit of the luminosity, which we present in
Table 8.3.

Radio

We observed Gaia BH1 for 4 hr with the Very Large Array (VLA) in C band (4—
8 GHz) in the “C" configuration on 27-28 November 2022 (DDT 22B-294; PI:
Cendes). At this time, Gaia BH1 was 17 days past apastron, and the separation
between the BH and star was ~1.98 AU. We used the flux calibrator 3C286 and
the gain calibrator J1743-0350. Data was calibrated using the Common Astronomy
Software Applications (CASA) software. We measured the flux density using the
imtool package within pwkit (Williams et al., 2017) at the location of Gaia BHI.
The RMS at the source’s position is 3.4 uJy, and we present flux and luminosity 3o

upper limits in Table 8.3.

We observed Gaia BH2 for 4 hr with the MeerKAT radio telescope in L band
(0.86-1.71 GHz) on 13 January 2023 (DDT-20230103-YCO1; PI: Cendes), when
the separation between the BH and the star was ~ 2.54 AU. We used the flux
calibrator J1939-6342 and the gain calibrator J1424-4913, and used the calibrated
images obtained via the SARAO Science Data Processor (SDP)4 for our analysis.
We measured the flux density using the imtool package within pwkit (Williams
et al., 2017) at the location of Gaia BH2. The RMS at the source’s position is 17
uly, and we present X-ray flux, radio flux density, and luminosity 3o~ upper limits
in Table 8.3. Luminosities are calculated using L = And®F, where F = vS, and v

is the central frequency of the radio band.

We show cutouts of all X-ray and radio images in Figure 4.1. No significant source

of flux is detected at the position of Gaia BH1 or BH2 in either X-rays or radio.
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4.3 Theoretical predictions

X-ray Estimates

We first calculate the X-ray luminosity expected if the BHs accrete their companion
stars’ winds at the Bondi-Hoyle-Littleton (BHL) rate:

47TG2M]§H,D _ GzMéHMwind

2 - 4 2
(V2 + ¢2)3/2 Vi ina@sep

Mgy, = 4.1)

where dip, is the separation between the star and BH (which varies as a function
of position along the orbit in an elliptical orbit), Mgy is the mass of the BH, p is
the density of accreted material, Ming is the mass loss rate of the donor, ¢, is the
sound speed, v is the relative velocity between the BH and the accreted material,
and vying is the wind speed. We note that the second equality assumes the relative
velocity between the BH and accreted material (i.e., the wind speed) greatly exceeds
the sound speed. We assume that a fraction ;7 of the accreted rest mass is converted
to X-rays, leading to an observable X-ray flux:

nMgpi.c? _ GzCzMéH nMyina

dnd> Andidy, vy

Fx BHL = 4.2)

where d is the distance to the system from Earth. We are left with an X-ray flux
that depends on three unknown physical quantities: Myind, the mass loss rate of the
donor star due to winds, vying, the wind speed, and 7, the radiative efficiency of
accretion. It is important to note that 7 may vary with accretion rate, or with other

properties of the accretion flow.

The donor star in Gaia BH1 is a main-sequence Sun-like star (G dwarf), while the
donor in Gaia BH2 is a lower red giant (R ~ 8 Rg). Since the donor in Gaia BHI
closely resembles the Sun, and abundance measurements point to it being > 4 Gyr
old, we adopt a solar mass loss rate: Mying ~ 2% 1074 Myyr~! (Wang, 1998). Gaia
BH2, however, hosts a red giant donor star, which has a mass loss rate strongly
dependent on stellar properties. We adopt a simple estimate for its mass loss rate
from Reimers (1975):

-1
. L.\ (R.\ (M
Mying = 4x 10738 [ == [ =) (=] Mg yr! 43
nd X Br (L@) (Ro My o yr 4.3)

where Sy is a scaling parameter for the mass loss rate. We set Sz = 0.1, following

empirical estimates for red giant branch stars (Reimers, 1975; Choi et al., 2016a).



97

5

Gaia BH1 5 Gaia BH2
-0°34'00" -59°13'30"
4 4
30" 14'00" 3
3, g
Q =] O 5
o) , = o) 5)
~ 35'00" .8 8 30 .8
30" 15'00"
1 1
171]28"1445 425 13]]50[“245 20S 165 125 0

30 30
-0°34'00" 20 59°13'30" : 20
10 § :
30" § 14'00" 10 é
> =
8 o = 8 0o =
A 35'00" 2 A >
£ B
-10 § -10 §
Bt I -
30" = 1500 =
-20 =20
17h28m44° 425 13"50"24° 20°  16°  12°
-30

—30 RA

Figure 4.1: Images of Gaia BH1 (left panels) and Gaia BH2 (right panels) in the X-
ray (upper panels) and the radio (lower panels). Both sources were observed for ~ 20
ks with Chandra/ ACIS-S, corresponding to a flux limit of ~ 4 x 10" erg s~!em™2.
Gaia BH1 was observed with the VLA for ~4 hrs, and Gaia BH2 was observed with
MeerKAT for ~4 hrs. No significant source of flux is detected at the position of
Gaia BH1 or BH2 in either X-rays or radio.

We approximate the wind speed as the escape velocity times a scaling parameter,

PBwind:

1/2 1/2
M R _
Vwind = 600Byind ( M@) (R_@) km s™ 4.4)
We can then write a scaling relation for Equation 4.2, assuming fiducial values for

Gaia BH1:
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Figure 4.2: For all plausible wind speeds under the assumption of BHL accretion
(black lines), Chandra should have detected X-rays from Gaia BH1 if the accretion
flow were radiatively efficient (7 > 0.1; top panel) and from Gaia BH2 if the
accretion flow were radiatively inefficient down to 7 > 10™* (bottom panel). Black
dots show expected efficiencies from models of hot accretion flows, but assuming the
BHL accretion rate. Neither system is detected in X-rays, due to a combination of
reduced accretion rates compared to the BHL assumption (cyan lines), and ensuing
lower radiative efficiencies (cyan dots).

and Equations 4.3 and 4.4 can be substituted in for Gaia BH2. We plot the expected
X-ray flux from Gaia BH1 and BH2 for a range of possible wind speeds and accretion

efficiencies in Figure 4.2.

Figure 4.2 shows that a 20 ks Chandra observation should only be able to detect
Gaia BHI if accretion were radiatively efficient (7 > 0.1, depending on wind speed).
Due to the high wind speed and low mass loss rate, Gaia BH1 is nowhere near
its Eddington luminosity and should not experience radiatively efficient accretion.

Indeed, no X-rays are detected from Gaia BH1, which supports this prediction.

Because of the much stronger wind expected for Gaia BH2, it should have ap-
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proximately 100 times the X-ray flux of Gaia BH1 under the assumption of BHL
accretion. This is despite Gaia BH2 being over twice as distant as Gaia BH1. Re-
markably, Gaia BH2 would be within the detection threshold of a 20 ks Chandra
ACIS observation for any values of ny > 107*. This also applies for any wind
slower than the escape velocity (8,, < 1), which is to be expected as the wind slows
down farther from the star. Figure 4.2 shows that a 20 ks Chandra observation
should be able to detect Gaia BH2 down to the case of radiatively inefficient flow:
17 2 3x 1073 if the wind speed is the escape velocity and > 10~ if the wind slows
by the time it escapes from the star and reaches the BH. However, no X-rays were
detected from Gaia BH2, indicating that the radiative efficiency is 7 < 3 x 1073, In
Figure 4.2, we show the expected accretion efficiencies (black dots; assuming BHL
accretion rates) using the hot accretion flow models of Xie and Yuan (2012), which
we will further describe in the following subsection. While these models may not
be appropriate for obtaining estimates of accretion efficiency under BHL accretion,
the X-ray non-detection of Gaia BH2 shows that reduced accretion rates, not just

low efficiency at BHL rates, must be invoked to explain this non-detection.

Evidence of Reduced Accretion Rate and Inefficient Accretion in Gaia BH2
The nondetection of X-rays in Gaia BH2 can be explained by going back to Equation
4.5. The two most uncertain parameters in that equation are the accretion rate at
the BH event horizon, M, as well as the accretion efficiency, . Indeed, the former
causes a change in the latter (e.g., Xie and Yuan, 2012). We suggest that in Gaia
BH2, the X-ray non-detection is due to M being lower than the BHL assumption,
which also leads to a lower radiative efficiency. This has been seen in other highly
sub-Eddington accreting BHs such as the Milky Way’s supermassive BH, Sgr A*
(e.g., Yuan et al., 2003), as well as two stellar mass BHs in LMXBs which have
been famously well-studied in quiescence: A0620-00 and V404 Cyg (e.g., Narayan
et al., 1996, 1997).

In all of these systems, a similar reduction in X-rays is seen, and explained by
either advection dominated accretion flows (ADAF), or luminous hot accretion
flows (LHAF), both of which fall under the class of hot accretion flows (e.g., Yuan
et al., 2012; Xie and Yuan, 2012). Most of the energy dissipated by viscosity is
stored as entropy rather than being radiated away (e.g., through X-rays).

Models of hot accretion flows lead to a reduced accretion rate near the BH event

horizon, with M o r®, where 0 < s < 1. A general description is presented in
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Yuan et al. (2012), where it is found that s ~ 0.5 and that the accretion rate within
10R; (R, being the Schwarzschild radius) is approximate constant. This leads to the
following reduction to BHL accretion:

10R\%°  V20vying -
) :@MBHL (4.6)

acc

Mhorizon = MBHL (

where R,.c = GMgy/ v%v is the characteristic radius of accretion. In the case of Gaia
BHI, this leads to M ~ 0.009Mpgyr in Gaia BHI and M ~ 0.003 Mgy, in Gaia
BH2.

With a more realistic accretion rate in hand, there is one more correction that we can
make, which is to use values of radiative efficiency, n7, computed for hot accretion
flows by Xie and Yuan (2012). Both accretion rates are highly sub-Eddington:
Ligd = 0.1Mggac®> = Mgaq = 2 x 107" Mg yr~! for both Gaia BH1 and BH2.
Gaia BHI1 has a predicted accretion rate at the horizon of M ~ 0.009Mgpqr, ~ 5 X
1072 Mg4q and Gaia BH2 has an accretion rate of M ~ 0.003Mpp;. ~ 5x 10~ Mp4q.

The same fitting equation is appropriate for both systems:

0.65

M

n~1.58 (100 X — ) “4.7)
Mgqq

which leads to 7 ~ 1076 — 107> for Gaia BH1 and 7 ~ 10~ — 1073 for Gaia BH2
(cyan dots in Figure 4.2).

Finally, by substituting both (1) the reduced accretion rate and (2) the corresponding
radiative efficiency into Equation 4.5, we obtain X-ray flux estimates of Gaia BH1
and BH2 tobe 10722 = 107 erg s~ em™2 and 10718 — 10" erg 57! cm 2, respec-
tively, which we show with cyan curves in Figure 4.2. This places both systems well

under the Chandra detection limit, but may be within the limits of future missions.

Radio Estimates

The empirical Fundamental Plane of black hole activity relates X-ray luminosity,
radio luminosity and BH mass of Galactic black holes and their supermassive
analogues (Plotkin et al., 2012). By placing BHs on the Fundamental Plane, the
physical process behind BH X-ray and radio emission can be understood. We
reproduce the most current compilation of hard state Galactic BHs with measured
X-ray and radio luminosities (Bahramian et al., 2018; Plotkin et al., 2021) with upper
limits of Gaia BH1 and BH2 overplotted in Figure 4.3. There is a minor correction

to convert to the same X-ray energy ranges and radio frequency ranges, which we
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Figure 4.3: Gaia BHI and BH2 could lie on the BH “Fundamental Plane". In gray
are all measurements of hard state galactic BHs. The dotted line shows the BH
fundamental plane from Plotkin et al. (2012) for 10 My BHs.

omit since it is of order unity. We plot a dotted line to represent the Fundamental
Plane for 10Ms BHs, and note that BH masses have been estimated (with a ~ 1 dex

uncertainty) from X-ray and radio luminosities (e.g., Giiltekin et al., 2019).

If we assume that the Fundamental Plane holds for our systems, and our assumptions
of reduced accretion rate and inefficient accretion flow, we can calculate the expected
radio luminosities/fluxes: ~ 10?'erg s™!/ ~ 1 nJy at 5 GHz (BH1) and ~ 10%erg s™!/
~ 10 nJy at 5 GHz (BH2). These radio flux densities are well under the projections
for future facilities such as the Next Generation Very Large Array (ngVLA; Murphy
et al., 2018). Other works, however, have focused on the radio regime and outlined
the prospects of detecting isolated BHs in radio surveys, which strongly depends on
the Fundamental Plane (Ly — L,—mass relation) for radio luminosity calculations
(e.g., Maccarone, 2005; Fender et al., 2013). We therefore proceed with a discussion

of finding BHs solely in the X-ray.

4.4 Implications for X-ray Searches of BHs

If no X-ray or radio signatures of accretion are seen from targeted observations
of the two nearest known BHs, then what can we expect from blind searches? In
the following subsections, we explore the prospects of detecting in the X-ray, (1)
wind-accreting BHs in binary systems similar to Gaia BH2, and (2) isolated BHs
accreting from the ISM. While other studies have done similar computations in the

past (e.g., Agol and Kamionkowski, 2002), we incorporate the modern models of
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Figure 4.4: Even if Gaia BH2-like system had a shorter orbital period, it would not
be detectable in X-rays before filling its Roche lobe (gray shaded area; upper panel).
A BH in a binary with a tip of the red giant branch star (R, ~ 100R) can be bright
enough in X-rays for the system to be detectable before the star fills its Roche lobe
(Pory ~ 10° — 10* days; bottom panel).

inefficient accretion flow and reduced accretion rates (compared to BHL) which we

used to explain the X-ray non-detection of Gaia BH2.

Wind Accreting BHs in Binaries
Are wind-accreting binaries like Gaia BH2 detectable by current X-ray missions?
From Equations 4.3, 4.4 and 4.5, it is clear that systems with (1) a closer separation

or (2) a star with a larger radius will lead to a larger X-ray luminosity.

Since sun-like stars that ascend the red giant branch keep their temperatures roughly
constant but swell up to ~ 100Rg, one could expect systems like this to be strong
X-ray emitters. In Figure 4.4, we show the prospects of finding systems similar to
Gaia BH2 from X-ray searches alone. We use Equations 4.4 and 4.3, to calculate
wind speeds and mass loss rates, and Equations 4.6 and 4.7 to calculate efficiency
and reduced accretion rate corrections from hot accretion flows, as we did for Gaia

BH2. In the top panel of Figure 4.4, we plot the X-ray flux as a function of orbital
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period for a system with all other parameters the same as Gaia BH2 (Mgy = 9Mo,

R. =8Rg, e =0.5,d = 1.16 kpc), and observed at periastron.

Even if a Gaia BH2-like system (i.e., a BH and an 8 R, giant) were in a shorter period
orbit, it would not be detectable before filling its Roche lobe (Py, = 30 days). At this
point, an accretion disk could form, which could lead to higher radiative efficiency
and/or outbursts that could lead to the system being more easily detectable in X-rays.
Such calculations are the subject of Section 4.5, where we explore the prospects of

detecting systems similar to Gaia BH1 and BH2 when filling their Roche lobes.

In the bottom panel of Figure 4.4, we plot the X-ray flux as a function of orbital
period for a system that could resemble what Gaia BH2 will look like in 100
Myr, when the red giant reaches the tip of the red giant branch (Mpy = 9Mo,
R. = 100Rg, e = 0.5). We plot the X-ray flux for a system at 1, 2, and 4 kpc. Such
a system would fill its Roche lobe at Py, ~ 10° days, but systems in the range of
Po, ~ 10° — 10* days are detectable by Chandra out to a few kpc, depending on
the exact orbital period. In Figure 4.4 and following figures, we adopt a Chandra
flux limit of 4 x 10~ Perg s~!cm™2, approximately corresponding to the 90% flux
limits presented in this paper in a 20 ks exposure, We also show a flux limit of
5 x 107 erg s~'em™2 from a single all-sky scan of the SRG/eROSITA mission —
eRASSI1 is the name of the first all sky scan, though co-adds of multiple scans go
deeper (Sunyaev et al., 2021; Predehl et al., 2021a). This means that wind-accreting
BHs in binaries could be detectable in X-rays before the donor stars fill their Roche
lobes. However, this is only the case for appreciable eccentricities e > 0.5. Circular
orbits (as might be more likely for R, ~ 100Rs donors due to tidal circularization),

would lead to a 75% decease in flux, pushing the limits of Chandra.

BHs Accreting from the ISM

We compute the observed X-ray flux from a BH accreting from the ISM. This could
be either an isolated BH or a BH in a binary or higher-order system, as long as
it is accreting from the ISM. Previous works assumed a BHL accretion rate (e.g.,
Agol and Kamionkowski, 2002), whereas we use the corrected accretion rates and
efficiencies from Yuan et al. (2012) and Xie and Yuan (2012), respectively, as
supported by the non-detection of Gaia BH2.

The ISM is made up of at least 5 phases, ordered from most to least dense: gravi-
tationally bound giant molecular clouds (GMCs) made up of molecular hydrogen,

diffuse H; regions, the cold neutral medium (CNM), warm neutral medium (WNM),
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Figure 4.5: A BH accreting from the ISM in an H; region is detectable by current
X-ray missions out to a few kpc. However, given that the nearest BH, Gaia BH1, is
480 pc away, it is unlikely to find BHs much nearer than that. With that in mind,
the plot above shows that the prospects for detecting BHs accreting from the CNM
or any lower density ISM phase are slim to none with current capabilities.

and warm ionized medium (WIM) (e.g., Draine, 2011). All phases of the ISM have
been found to be roughly in pressure equilibrium (i.e., p X T ~ constant; though
with a ~ 1 dex spread). Given that sound speed in a medium is proportional to
the square root of temperature: cg o VT, from Equation 4.1, it is already clear that
ISM-accreting BHs will be more X-ray bright when passing through the densest
regions of the ISM.

We calculate the expected X-ray flux due to a BH accreting from an H; region
(n ~ 103 cm™3, T ~ 30 K) and from the CNM (17 ~ 30 cm™>, T ~ 100 K). We take
p = mpn and calculate the sound speed as ¢y = /kpT /m,. We then use the left hand
sides of Equations 4.1 and 4.2 and additionally incorporate the hot accretion flow

corrections to the accretion rate (Equation 4.6) and accretion efficiency (Equation
4.7).

We plot the X-ray flux as a function of distance for a BH accreting from the ISM
in Figure 4.5. We present curves for a BH accreting from an H, region and the
CNM, for BH space velocities of 5 km/s and 50 km/s. We do not plot curves for
higher velocities since the flux levels are reduced dramatically. In other words,
isolated BHs with space velocities that exceed 50 km/s are virtually impossible to
detect by current X-ray capabilities. While a few isolated BHs within 100 pc may
be detectable as faint X-ray sources, it would be difficult to distinguish them from

other astrophysical sources at larger distances.
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Figure 4.6: A simple model assuming a distribution of 108 stellar-mass BHs passing
through the various phases of the ISM in the Milky Way show that the most X-
ray bright will be those passing through low density H, regions. However, even
generous model assumptions suggest that the chances of detecting BHs accreting
from the ISM are unlikely after adopting models of hot accretion flows.

Figure 4.5 shows that a very slow-moving BH (v = 10 km/s) can be detectable if
passing through a high-density H region. Such systems are detectable out to ~ 2
kpc in eRASSI1, and ~ 5 kpc in a 20 ks Chandra pointing. We note that Figure
4.5 makes the prospects of finding such systems deceptively promising, given the
low volume filling factors of H, regions. Furthermore, the high column density of
hydrogen in H; regions is likely to reduce the flux by an appreciable amount, further

challenging the prospects of detection.

Given the above calculations for single systems, how many ISM-accreting BHs can
be found in the Milky Way? From Equation 4.1 and Figure 4.5, it is clear that that
Mpghr, « véz scaling relation makes the X-ray flux of BHs dramatically decrease
given a slight increase in BH space velocity. Currently, the velocity distribution of
BHs in binaries is unknown, both due to low-number statistics (only ~ 20 systems
are dynamically confirmed) (Corral-Santana et al., 2016; Atri et al., 2019; Zhao
et al., 2023) and due to selection effects in samples of detectable BHs. It is still
uncertain if BHs are born with kicks (e.g., Stevenson, 2022; Kimball et al., 2023).
Furthermore, because there are only a few known BHs in wide binaries and one

candidate isolated BH from microlensing, we must assume a velocity distribution.

To investigate an optimistic scenario, we assume the space velocity of ISM-accreting
BHs is uniformly distributed between 10 and 50 km/s. We assume that 103 BHs
are distributed axisymmetrically throughout the Milky Way, exponentially in cylin-



106

drical (h, s, ¢ are vertical, radial, and azimuthal coordinates, respectively) & and s
coordinates with characterstic scales of 410 pc and 1 kpc, respectively (e.g., van
Paradijs and White, 1995). We then use the filling factor of each component of the
ISM (H; region: 0.05%, CNM: 1%, WMN: 30%) to calculate the total number of
BHs passing through each region (e.g., Draine, 2011). We present the resulting dis-
tributions in Figure 4.6. Based on those results, virtually no ISM-accreting BHs are
detectable in eRASS1, but ~ 10 could be detectable in 20 ks Chandra observations
of all H, regions. However, this number is almost certainly inflated due to the effects
of a high column density in H, regions and our uncertain assumptions on the BH
velocity distribution. It appears improbable to detect X-rays from ISM-accreting

BHs passing through the CNM or WMN, given current capabilities.

Comparison with Previous Work

Previous analyses have been done to estimate the detectability of isolated NSs or
BHs accreting from the ISM in the X-ray and/or radio. An early study by Agol and
Kamionkowski (2002) projected that all-sky X-ray surveys with the depth of Chandra
should detect thousands of isolated BHs. That study, however, operated under the
assumption of Bondi accretion, which we have shown is insufficient. Work by Perna
et al. (2003) arrived at the same conclusion when calculating the number of isolated
NSs detectable by the ROSAT all-sky X-ray survey. As mentioned earlier, works
focused on the radio regime strongly rely on the Fundamental Plane (Lx — L,—mass
relation) for radio luminosity calculations, and initially predicted that ~ 10? isolated
BHs could be found in the LOFAR survey (Maccarone, 2005). However, the more
recent work of Fender et al. (2013) found this number to be overestimated and that
only systems with high accretion efficiencies could be detectable by the upcoming
Square Kilometre Array (SKA) radio survey (we note that SKA will have a depth
of ~ 1uly (Dewdney et al., 2009), while we estimate that both Gaia BH1 and BH2
have flux densities of 1-10 nJy, as mentioned earlier).

Finally, we note that the recent study by Paduano et al. (2022) undertook an X-
ray and radio survey of the globular cluster NGC 3201, where BHs in wide orbits
similar to Gaia BH1 and BH2 have been found (NGC 3201 #12560 in a wide,
166 day orbit; NGC 3201 #21859 in a much smaller 2.2 day orbit) (Giesers et al.,
2018a, 2019). Crucially, we note that NGC 3201 #21859 is reported to be only a
candidate BH system. They placed both systems on the Fundamental Plane, finding
their upper limits to be in agreement. Most importantly, they found upper limits on
the accretion efficiency of both systems. NGC 3201 #12560 has an upper limit of
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n < 0.65, meaning that our efficiency limits are much deeper. The efficiency limits
on NGC 3201 #21859 are much deeper: n < 1.5 x 107>, This means that if that
system is indeed a BH system, the efficiency upper limit of Paduano et al. (2022)
is consistent with our estimated values for Gaia BH1, which has a main sequence
donor star most similar to that in NGC 3201 #21859. In summary, our work shows
that due to a combination of reduced accretion rate and radiative efficiency, the
chances of detecting ISM- or stellar wind-accreting BHs in blind searches is low, in

agreement with recent findings.

4.5 Future evolution of Gaia Black Holes and Detection as Symbiotic BH
XRBs
We use the expected future evolution of Gaia BH1 and BH2 to understand how
common these systems could be in the Milky Way. The discovery paper of Gaia
BHI1 used the properties of the Gaia DR3 astrometric sample to infer that ~ 40, 000
BH1-like systems should exist (El-Badry et al., 2023b). To constrain the population
size, we take a different approach and evolve the Gaia BH1 and BH2 systems using
Modules for Experiments in Stellar Astrophysics (MESA; Paxton et al., 2011, 2013,
2015, 2018). The donor star in Gaia BH1 will become a red giant in a few Gyr, and
will ultimately fill its Roche lobe near the tip of the first giant branch. The donor
star in Gaia BH2 is already a red giant, and will swell enough to fill its Roche lobe in
~ 100 Myr at the tip of the asymptotic giant branch (AGB). We show their locations
in the HR diagram today and during RLOF in Figure 4.7. We look for the timescales
in their evolution when the systems could be visible as symbiotic BH XRBs (i.e., a

BH accreting from a red giant filling or nearly filling its Roche lobe).

In the top panels of Figure 4.8, we show the BH mass loss rates (M) of the donor
star in the Gaia BH1 and BH2 systems for approximately 500 Myr and 10 Myr
before Roche lobe overflow (RLOF), respectively. The bottom panels of Figure
4.8 zoom in and show where RLOF begins. Before RLOF, wind accretion takes
place. For low mass loss rates (M < IO‘ZMEdd, BH), the BH accretion rate could
be much lower than the donor mass loss rate (as we explain through most of this
paper). However, for mass loss rates that approach the Eddington accretion rate
of the BH and certainly during RLOF, the two should be nearly equal (e.g., Ritter,
1988). Itis also worth noting that after RLOF, the donor star will have been stripped
of its atmosphere, and the orbit of both systems will expand. The orbital period will
increase from 186 days to ~850 days in Gaia BH1 and from 1277 days to ~2000
days in Gaia BH2.
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Figure 4.7: Gaia BHI1 will fill its Roche lobe near the tip of its first giant branch in
a few Gyr. Gaia BH2 will do so near the tip of the AGB in ~ 100 Myr. Leading up
to this stage, both systems will likely be detectable as symbiotic BH XRBs, yet no
such systems have been confirmed to date.

In the top panels of Figure 4.8, we then shade the region where the accretion rate
exceeds 1072 Mgqq, Where we expect the accretion rate is high enough to lead to
frequent outbursts, or a persistent state of high luminosity, that could be observed
by all-sky X-ray monitors. This accretion rate corresponds to the X-ray lumionsities
at which both currently known symbiotic XRBs (albeit with neutron star accretors)
have been seen to outburst (e.g., Kuranov and Postnov, 2015; Yungelson et al.,
2019b). We define the timescale during which the Gaia BH systems are seen as
symbiotic XRBs as 7symxre, Which in Gaia BH1 lasts ~ 50 Myr and in Gaia BH2
lasts ~# 2 Myr. X-ray monitors such as the Swift Burst Alert Trigger (BAT) (Burrows
et al., 2005) and MAXI (Matsuoka et al., 2009) have similar sensitivities of ~100
mCrab (10~%erg s~'cm™2) for ~min long exposures. This means that these monitors
are sensitive to essentially all Ly ~ Lggq outbursts in the Galaxy, and sensitive to

outbursts Ly > 1072 Lg4q out to a few kpc.

Both Gaia BHI and BH2 undergo a very short phase where M > Mgqq (Gaia BH1
exceeds Mgdq by a factor of 10, while BH2 reaches factors of 10% - 10%). Centaurus
X-3 is an example of such a system, where extended periods of low X-ray flux have
been observed in a pulsar high mass X-ray binary accreting near the Eddington
rate. It has been postulated that at the highest accretion rates, matter gathers at the
innermost regions of the accretion disk and absorbs the X-rays, leading to extended

lows (Schreier et al., 1976). However, this system is still X-ray bright for the majority
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Figure 4.8: MESA models around the time when the donors fill their Roche lobes
show that Gaia BH1 will be visible as a symbiotic BH XRB for ~50 Myr, while
M > 1072 Mgqq (upper left) and for ~5 Myr, while M ~ Mggq (lower left). Gaia BH2
will be visible as a symbiotic BH XRB for ~2 Myr, while M > 1072 Mgqq (upper
right) and for ~0.2 Myr, while M ~ Mggq (lower right). Because no such systems
have been discovered through X-ray outbursts, there should be at most ~ 10* Gaia
BH1-like systems in the Milky Way, unless outburst timescales of such systems have
been underestimated.

of the time and detectable by all-sky X-ray monitors. Our models show that Gaia
BH1 will be in such a phase for ~ 5 Myr, and BH2 for ~ 0.2 Myr. In both cases,
this phase lasts for ~10% the duration of the evolution when the systems are in the
symbiotic XRB phase (i.e., accretion is sub-Eddington and is due to winds rather

than Roche lobe overflow).

In order to estimate an upper limit on the number of similar systems in the Milky
Way, we assume a detection efficiency, &getect, for all-sky X-ray monitors and take

the lifetime of ~ 1M stars divided by the time during which these systems are



110
visible as symbiotic BH XRBs:

Tstars
Ngg~ ——
Edetect TSymXRB (4.8)

NgH1 = 2 X loz/gdetecta NpH2 = 5 % l03/‘9detect

In the case where we use the short-lived phase where the donors are Roche lobe
overflowing, the above becomes:

Tstars
N BH ~ —
Edetect TRLOF (4.9)

Npi = 2 X 10°/ederect, N2 = 5 X 10%/£etect

During the last ~50 years, all-sky X-ray surveys have been sensitive to X-ray out-
bursts from such systems, but no symbiotic BH XRBs have been discovered. From
Uhuru (Forman et al., 1978) to MAXI, it is highly unlikely that the brightest X-ray
outbursts have been missed. From Equation 4.9, even if we assume a 10% efficiency
(&detect = 0.1) of all-sky X-ray monitors in detecting such systems, this places Gaia
BHI1-like systems at N < 2 x 10 and BH2-like systems at N < 2x 10* in our galaxy.
If we assume that systems are only detectable during RLOF, the corresponding limits
are N < 2x10*and N < 2 x 10°.

There is at least one candidate symbiotic XRB proposed to host a BH, IGR J17454-
2919 (Paizis et al., 2015). The most accurate Chandra localization of the X-ray
source coincides with a red giant (K- to M-type), while the X-ray outburst properties
of the system do not securely point to either a NS or BH accretor. Ongoing work
is being conducted to determine the nature of this system. A handful of symbiotic
XRBs hosting NSs have been detected as X-ray sources even though the donors
have not yet overflowed their Roche lobes (e.g., Hinkle et al., 2006; Masetti et al.,
2007; Bozzo et al., 2018; Hinkle et al., 2019; De et al., 2022). That being said, the
radiative efficiencies of accreting NSs are likely to be larger than those of BHs (e.g.,
Garcia et al., 2001b), and the accretion rate above which BH symbiotic XRTs are

likely to be recognized as such is uncertain.

4.6 Discussion and conclusions

We have analyzed X-ray and radio observations of the two nearest known BHs: Gaia
BH1 and BH2. For both sources, we only detect upper limits in both the X-ray and
radio. Due to the relatively strong, low-velocity winds from the red giant in Gaia

BH2, BHL accretion predicts that we should have seen X-rays from the system.
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We interpret our non-detection as a sign of reduced accretion rates as seen in hot
accretion flows, and an ensuing lower radiative efficiency than predicted by BHL
accretion. We found that these hot accretion flow corrections lead to X-ray (and

radio) fluxes well below the limit of current facilities.

We then used the corrected accretion rates and efficiencies to compute the observed
flux from a BH accreting from a R, ~ 100R red giant (i.e., what Gaia BH2 will
become in 100 Myr). We found that a relatively nearby system (d <4 kpc) of that
type could be detectable in X-rays before filling its Roche lobe.

We then extended our calculations to wind-accreting BHs passing through the ISM.
We found that the only plausible scenario for detecting such a system would be to have
a very slowly moving (v < 10 km/s) BH passing through a dense (n > 10° cm™) H,
region. Current technologies rule out the possibility of detecting an ISM-accreting
BH passing through the CNM or any lower density phase of the ISM, even with

generous assumptions about BH velocity and the population distribution.

Finally, we produced MESA models of the future evolution of Gaia BH1 and BH2.
We predict that the accretion rate in Gaia BH1 will be high enough (M ~ 1072 Mggq)
for the system to be visible as a symbiotic BH XRB for ~ 50 Myr. The same will
be true for Gaia BH2, but only for ~ 2 Myr. Although the symbiotic BH XRB
phase is a relatively short-lived phase in the evolution of these systems, the effective
search volume for X-ray bright systems is large. Because all-sky X-ray monitors
have been sensitive to X-ray outbursts in a large part of the Galaxy for the last ~ 50
yrs, the lack of detected symbiotic BH XRBs would seem to imply an upper limit
on the number of Gaia BH1-like systems at N < 10° (10* assuming 10% detection
efficiency), assuming BH + giant systems could be detected anywhere in the galaxy

when the BH accretes at a rate M > 1072 Mgqq.

This limit is somewhat puzzling. El-Badry et al. (2023b) estimated that the effective
search volume for Gaia BH1-like systems in Gaia DR3 was only ~ 3 x 10° stars,
which would seem to suggest that > 10* similar systems should exist in the Milky
Way. There are several possible explanations for these apparently inconsistent limits.
One is that symbiotic BH XRBs have already been detected by X-ray surveys but
have not been recognized as such. This seems plausible particularly for wind-
accretion systems, which may not form disks and undergo outbursts. Such systems
would appear as relatively faint X-ray sources coincident with red giants. Many
such sources exist in the Galactic plane and have never been studied in detail. These

consideration suggest that radial velocity follow-up of giants coincident with X-ray
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sources may be a promising search strategy for symbiotic BH XRBs.

Another possibility is that the detection efficiency of symbiotic BH XRBs is simply
very low. This could be the case if they have unstable disks with very long outburst
recurrence timescales, as has indeed been proposed (e.g., Deegan et al., 2009).
Furthermore, reddening and crowding in the Galactic plane have been suggested
to bias the observed BH population in low-mass XRBs (e.g., Jonker et al., 2021),
which could have an effect on the observability of symbiotic BH XRBs if they were

predominantly located there.

The next few years show promise for the discovery of many more BH binaries:
SRG/eROSITA in X-rays, Gaia through optical astrometry, and the Rubin Legacy
Survey of Space and Time (LSST) through optical photometry. X-ray and radio
detections (and non-detections) of future systems will provide new clues regarding

the nature of accretion around BHs in a wide range of astrophysical scenarios.
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ABSTRACT

Galactic X-ray sources are diverse, ranging from active M dwarfs to compact object
binaries, and everything in between. The X-ray landscape of today is rich, with
point source catalogs such as those from XMM-Newton, Chandra, and Swift, each
with > 10° sources and growing. Furthermore, X-ray astronomy is on the verge
of being transformed through data releases from the all-sky SRG/eROSITA survey.
Many X-ray sources can be associated with an optical counterpart, which in the
era of Gaia, can be determined to be Galactic or extragalactic through parallax and
proper motion information. Here, I present a simple diagram — the “X-ray Main
Sequence", which distinguishes between compact objects and active stars based on
their optical color and X-ray-to-optical flux ratio (Fx /Fop). As a proof of concept, I
present optical spectroscopy of six exotic accreting WDs discovered using the X-ray
Main Sequence as applied to the XMM-Newton catalog. Looking ahead to surveys of
the near future, I additionally present SDSS-V optical spectroscopy of new systems
discovered using the X-ray Main Sequence as applied to the SRG/eROSITA eFEDS

catalog.
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5.1 Introduction

The discovery and characterization of Galactic X-ray sources in the last sixty years
opened a new window to the sky and created the field of high energy astrophysics.
X-ray observations of M dwarfs, the most common stars in the Milky Way and most
common hosts to exoplanets, revealed that these stars are commonly coronally active
(e.g., X-rays were detected from 87% of M and K dwarfs within 7 pc of the Sun by
Schmitt et al., 1995). X-ray astronomy has also led to the discovery of all of the
known accreting neutron star! (NS) systems and nearly all stellar-mass black hole
(BH) systems (Tauris and van den Heuvel, 2023), informing our understanding of

the most extreme physical environments that cannot be replicated on Earth.

However, it often takes multiwavelength information to decipher the true nature of
X-ray sources. Famously, the first stellar-mass black hole in the Milky Way, Cygnus
X-1, was initially discovered through an X-ray sounding rocket in 1964 (Bowyer
et al., 1965). However, it remained uncharacterized for over half a decade until an
optical (and radio) source was associated with the X-ray position in 1971 (Murdin
and Webster, 1971; Braes and Miley, 1971). Precise radial velocity measurements of
the optically bright star at the position of Cygnus X-1 were the only way to securely
establish that it was a binary companion to a stellar-mass black hole (Webster and
Murdin, 1972; Bolton, 1972).

It is with the goal of combining X-ray + optical data to characterize Galactic as-
trophysical sources that I write this paper. In the days of Cygnus X-1, large error
boxes associated with X-ray sources made it difficult to make multiwavelength asso-
ciations. The pioneering Roentgensatellit X-ray mission (ROSAT; Truemper, 1982;
Voges et al., 1999a; Boller et al., 2016c) was the first to image the entire sky with
sub-arcminute resolution?, and discovered nearly 135,000 X-ray point sources with
error circles of radii < 40" (e.g., Agiieros et al., 2009). However, association with
optical sources at that resolution is still difficult, and X-ray + optical association of

ROSAT sources in the Galactic plane is nearly impossible (e.g., Salvato et al., 2018).

Today, the landscape of X-ray astronomy is very different. Point source catalogs
from X-ray missions that have been active for over 20 years each contain 2 10° point
sources and have ~few arcsecond localizations (8): XMM-Newton 4XMM-DR13

Radio astronomy has, of course, contributed significantly to our knowledge of neutron stars as
well.

>Though the High Energy Astrophysical Observatory-2 (HEAO-2), also known as the (Einstein
Observatory; Giacconi et al., 1979) was the first to image the X-ray sky with 2" resolution, it did not
conduct an all-sky survey.
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Catalogue (600,000 sources, 6 ~ 3”; Webb et al., 2020), Second Chandra Source
Catalog (350,000 sources, 8 ~ 2”; Evans and Civano, 2018), Swift/XRT Point Source
Catalog (300,000 sources, 8 ~ 5”; Evans et al., 2020b). X-ray astronomy is on the
verge of being transformed through data releases from the all-sky SRG/eROSITA
survey, with millions of X-ray sources localized to a few arcseconds (Predehl et al.,
2021b; Sunyaev et al., 2021).

The landscape of optical astronomy is also very different, with precise astrometry
from Gaia enabling the distinction between Galactic and extra sources (Gaia Col-
laboration et al., 2016). Large-scale time-domain photometric surveys such as the
Zwicky Transient Facility (ZTF; Bellm et al., 2019b), Transiting Exoplanet Survey
Satellite (TESS; Ricker et al., 2015), All Sky Automated Survey for Supernovae
(ASAS-SN; Kochanek et al., 2017), and Asteroid Terrestrial-impact Last Alert Sys-
tem (ATLAS; Tonry et al., 2018a) provide variability information and add a new
dimension to optical datasets. Optical astronomy is also on the verge of transfor-
mation thanks to the Rubin Observatory Legacy Survey of Space and Time (LSST),
which will obtain photometry for nearly an order of magnitude more sources than
current time-domain optical surveys (e.g., Ivezic et al., 2019a). Just as revolutionary
are the multiplexed optical spectroscopic surveys. Millions of spectra are already
in the catalog of the Sloan Digital Sky Survey (SDSS; York et al., 2000a), and
SDSS-V is rapidly increasing that number as well as bringing the advent of multi-
plex time-domain spectroscopy (Kollmeier et al., 2017). Other surveys include the
Dark Energy Spectroscopic Instrument (DESI; DESI Collaboration et al., 2016),
the 4-metre Multi-Object Spectrograph Telescope (4MOST; de Jong et al., 2019),
and the William Herschel Telescope Enhanced Area Velocity Explorer (WEAVE;
Dalton et al., 2012).

In this paper, I crossmatch the XMM-Newton 4XMM-DR13 point source catalog
and the SRG/eROSITA eFEDS catalog with Gaia to just select Galactic sources. |
then present a tool I name the “X-ray Main Sequence", which distinguishes between
two main types of Galactic X-ray sources: accreting compact objects (containing a
WD, NS, or BH) and active stars. I put forth an empirical cut to separate between
the two main types of sources. Finally, I discuss the origin of this clean separation,

based on the X-ray saturation properties of solar and late-type stars.

In Section 8.2, I present cleaned versions of the XMM-Newton and SRG/eROSITA
eFEDS catalogs, and the Gaia crossmatch. I also describe each of the Galactic X-ray

source classes and the catalogs that I use to provide classifications. In Section 6.3, 1
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present the X-ray Main Sequence. In Section 6.4, I present optical spectroscopy of
new sources as a proof of concept demonstration, including a crossmatch with early
data from SDSS-V. Finally, in Section 8.4, I provide details on how to make best use

of this diagram and why such clean distinction between source classes is possible.

5.2 Data

XMM-Newton Source Catalog

I began with the Fourth XMM-Newton Source Catalog, 13th Edition (4XMM-DR13;
Webb et al., 2020), which contains 656,997 sources. It is comprised of all publicly
available observations taken with the European Photon Imaging Camera (EPIC) in
the 0.2-12 keV range between February 13, 2000 and December 31, 2022. Taking
overlapping fields into account, this catalog covers ~1328 deg® (3%) of the sky. I
selected only point sources that do not have any quality flags by making the following

cuts:

» Well localized point sources: SC_EXTENT = 0 and CONFUSED = 0.

e 50 detections (with a threshold as described in Webbetal., 2020): SC_DET_ML
> 14,

* Low probability of being a spurious detection: SC_SUM_FLAG < 1.

After these cuts, 368,068 (56% of initial sources) remained. 99% of sources in this
final sample have a positional error of (SC_POSERR) < 1.95".

Gaia EDR3 Crossmatch

I then crossmatched the cleaned sources from the XMM-Newton catalog with Gaia
Data Release 3 (DR3; Gaia Collaboration et al., 2021, 2023a) within a 2" radius?. I
did not account for proper motions since only sources with exceptionally high proper
motions (2 100 milliarcsec) would move more than 2" in the maximum ~20 year
difference between XMM-Newton and Gaia observations. Additionally, by using
the stacked XMM catalog, it is difficult to account for proper motions for sources
having been observed potentially years apart. I only kept sources for which there
is a single match within 2" — 11,161 of the 368,068 clean sources have more than
one match, and are predominantly located near the Galactic Center or the centers of

clusters, but are excluded here.

3The astrometry and photometry in the Early Data Release (EDR3) is identical to that of the
newer DR3.
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I then performed the following cuts on Gaia data to ensure both good quality and

that the sources are Galactic:

* Significant parallax and proper motions: parallax_over_error > 3 and
pm/pm_error > 5 in both RA and DEC.

* Significant photometry:

phot_mean_flux_over_error > 3 in all bands.

Uncontaminated photometry:

phot_bp_rp_excess_factor_corrected < 0.05.

Good astrometry: RUWE <1.4.

This cut left 25,050 sources (3.8% of the original 4XMM-DR13 catalog). I note
that I employed rather conservative cuts, particularly on the parallax. Many Galactic
sources could have significant proper motions, while not a parallax. However, the

goal of this work is to create a catalog of high confidence Galactic sources.

Object Classes and Their Catalogs

I used a variety of modern catalogs to provide classifications for known Galactic X-
ray objects. As none of these catalogs are by any means complete?, I instead focused
on a high purity fraction for each source classification. I crossmatched all catalogs
with the XMM-Newton/Gaia catalog described above to obtain consistent X-ray
and optical fluxes. X-ray binaries, symbiotics, and spider binaries are exceptions,
where the number of sources is low enough that I used X-ray detections from any

available detection.

Active Single Stars

Active stars are soft X-ray emitters due to their rapid rotation, which leads to
coronal activity (e.g., Pallavicini et al., 1981). Due to their fully convective nature
and overall abundance, active M dwarfs are the most common X-ray emitting single

stars (Stelzer et al., 2013)°. I used the sample of 823 active stars from Wright et al.

“For example, T used the classic Ritter and Kolb catalog of cataclysmic variables (CVs), which
contains some of the most well known, spectroscopically verified CVs. This catalog contains 1,429
sources, while the larger Open CV Catalog (Jackim et al., 2020a), contains over 10,000 sources
(mostly candidates).

>Other esoteric classifications also exist: BY Dra stars are K and M dwarfs which show photo-
metric variability on their rotation period (Vogt et al., 1983), and FK Com stars are G and K giants
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(2011). These systems are located both in the field and in open clusters, and have
X-ray detections originally from the ROSAT Bright Source Catalog (Voges et al.,
1999b). After crossmatching with my XMM-Newton/Gaia catalog, I was left with

112 sources.

Active Binary Stars: RS CVn Systems

RS CVn stars are binaries typically consisting of a slightly evolved subgiant and a
solar or late-type star, which may or may not be evolved (Audard et al., 2003). Their
orbital periods range from 5-6 hours to tens of days, inducing fast rotation of the
stars. This leads to increased activity and X-ray emission (Walter and Bowyer, 1981).
RS CVns have garnered some attention as being contributors to the Galactic Ridge
X-ray Excess (Worrall and Marshall, 1983), though the contribution of cataclysmic
variables is comparable or even higher (Revnivtsev et al., 2006).

There are a handful of well-studied RS CVn systems that receive much attention in
the literature (e.g., Sasaki et al., 2021), but I encountered a dearth of large catalogs
of vetted systems. Instead, I assembled a list of objects from the International
Variable Star Index (VSX) in the RS category, which yields 73,320 sources. After
crossmatching with my XMM-Newton/Gaia data set, this left only 341 systems.
Since various well-known RS CVn systems are catalogued as eclipsing binaries
(EB*) in the Simbad database, I also included as active binaries systems from my
XMM-Newton/Gaia crossmatch that are labeled as EB* and have N > 5 references
in Simbad (147 systems). It appears as though the time is right for a dedicated
survey of X-ray emitting RS CVn systems.

Young Stellar Objects (YSOs)

YSOs are dynamic environments, with the seeds of planets forming in the circum-
stellar disk extending to hundreds of stellar radii (e.g., Hartmann et al., 2016). The
pre-main sequence star at the center is inflated, highly magnetic, and is born ro-
tating rapidly (e.g., Bouvier et al., 1986). This high rotation makes YSOs perfect
candidates for being X-ray sources, which were first discovered to be as such by
Feigelson and Kriss (1981). However, the high levels of X-ray luminosity, hot (0.5-5
keV) temperatures, variability on hour timescales pointed to a sources of X-rays in

addition to coronal activity, such as magnetic reconnection (Feigelson et al., 2002).

which show similar variability (Bopp and Stencel, 1981). Both subtypes are rapid rotators, some of
which show evidence for binarity, though the binary fraction of each subtype is unknown.
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I used the catalog of YSO candidates assembled using a crossmatch of Gaia and
WISE mid-infrared data (Marton et al., 2019). That catalog was assembled using
a training set of well-vetted YSO catalogs to which a Random Forest classifier was
used to infer probability of an object being a YSO. I began with all objects in that
catalog that have a 96% probability or greater of being a YSO. Of those, 398 are in
my XMM-Newton/Gaia crossmatch.

Cataclysmic Variables

Cataclysmic variables (CVs) are close binaries where a WD accretes from (typically)
a late-type main sequence companion (e.g., Warner, 1995b). In (non-magnetic) CVs
where the accretion disk extends down to the WD surface, X-rays originate from the
disk-WD boundary layer, while in magnetic CVs where the field is strong enough
(B =z 1 MQ) to influence the accretion, X-rays originate from the accretion shock on
the WD surface (Mukai, 2017). CVs are particularly interesting X-ray sources since
they are thought to be the dominant contributors to the excess of X-rays from the
Galactic Ridge and Galactic Center (Revnivtsev et al., 2006; Hailey et al., 2016).

AM CVn systems are ultracompact CVs (Pop = 5 — 65 min), where a WD accretes
from a helium-dominated degenerate or semi-degenerate companion. While less
than 100 of these systems are known, they are particularly interesting in that some of
these will be among the loudest sources of gravitational waves as seen by the Laser
Interferometer Space Antenna (e.g., Nelemans et al., 2001; Amaro-Seoane et al.,
2017)

I used the most updated publicly available catalog of cataclysmic variables (CVs) to
date, the Final Version (December 31, 2015) of the Ritter and Kolb catalog (Ritter
and Kolb, 2003a). This catalog contains 1,429 systems primarily discovered through
their optical outbursts and/or X-ray associations. 64 of those systems are present in
my XMM-Newton/Gaia catalog, including magnetic CVs. Intermediate polars (DQ
Her stars) and polars (AM Her stars) are labeled as subtypes DQ and AM, respectively,
and AM CVn systems are labeled as type AC.

I also included supersoft X-ray sources (SSSs), which are WDs that have a layer
of steadily burning hydrogen on their surface. Their X-ray spectra have equivalent
blackbody temperatures ranging from 15-80 eV, which means that little of their
bolometric flux overlaps with the XMM-Newton energy range. I used the catalog of

SSSs from Kahabka and van den Heuvel (1997) and kept only those systems which
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have a detection in the XMM-Newton source catalog. 4 systems fulfill this condition

(one is AG Dra, which is a symbiotic SSS and labled as “symbiotic" in Figure 5.1).

Millisecond Pulsar (Spider) Binaries

Millisecond pulsars have been found in close binaries with either an M dwarf or
brown dwarf companion — redbacks and black widows, respectively. These systems
are X-ray sources due to the presence of an intrabinary shock which converts the
pulsar power to X-rays (e.g., Romani and Sanchez, 2016). While these systems
are not accreting, for the purposes of this paper, I will include them in under the
umbrella of compact objects, as these systems occupy the upper left portion of the
X-ray main sequence. I took the catalog from Koljonen and Linares (2023), which
compiles both Gaia positions of known redbacks and black widows as well as their
X-ray detections in the literature (all detections come from instruments that would
lead to at most a factor of 2-3 correction to the flux in the 0.2—-12 keV range, so I
kept original measurements). I omitted all sources labeled as “candidates”, and kept
only sources that had an X-ray detection, which yielded 15 redbacks and 4 black

widows.

Neutron Star and Black Hole X-ray Binaries: Low-mass, High-mass, and

Ultracompact

X-ray binaries (XRBs) are systems in which a neutron star or a black hole accretes
from a binary companion. This takes place in the form of Roche lobe overflow
from a degenerate donor star in ultracompact XRBs (UCXBs), Roche lobe overflow
from a late-type donor star in low-mass XRBs (LMXBs), and wind accretion from
an O/B type star in high-mass XRBs (HMXBs) (e.g., Tauris and van den Heuvel,
2023). Most of these systems have been discovered through outburst events, which
lead to a transient brightening in both X-rays and optical luminosity (e.g., Lewin
et al.,, 1993). A handful of systems are in a persistent “high" state, accreting near
the Eddington limit, and have been visible as bright sources since the early days
of X-ray astronomy (e.g., van Paradijs et al., 1988). It is not useful for me to plot
LMXBs in outburst, since it defeats the purpose of creating this diagram — to
identify persistent Galactic X-ray sources. Instead, I just plotted XRBs which are

either in quiescence or in a persistent high state.

I assembled a list of quiescent or high state LMXBs and HMXBs from three papers:
Menou et al. (1999) has archival X-ray fluxes of NS and BH binaries before Chandra
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and XMM-Newton, Garcia et al. (2001a) reports results primarily of quiescent BH
LMXBs from early Chandra data, and Russell et al. (2006) assembles all known XRB
X-ray measurements, distinguishing between quiescent and outbursting sources,
neutron stars and black holes. For the UCXBs, I use thed catalog from Armas
Padilla et al. (2023), which exclusively has NS accretors.

In all cases, I only kept sources that 1) have a significant Gaia detection and flux
measurement (i.e., bright enough and not located in a globular cluster), 2) have
detections in a well-defined persistent high state or quiescent state, and 3) have a
well-measured X-ray flux (i.e., not an upper limit or marginal detection). This left
2 UCXBs, 4 HMXBs, and 9 LMXBs.

Symbiotic Stars and Symbiotic X-ray Binaries

Symbiotic stars are long-period (Po = 200 days) binary systems in which a NS or
WD accretes from an evolved, typically a red giant, companion® (e.g., Belloni and
Schreiber, 2023). The term “symbiotic X-ray binary" is used often in the literature
to refer to the subset of systems in which a NS is the accretor. Such systems are
prone to X-ray bursts similar to LMXBs and HMXBs.

I used the catalog of WD accretors from Luna et al. (2013) and the catalog NS
accretors from Yungelson et al. (2019a). To obtain X-ray detections of a few
more systems, I crossmatched my XMM-Newton/Gaia catalog with the catalog of
symbiotic stars from Akras et al. (2019). I adopted the same quality cuts as in the
previous subsection, rendering a total of 11 symbiotic stars with a WD accretor and

4 symbiotic stars with a NS accretor.

SRG/eROSITA eFEDS Catalog

While data releases from SRG/eROSITA are imminent at the time of writing, the
eROSITA Final Equatorial Depth Survey (eFEDS) catalog provides a preliminary
look at the final projected sensitivity of the mission. A detailed summary of the
survey is outlined in Brunner et al. (2022), and the counterpart association in
Salvato et al. (2022). The limiting flux of eFEDS is comparable to that of the
XMM-Newton catalog, Fx ~ 6.5 x 10715 erg s~'em™2, though with a slightly larger
positional uncertainty of 4.7" (Salvato et al., 2022). The full catlaog contains 27,369

sources. In order to select only Galactic sources, I took the catalog of Salvato et al.

6Symbiotic stars with a BH accretor should in principle exist, but no such systems have been
confirmed to date.
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(2022), and kept only sources with CTP_Classification as SECURE GALACTIC
or LIKELY GALACTIC. I enforced the same astrometric quality cuts as in the XMM-
Newton catalog. Finally, I kept only sources with an X-ray detection likelihood
ERO_DET_ML greater than 10, as suggested by Salvato et al. (2022). This left 1,385

sources (5.1% of the original catalog).

SDSS-V (SDSS DR18) Crossmatch

SDSS recently released its 18™ data release (SDSS DR18; Almeida et al., 2023),
which includes the first publicly available spectra from SDSS-V (Kollmeier et al.,
2017). SDSS-V, among other multiplexed spectrographs (DESI, WEAVE, 4MOST),
is undertaking time-domain optical spectroscopic surveys. SDSS-V is uniquely
targeting SRG/eROSITA targets, and includes spectra in DR18 of 16,548 objects in
the eFEDS patch of sky. This means that even objects without an X-ray counterpart
are targeted (Almeida et al., 2023). I crossmatched the SDSS-V eFEDS catalog with
the Galactic eFEDS sources described above, and kept only sources with CLASS ==
STAR and high signal-to-noise SN_MEDIAN_ALL > 10. This left 49 sources, 42 of

which pass Gaia quality cuts.

5.3 The X-ray Main Sequence

InFigure 5.1, I present the X-ray Main Sequence with two cuts to distinguish between
accreting compact objects and active stars: the “empirical cut" and a “theoretical
cut". Symbiotic stars occupy their own region of phase space, below active stars.
This means that the diagram can be used to easily separate compact objects with
low-mass stellar companions from active stars, but further information is needed to
separate out symbiotics (compact objects with evolved donors). The “X-ray Main
Sequence" name is attractive since main sequence stars follow their own track, while

compact objects occupy separate regions of phase space’.

The empirical cut is drawn by eye (with the functional form log;, y = x — 3.5, where
y is the vertical axis and x the horizontal axis). This cut encompasses the majority
of accreting compact objects, while removing active stars. More detailed analysis
of where to place this cut will be presented in future work. Later in the paper, I
discuss the construction of the theoretical cut based on the saturation limit of X-rays

stemming from coronal activity of solar and late-type stars.

YSOs and active stars reside below the empirical cut, with YSOs occupying the

"Though really, this is a color-color diagram.
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Figure 5.1: The X-ray Main Sequence. Galactic sources from the XMM-
Newton/Gaia crossmatch is shown in grey. Accreting compact object binaries
in the upper left are separated from symbiotic and active stars on the bottom right by
the “empirical cut" (solid line) or “theoretical cut" (dotted line). All classifications
on the right side panel are from the literature, and described in Section 5.2. No ex-
tinction correction is applied here, but the extinction vector is shown (de-reddening
slides sources towards the lower left).

reddest regions of the diagram and active (binary) stars dominating the bluest
regions. Most of the unclassified sources in the diagram have very low Fy/Foy

values, potentially being active binaries that have not been classified as such.

In Figure 5.2, I plot the XMM-Newton/Gaia crossmatch, color coded with variability
metrics. In the left panel of Figure 5.2, I color code by the X-ray variability flag,
SC_VAR_FLAG (some sources are missing due to the lack of X-ray counts that can
be used to compute the variability metric). While non-variable X-ray sources tend
to be located everywhere in the diagram, variable X-ray sources are located either
in the upper left accreting compact object corner, or in the active star corner, near
the boundary.

In the right panel of Figure 5.2, I color code by an optical variability metric from

Gaia. This metric is essentially the mean number of standard deviations from the
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Figure 5.2: The same dataset as in Figure 5.1, but color coded by X-ray variability
(left) and optical variability (right). In both cases, the most variable sources tend to
be located above the cut or just below it.
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Figure 5.3: Objects from Figure 5.1 (same coloring conventions) plotted atop the
100 pc Gaia Hertzsprung-Russell (HR) diagram (light blue). The full XMM-
Newton/Gaia crossmatch is shown in gray.

median flux by which the source varies: oG VNobs/{G) (e.g., Mowlavi et al., 2021;
Guidry et al., 2021). The most optically variable sources are, as with X-ray variable
sources, either in the upper left part of the diagram or near the boundary between
classes. Finally, in Figure 5.3, I plot all objects with a significant (307) parallax in

the 100 pc Gaia Hertzsprung-Russell diagram.
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Figure 5.4: Galactic sources from the SRG/eROSITA eFEDS catalog (gray), with
colored circles indicating those that have an SDSS-V spectrum. The two larger
circles are polars from Rodriguez et al. (2023c). The same empirical cut from
Figure 5.1 distinguishes CVs (red) from active stars (magenta). Red stars are
spectroscopically confirmed CVs from an ongoing survey using the XMM-Newton
catalog, and the red triangle is an AM CVn (ultracompact CV) from a separate
SRG/eROSITA catalog (Rodriguez et al., 2023a).

5.4 Results: Discovery of New Systems as Proof of Concept
In the following subsections, I show the application of this diagram to the discovery

of several new objects. This is a pilot study which serves as a proof of concept.

SRG/eROSITA eFEDS + SDSS-V Optical Spectroscopy

In Figure 5.4, I present the SRG/eROSITA eFEDS catalog of Galactic objects, along
with those objects that have an SDSS-V spectrum in SDSS DR18. As described in
Section 5.2, I only keep objects with a high signal-to-noise ratio that have CLASS ==
STAR. Using the empirical cut (same as in Figure 5.1), I classify all objects below
the cut as active stars and all above as CVs. I visually inspect all 42 spectra, and
confirm the SUBCLASS classifications in SDSS DR 18 (28 M stars, 8 K stars, 1 G star,
and 5 CVs). This confirms the effectiveness of the X-ray Main Sequence, though a
different empirical cut should ideally be adopted depending on the X-ray telescope,
which would have a different energy range. I also note that targeted objects are
predominantly located at high values of F / Fop, likely due to a selection of optically
faint objects (e.g., no objects in the eFEDS/SDSS-V crossmatch are brighter than
G = 16).

The objects in the lower right part of Figure 5.4 are predominantly active stars, with
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Figure 5.5: SDSS-V spectra of four objects with distinct spectral types in the
SRG/eROSITA eFEDS catalog. All objects are new discoveries, with spectroscopy
confirming the predicted classification from the X-ray Main Sequence.

most M and K dwarfs showing Balmer emission lines or at least Ha in emission.
However, further work is needed to determine the binary nature of these systems.
In Figure 5.5, I present SDSS-V co-added spectra of four objects (publicly available
in DR18) in the eFEDS/SDSS-V crossmatch, one of each spectral type. All four
objects are presumably new, with no references in either Simbad or VSX3.

Other SRG/eROSITA Systems: Magnetic CVs and AM CVns

I have shown elsewhere that this diagram can be used to discover two important
classes of CVs: magnetic CVs and ultracompact AM CVns. In Rodriguez et al.
(2023c), we discovered two polars using a crossmatch of the SRG/eROSITA eFEDS
catalog with Gaia and ZTF. In (Rodriguez et al., 2023a), we discovered an eclipsing
AM CVn which showed little optical variability due to poor photometric coverage.
We demonstrated that it was the X-ray + optical crossmatch and its placement in the
X-ray Main Sequence that enabled the discovery and characterization of that object.
I show all three systems in Figure 5.4, with the two polars shown as larger red circles
and the AM CVn as a triangle.

8 At the time of writing, work is being undertaken to identify all CVs in the eFEDS field (Schwope,
A. et al, in prep).
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XMM-Newton CVs with Keck and Palomar Spectroscopy

To further demonstrate the effectiveness of the X-ray Main Sequence in selecting
accreting compact objects, I am undertaking a spectroscopic survey of CV candidates
selected from the upper left corner of the XMM-Newton/Gaia crossmatch presented
in this paper (as well as other X-ray catalogs). To complement this survey, I am also
crossmatching with optical photometry from the Zwicky Transient Facility (ZTF;
see Appendix 7.8 for details). Here, I present six systems from this ongoing survey
to highlight the effectiveness of the X-ray Main Sequence. In particular, the systems
I present are “exotic CVs" — CVs which have been particularly rare in purely optical
surveys (i.e., those that search for optical outbursts). A description of of all objects
and observations is in Appendix 7.8. Optical spectra of all objects are shown in

Appendix Figure 5.9, and optical light curves in Appendix Figures 5.10 and 5.11.

5.5 Discussion

How to Interpret This Diagram

Asdiscussed in Section 8.2, the catalogs for all objects types in this sample are almost
certainly incomplete. In no way do I claim that this plot perfectly distinguishes
between classes of objects. In addition, the majority of objects in the XMM-Newton
source catalog, even those with optical counterparts, remain unidentified. So, it is
difficult to obtain estimates of either purity or completeness without more detailed
classification (e.g., from optical spectroscopy). The most that we can say at the
present time is that the empirical cut in Figure 5.1 introduces at most a few active
stars into the accreting compact object corner, and vice versa. However, there are a
few CVs and HMXBs that make their way into the bottom right corner, presumably
due to high optical contribution from the donor and/or accretion disk. Despite these
caveats, the diagram works very well for classifying objects actually detected by
X-ray surveys. That’s the point: not to find every compact object, but the classify

the ones that are X-ray sources.

Why This Diagram Works: The Saturation Line
A plausible explanation for the clear clustering in this diagram rests on a well-known
empirical result in the study of solar and late-type active stars: the X-ray luminosity

“saturates" at the (typically claimed) limit of Ly /Lpo = 1073,

This existence of this X-ray saturation limit has been proposed to be due to the limit
on the magnetic field strength as a result of the dynamo mechanism (Reiners et al.,

2022). In the earliest works investigating stellar activity, Skumanich (1972) con-
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Figure 5.6: All active stars in the sample of Wright et al. (2011) are below the
saturation limit of Ly /Lpo = 10723, The majority of stars in the saturated regime
tend to be cooler, with T.g < 5000 K.

nected the strength of the Ca Il H and K lines with stellar rotation periods. Pallavicini
et al. (1981) was the first to use X-ray fluxes (from the Einstein Observatory) as
a stellar activity indicator and show a dependence of X-ray luminosity on stellar
rotation periods. Later works then used larger X-ray datasets (such as ROSAT) to
show that at the fastest rotation periods, X-rays saturate at Ly/Lpo ~ 107> (e.g.,
Reiners et al., 2014; Magaudda et al., 2020; Johnstone et al., 2021). In most cases,
Lx/Lpo is plotted versus the Rossby number, Ro, which is the ratio of the rotation
period over the convective turnover timescale. There is also a “super-saturated"
regime at the lowest Rossby numbers where Ly /Ly turns over and decreases from

the saturation limit (e.g., Nufiez et al., 2023).

In recent years, it has been proposed that stellar activity and magnetism arise from
a dynamo mechanism — where it can be most simply stated that kinetic rotational
energy is converted to magnetic energy(e.g., Charbonneau, 2014). If the dynamo
theory holds, then limits on stellar rotation naturally set a limit on magnetic activity,
and therefore X-ray luminosity (Reiners et al., 2022). In Figure 5.6, I present the
sample of 823 active stars from Wright et al. (2011). In practice, the saturation limit
has a variance of ~ 0.5 dex, so I adopt a saturation limit of Lx /Ly, = 1072 when

creating the “theoretical cut" in the X-ray Main Sequence.

Now that a limit of Ly /Ly is established, I convert Ly, to a more useful observa-
tional quanity: an optical color and luminosity in a single optical bandpass, Lp.
To compute Ly, I take a 10 Gyr isochrone from the MESA Isochrones and Stellar
Tracks library (MIST; Choi et al., 2016b), at solar metallicity and with v/v¢ = 0.4.

The final step is to obtain an optical luminosity, which can be taken at a single
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Figure 5.7: A MIST isochrone at the current age of the Milky Way converts between
Ly, an optical color, and Ly. The main sequence is shown in bold, and we omit
the evolved tracks shown in lighter color.

optical passband (i.e., Gaia G). I do this by using the Sun’s absolute G magnitude
as a reference, and computing Loy = 1004(Mc.o=Ma) T, The steps in creating the

theoretical cut are visually outlined in Figure 5.7.

Earlier Versions of This Diagram

One of the earliest versions of this diagram appears in Figure 1 of Maccacaro et al.
(1988), though it is presented as a way to distinguish extragalactic objects from
galactic objects using data from the Einstein Observatory. Stocke et al. (1991) later
presents this diagram showing only stellar sources, also using Einstein data, but only
a few dozen points appear in the plot. Nearly 25 years later, the diagram re-appeared
in Figure 2 of Greiner and Richter (2015) using ROSAT data, now with a clear
distinction between AGN and CVs in the upper left and stars in the lower right.
However, just a few dozen sources are plotted, and only a limited explanation given
as to why the diagram distinguishes between classes. Discouragingly, there appeared
to be no way to distinguish between AGN and CVs, since they both occupied the

same region of phase space (Gaia DR1 would come one year later).

Recently, this diagram has appeared more often in the literature thanks to reanalyzed
ROSAT and early SRG/eROSITA data, Freund et al. (2022) created this diagram for
a catalog of stellar sources in ROSAT data, and present a very thorough explanation
for the dearth of sources above Fy/Fop = 1073 (they also invoke the well-known
“saturation limit"). However, compact objects are entirely left out. This diagram is
also shown in Appendix B of Stelzer et al. (2022), where optical/X-ray counterparts
from the eFEDS survey of the SRG/eROSITA telescope are shown. In that figure,
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extragalactic and Galactic objects are distinguished, but no further information
is presented. Most recently, Schwope et al. (2022a) and Schwope et al. (2023)
presented studies of two newly discovered CVs and show their location to be in the

upper left corner of this diagram alongside other SRG/eROSITA sources.

I propose three main reasons for the lack of investigation and use of the diagram
beyond the studies listed above: 1) there have been fewer X-ray sources in previous
surveys compared to today, 2) many of those sources did not even have reliable
optical counterparts due to large X-ray error circles, and 3) distinguishing between
Galactic and extragalactic sources was much more difficult before Gaia. Many of
the large catalogs on which I rely to provide classifications have also only come

about in the last decade or so.

Applications to Upcoming Large X-ray and Optical Surveys

Given an X-ray detection and identification of an optical counterpart, this tool
can efficiently select accreting compact objects candidates for optical spectroscopic
follow-up. The efficiency is impressive: of the 25,050 sources in the XMM-
Newton/Gaia crossmatch, only 562 (2.2%) of sources are above the empirical cut.
Furthermore, because the vertical axis is written as Fx / Fop, distant or faint objects

that may only have a Gaia proper motion (and not parallax) can still be selected.

The most obvious application in the immediate future is for large scale spectroscopic
surveys (e.g., SDSS-V, DESI, WEAVE, 4MOST). While these surveys are making
obtaining optical spectra easier than ever, targeting is still needed to be done based
on some prior information. I propose that these spectroscopic surveys inform their
targeting strategies based on Figure 5.1. I present a cartoon outlining the main

classes in Figure 8.8.

5.6 Conclusion

I have presented a tool for X-ray + optical astronomy that has received little to
no attention in the past. The power of this tool is effectively demonstrated thanks
to modern datasets — in particular, 2" error circles from the large XMM-Newton
source catalog, precise astrometry from Gaia, and a whole host of catalogs with
object classifications in the literature. The “X-ray Main Sequence" distinguishes
accreting compact objects in the upper left from active stars and in the lower right.

Symbiotic stars appear to occupy a unique portion of phase space as well.

I have presented two cuts to distinguish between accreting compact objects and
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Figure 5.8: A cartoon of Figure 5.1 demonstrating the location of the three main
categories of objects in the X-ray Main Sequence.

active stars: an empirical cut and theoretical cut. The latter is based on a well-known
relation in active stars, namely that they have a “saturation limit" of L / Lyo < 10723
(though Ly /Lpo < 1073 is often quoted in the literature). The cuts I present are not
perfect by any means, and could be affected by incompleteness in object catalogs
that I use.

In brief, the “X-ray Main Sequence" shows promise for being used as an initial
classification tool for upcoming surveys. It is highly efficient at selecting accreting
compact objects, flagging a mere ~2% of objects as candidates. Both X-ray and
optical astronomy are on the verge of transformation, thanks to SRG/eROSITA,
Gaia, the Rubin Observatory Legacy Survey of Space and Time (LSST), and the
growing optical datasets from ZTF, TESS, ATLAS, and ASAS-SN. Stellar astron-
omy is entering a new golden era, and tools such as this will be crucial in identifying

interesting single objects as well as large systematic surveys.
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5.8 New Cataclysmic Variables form XMM-Newton:Description of Observa-
tions and Individual Systems

All systems are summarized in Table 5.1.

4XMM J001830.24+43571 (4XMM1JO0018) was observed due to its 2.22 hr periodicity
in ZTF. This system shows Balmer emission lines as well as prominent bumps
centered at 4000 and 5000 Angstrom. These are reminiscent of cyclotron harmonics
in polars, leading me to classify it as a candidate polar (e.g., Warner, 1995b). The
narrow emission lines, however, suggest this could be either a low-state polar or low

accretion rate polar (e.g., Schwope et al., 2007).
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4XMM J001912.5+220732 (4XMM1J0019) stood out due to its placement near the
WD track in the Gaia HR diagram. This object shows nearly no variability in ZTF,
making it unlikely to have been discovered had it not been for its X-ray detection.
It features strong, double-peaked Balmer and He emission lines, with weak Hf and
Hy absoprtion from the WD, leading me to classify it as a candidate WZ Sge CV
(e.g., Gilliland et al., 1986; Inight et al., 2023a).

4XMM J021902.2+625713 (4XMMJ0219) stood out due to its placement near the
main sequence despite having a 3.85 hr period in ZTF. The lack of strong Balmer
emission lines (only weak Ha is seen) as well as the FG-type spectrum is suggestive
of the evolved CVs also known as pre-ELMs (El-Badry et al., 2021a). In these
systems, the WD accretes from a donor that filled its Roche lobe just before leaving
the main sequence, therefore forming an “evolved" CV. Many systems evolve to
short (P, < 1 hr) periods before detaching and forming an extremely low mass
(ELM) WD (El-Badry et al., 2021a). Virtually all of the criteria are met for me to
classify this system as an (pre-ELM) evolved CV.

4XMM J063722.6+054158 (4XMMJ0637) was selected due to its long orbital pe-
riod (Pop = 13.8 hr) dominated by ellipsoidal modulation. It also undergoes regular,
triangular outbursts, which last ~ 200 days, in contrast to typical dwarf nova out-
bursts which last ~ 10 days. At its orbital period, the donor must be an evolved
subgiant (e.g., Sokolovsky et al., 2022). The optical spectrum is indeed dominated
by the FG-type donor, albeit with He II 4686 and the rare CIII/NIII Bowen blend
emission lines. Interestingly, this system is near the “bifurcation period", where
depending on the WD and donor parameters, the system may either evolve to longer
or shorter orbtial periods (e.g., Belloni and Schreiber, 2023). All of the criteria are
met for me to classify this system as an evolved CV, and I will report on extensive

spectroscopy in an upcoming study (Rodriguez et al. in prep).

4XMM J085012.5-03163 (4XMMJ0850) stood out due to its 51 min (or doubled,
1.70 hr) period in ZTF data. Phase-resolved spectroscopy is being acquired to
determine the true period. Like 4XMMJ0219, this system is also unusually close to
the main sequence for so short an orbital period (even if 1.70 hr is the true period).
The spectrum is dominated by a K-type donor, which hints at it being an evolved CV.
In this system, however, Balmer lines are in emission along with the He I 4686 line,
which is not typically seen in pre-ELMs, but suggestive of magnetism (Silber, 1992;
El-Badry et al., 2021a). While some characteristics lead me to classify this system

as a candidate evolved CV, further work is needed to determine its true nature.
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Figure 5.9: Keck and Palomar spectra of six CVs which are part of an ongoing
spectroscopic survey of the 4XMM-Gaia catalog. All sources were predicted to be
accreting compact objects using the X-ray Main Sequence, and confirmed through
optical spectroscopy. Sub-classes shown are preliminary, yet all systems are distinct
from archetypal CVs (dwarf novae such as that shown in Figure 5.5), demonstrating
the richness that X-ray + optical surveys can reveal.

4XMM J195502.7+443657 (4XMMIJ1955) features unusual variability in ZTF —
low amplitude (< 1 mag) variability with high amplitude (~ 3 mag), short (~ 20 day)
dips. High-cadence ZTF data also reveals a 20—30 min period, suggestive of a WD
spin period in intermediate polars (Mukai, 2017). Remarkably, its optical spectrum
shows the strongest Balmer and He emission lines of any object in the sample. He
1T 4686 is also nearly as strong as HB, which is typically seen in intermediate polars
(Silber, 1992). Despite fulfilling some of the necessary criteria, I am cautious to
label this system as a candidate intermediate polar since extensive X-ray and optical
timing data as well as phase-resolved spectroscopy as usually needed to securely

classify such systems.

Of the six systems reported above, four were observed with the Double Spectrograph
(DBSP; Oke and Gunn, 1982a) on the Hale telescope (4XMMJ0018, 4XMMJ0019
4XMMJ0219, and 4XMMJ0850). Iused the 600/4000 grism on the blue side and the
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316/7500 grating on the red side. A 1.5" slit was used, and the seeing throughout all
observations varied between 1.5 —2.0", leading to some slit losses. All P200/DBSP
data were reduced with DBSP-DRP?, a Python-based pipeline optimized for DBSP
built on the more general PypeIt pipeline (Prochaska et al., 2020).

4XMMIJO0637 and 4XMMJ1955 were observed with the Keck I telescope using
the Low-Resolution Imaging Spectrometer (LRIS; Oke et al., 1995a). 1 used
the 600/4000 grism on the blue side with 2x2 binning (spatial, spectral), and the
600/7500 grating on the red side with 2x1 binning. I used a 1.0 slit, and the seeing
each night was approximately 0.7—1, leading to minimal slit losses. All Keck I/LRIS
data were reduced with 1pipe, an IDL-based pipeline optimized for LRIS long slit
spectroscopy and imaging (Perley, 2019). All data (for both DBSP and LRIS) were
flat fielded sky-subtracted using standard techniques. Internal arc lamps were used

for the wavelength calibration and a standard star for overall flux calibration.

In Figure 5.10, I present long term ZTF light curves for all CVs in Section 5.4, from
Data Release 19 (covering March 2018 — July 2023). ZTF is a photometric survey
that uses a wide 47 deg? field-of-view camera mounted on the Samuel Oschin 48-
inch telescope at Palomar Observatory with g, r, and i filters (Bellm et al., 2019b;
Graham et al., 2019; Dekany et al., 2020; Masci et al., 2019). In its first year of
operations, ZTF carried out a public nightly Galactic Plane Survey in g-band and
r-band (Bellm et al., 2019a; Kupfer et al., 2021). This survey was in addition to
the Northern Sky Survey which operated on a 3 day cadence (Bellm et al., 2019b).
Since entering Phase II, the public Northern Sky Survey is now at a 2-day cadence.
The pixel size of the ZTF camera is 1 and the median delivered image quality is 2.0
at FWHM.

In Figure 5.11, I present phase-folded light curves for four objects: 4XMMJ0018,
4XMMJ0219, 4XMMJ0850, and 4XMMIJ0637. I used the gatspy software (Van-
derplas, 2015) to compute a Lomb-Scargle periodogram (Scargle, 1982), searching
for periods between 4 minutes and 10 days with an oversampling factor of 5. For
all four systems that show a significant (100~ above the median) periodicity, I plot
twice the best period, which in 4XMMJ0219 and 4XMMJ0637 reveals ellipsoidal
modulations (minima of different depths). However, in the case of 4XMMJ0018 and
4XMMJ0850, the difference between two different minima is unclear and phase-

resolved spectroscopy is needed to reveal the true period. Finally, I present the

9https ://dbsp-drp.readthedocs.io/en/stable/index.html
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Figure 5.10: Long term (5 year) ZTF light curves in r band (red) and g band (blue)
of all newly discovered XMM CVs.
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Folded ZTF light curves (excluding outbursts) in r band (red) and g

band (blue) of 4 newly discovered XMM CVs. On the bottom right are the high-
cadence continuous observations of 4XMMJ1955 from the ZTF Galactic Plane

Survey.

high-cadence data from the ZTF Galactic Plane Survey for 4XMMJ1955, which

reveals pulsations on a 20-30 min timescale.
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5.9 Catalog Data
In Table 5.2, I list all of the objects used from external catalogs and references to
the papers in which X-ray fluxes were reported. In Table 5.3, I show a preview of

the entire XMM-Gaia crossmatched catalog, which I make available in machine
readable format.
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Name Class Gaia DR3 ID X-ray Reference
J0212+5320 Redback 455282205716288384 (1)
J1048+2339 Redback 3990037124929068032 (1)
J1306-40 Redback 6140785016794586752 (1)
J1431-4715 Redback 6098156298150016768 (1)
J1622-0315 Redback 4358428942492430336 (1)
J1628-3205 Redback 6025344817107454464 (1)
J1723-2837 Redback 4059795674516044800 (1)
J1803-6707 Redback 6436867623955512064 (1)
J1816+4510 Redback 2115337192179377792 (1)
J1908+2105 Redback 4519819661567533696 (1)
J1910-5320 Redback 6644467032871428992 (1)
J2039-5618 Redback 6469722508861870080 (1)
J2129-0429 Redback 2672030065446134656 (1)
J2215+5135 Redback 2001168543319218048 (1)
J2339-0533 Redback 2440660623886405504 (1)
J1311-3430 Black Widow 6179115508262195200 (1)
J1653-0158 Black Widow 4379227476242700928 (1)
J1810+1744 Black Widow 4526229058440076288 (1)
B1957+20 Black Widow 1823773960079216896 (1)
GROJ0422+32 LMXB (BH) 172650748928103552 (2)
A0620-00 LMXB (BH) 3118721026600835328 (2)
V404 Cyg LMXB (BH) 2056188624872569088 (2)
XTE J1118+480 LMXB (BH) 789430249033567744 (2)
GROJ1655-40 LMXB (BH) 5969790961312131456 (2)
4U 2129+47 LMXB (NS) 1978241050130301312 (3)
Cen X-4 LMXB (NS) 6205715168442046592 (3)
Aql X-1 LMXB (NS) 4264296556603631872 (3)
SAX J1808.4-3658 LMXB (NS) 4037867740522984832 (3)
A0535+26 HMXB (NS) 3441207615229815040 (4)
KS 1947+300 HMXB (NS) 2031939548802102656 (4)
V4641 Sgr HMXB (BH) 4053096388919082368 (4)
Cyg X-1 HMXB (BH) 2059383668236814720 (4)
GX 1+4 Symbiotic (NS)  4110236324513030656 (5)
4U 1954+319 Symbiotic (NS)  2034031438383765760 (5)
CXOGBS J173620.2-293338 Symbiotic (NS)  4060066227422719872 (5)
4U 1700424 Symbiotic (NS)  4571810378118789760 (5)
NQ Gem Symbiotic (WD)  868424696282795392 (6)
UV Aur Symbiotic (WD)  180919213811383680 (6)
77 CMi Symbiotic (WD) 3155368612444708096 (6)
ER Del Symbiotic (WD) 1750795043999682304 (6)
CD -283719 Symbiotic (WD) 5608089951177429120 (6)
RX J0019.8+2156 SSS 2800287654443977344  (7)
RX J0925.7-4758 SSS 5422337322910734080 (7)
RR Tel SSS 6448785024330499456 (7)

Table 5.2: All systems shown in Figure 5.1 with literature X-ray detections. (1):
Koljonen and Linares (2023), (2): Garcia et al. (2001a), (3): Menou et al. (1999),
(4): Russell et al. (2006), (5): Yungelson et al. (2019a), (6): Luna et al. (2013), (7):
4XMM-DR13 Catalog.
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Chapter 6

CATACLYSMIC VARIABLES AND AM CVN BINARIES IN
SRG/EROSITA + GAIA: VOLUME LIMITED SAMPLES, X-RAY
LUMINOSITY FUNCTIONS, AND SPACE DENSITIES

Antonio C. Rodriguez, Kareem El-Badry, Valery Suleimanov, Anna F. Pala, Shrini-
vas R. Kulkarni, Boris Gaensicke, Kaya Mori, R. Michael Rich, Arnab Sarkar,
Tong Bao, Raimundo Lopes de Oliveira, Gavin Ramsay, Paula Szkody, Matthew
Graham, Thomas A. Prince, Ilaria Caiazzo, Zachary P. Vanderbosch, Jan van
Roestel, Kaustav K. Das, Yu-Jing Qin, Mansi M. Kasliwal, Avery Wold, Steven L.
Groom, Daniel Reiley, and Reed Riddle. Cataclysmic Variables and AM CVn
Binaries in SRG/eROSITA + Gaia: Volume Limited Samples, X-Ray Luminosity
Functions, and Space Densities. Publications of the Astronomical Society of the
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ABSTRACT

We present volume-limited samples of cataclysmic variables (CVs) and AM CVn
binaries jointly selected from SRG/eROSITA eRASS1 and Gaia DR3 using an X-
ray + optical color-color diagram (the “X-ray Main Sequence"). This tool identifies
all CV subtypes, including magnetic and low-accretion rate systems, in contrast to
most previous surveys. We find 23 CVs, 3 of which are AM CVns, out to 150 pc in
the Western Galactic Hemisphere. Our 150 pc sample is spectroscopically verified
and complete down to Ly = 1.3 x 10* erg s~! in the 0.2-2.3 keV band, and we also
present CV candidates out to 300 pc and 1000 pc. We discovered two previously
unknown systems in our 150 pc sample: the third nearest AM CVn and a magnetic
period bouncer. We find the mean Ly of CVs to be (Ly) =~ 4.6 x 10°* ergs™!, in
contrast to previous surveys which yielded (Ly) ~ 103! —1032 erg s=!. We construct
X-ray luminosity functions that, for the first time, flatten out at Ly ~ 10°* erg s
We infer average number, mass, and luminosity densities of pn, cv = (3.7 £0.7) X
107%pc™, py = (5.0 £ 1.0) x 1072 M1, and pr,, = (2.3 £0.4) X 10%%erg s~ M,
respectively, in the solar neighborhood. Our uniform selection method also allows
us to place meaningful estimates on the space density of AM CVns, pN, AM Cvn =
(5.5 +3.7) x 10~ "pc~3. Magnetic CVs and period bouncers make up 35% and 25%
of our sample, respectively. This work, through a novel discovery technique, shows
that the observed number densities of CVs and AM CVns, as well as the fraction of

period bouncers, are still in tension with population synthesis estimates.
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6.1 Introduction

Cataclysmic Variables (CVs) are the most numerous accreting compact object bi-
naries in the Milky Way. They serve as important laboratories of accretion physics
and binary evolution which extend to many other types of binaries (e.g., Tauris and
van den Heuvel, 2023). CVs are important in a broader astrophysical context since
they likely dominate the hard X-ray excess seen from the Galactic Center (GCXE;
Hailey et al., 2016) and Galactic Ridge (GRXE; Revnivtsev et al., 2006). CVs are
composed of a white dwarf (WD) accreting from a Roche-lobe filling donor, which
is typically a late-type star (e.g., Warner, 1995b; Hellier, 2001b). In magnetic CVs,
where the WD magnetic field is strong enough that the Alfvén radius extends well
past the surface of the WD, the disk is either substantially truncated (intermediate
polars; B = 1-10 MG) or entirely prevented from forming (polars; B ~ 10-230 MG
de Martino et al., 2020a; Ferrario et al., 2020). In both cases, matter is channeled
via magnetic field lines onto the WD surface, rather than flowing through the disk
boundary layer onto the WD as in non-magnetic CVs (e.g., Mukai, 2017).

AM Canum Venaticorum (AM CVn) binaries are the ultracompact analogs of clas-
sical CVs, which are highly evolved, having undergone one or two common envelope
events (e.g., Warner, 1995b; Solheim, 2010; Ramsay et al., 2018). As a result they
have have helium-dominated donors and orbital periods in the range of 5—65 min
(Ramsay et al., 2018). Because of their short orbital periods, some AM CVns will
be among the strongest sources of millihertz gravitational waves as seen by the up-
coming Laser Space Interferometer Antenna (e.g., Nelemans et al., 2004b; Kupfer
et al., 2024).

The most fundamental questions surrounding CVs and AM CVns can only be an-
swered through population studies: 1) What is the true space density and total
number of CVs and AM CVns in the Milky Way? (e.g., Goliasch and Nelson,
2015; Belloni et al., 2018; Nelemans et al., 2001; Carter et al., 2013); 2) What
fraction of CVs are magnetic, and what is the origin of their magnetism? (e.g., Pala
et al., 2020a; Schreiber et al., 2021a); 3) Why is the mean mass of WDs in CVs
~ 30% higher than that of single WDs? (e.g., Zorotovic and Schreiber, 2020; Pala
et al., 2022a); 4) Where are all of the “period bouncers" — systems that have a
degenerate, brown dwarf donor, and are predicted to constitute 40—70% of all CVs?
(e.g., Goliasch and Nelson, 2015; Belloni et al., 2018; Pala et al., 2020a); and 5)
What role does magnetic braking play in angular momentum loss (AML), which
drives the evolution of CVs and AM CVn progenitors? (e.g., Rappaport et al., 1983;
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Andronov et al., 2003; El-Badry et al., 2022). Regarding AM CVns specifically,

their formation channel is a major question that has garnered recent interest (e.g.,
van Roestel et al., 2021; Sarkar et al., 2023a; Belloni and Schreiber, 2023).

The biggest problems with CV and AM CVn surveys are incompleteness and inho-
mogeneity: no single survey method, aside from large spectroscopic surveys, has
been sensitive to all subtypes. Combining systems from various photometric and
spectroscopic surveys as was done in the seminal work by Pala et al. (2020a) is
possible, but requires hard work and leads to a selection function that is difficult to
characterize (e.g., Pala et al., 2020a; Inight et al., 2021). This has strongly encum-
bered estimates of completeness, which have led to contrasting estimates of space
densities and the relative number of CVs in different evolutionary stages. A brief
summary of CV evolution reveals which surveys are biased towards the discovery
of different CV subtypes.

CVs are “born" when the companion star in a post common envelope binary (PCEB)
fills its Roche lobe and starts mass transfer to the WD. Depending mainly on the
nature of the donor star, most CVs are born at orbital periods of Py = 6-10
hr (e.g., Knigge et al., 2011). From this point, down to Pyp =~ 3—4 hr, mass
transfer is high, reaching levels of M ~ 1078Mg yr~!. Non-magnetic CVs in this
evolutionary state are usually discovered as novalikes (e.g., Inight et al., 2023a),
while magnetic systems in this evolutionary state are typically X-ray bright (Ly ~
103! — 103 erg s~!) intermediate polars (IPs) (e.g., Suleimanov et al., 2019). As
mass transfer continues, AML is high, driven mostly by magnetic braking of the
donor star, and the accretion disk in non-magnetic CVs remains permanently ionized.
As CVs evolve to shorter periods, M is reduced, which leads to the onset of a thermal
instability (Pringle, 1976; Lasota, 2001). This is believed to be the cause of dwarf
nova outbursts, which observationally manifest themselves as a 2—-8 mag transient
brightening at optical wavelengths lasting a few tens of days (e.g., Hellier, 2001b;
Inight et al., 2023a).

At Py, =~ 2-3 hr, there has been observational evidence and theoretical explanations
for the (contested) existence of a “period gap". It is believed that mass transfer
halts, presumably due to the donor star becoming fully convective causing magnetic
braking to turn off (Spruit and Ritter, 1983a; Howell et al., 2001; Zorotovic et al.,
2016a; Schreiber et al., 2024a). AML due to gravitational wave radiation brings CVs
back into contact at Py, = 2 hr, and mass transfer rates remain high enough for dwarf

nova outbursts to be seen until CVs approach the canonical orbital period minimum
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of =~ 78 min (Paczynski and Sienkiewicz, 1983; Knigge et al., 2011). At this stage

in their evolution, mass transfer rates reduce to M ~ 10~!! — 10_'0M@ yr" , and the
timescale required for the onset of the thermal instability at such low accretion rates
is typically much longer than observational timescales. At such low mass transfer
rates, the X-ray luminosity is also dramatically reduced, reaching values as low as
Lx ~ 10? erg s~ (Reis et al., 2013). Once enough mass is depleted from the
donor, nuclear burning halts, and the donor becomes degenerate. This means that
the donor radius increases as mass is lost. This causes CVs to “bounce" and evolve
to longer periods at the canonical period minimum of Py, =~ 78 min, leading to
these low mass transfer rate (M ~ 10" M, yr‘l) systems with degenerate donors

being called “period bouncers".

At this point, it is clear that CVs at different evolutionary stages have very different
observed phenomenology, and have historically been detected in different ways: 1)
X-ray surveys (especially hard X-ray surveys sensitive to £ > 10 keV) have mainly
discovered magnetic CVs: IPs and nearby polars, though nearby non-magnetic CVs
with high mass transfer rates have also been discovered this way (e.g., using the
ROSAT all-sky soft X-ray mission and the Swift/BAT and INTEGRAL hard X-ray
missions; Verbunt et al., 1997; Schwope et al., 2000; Suleimanov et al., 2022); 2)
Optical photometric surveys have mainly discovered (non-magnetic) dwarf novae
(e.g., using the Catalina Real-time Transient Facility and Zwicky Transient Facility;
Breedt et al., 2014; Szkody et al., 2020); and 3) large spectroscopic surveys have
mainly discovered low-accretion rate CVs near the orbital period minimum (e.g.,
using the Sloan Digital Sky Survey; Génsicke et al., 2009; Szkody et al., 2011;
Inight et al., 2023a). This has led to present CV catalogs such as the Ritter and Kolb
catalog (Ritter and Kolb, 2003a) and the International Variable Star Index (VSX)
catalog! being comprised of systems from many different surveys, each with their

own biases.

A similar story applies to AM CVns, though they evolve from short to long orbital
periods given the degenerate nature of their donor stars. Short orbital period (Po, =
5 —20 min) systems do not undergo optical outbursts due to their high mass transfer
rates, but are X-ray bright?> and have been identified since the ROSAT era (e.g.,
Israel et al., 2002; Ramsay et al., 2018). At intermediate periods (Pop = 20 — 50

Thttps://www.aavso.org/vsx/index.php?view=search. top

2 Aside from the shortest period AM CVns, HM Cnc and V407 Vul, the rest of the population is
X-ray faint, reaching only Lx ~ 10°° — 103! erg s~! as seen from X-ray follow-up observations (e.g.,
Ramsay et al., 2005, 2006; Begari and Maccarone, 2023).
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min), accretion disks in AM CVns are subject to thermal instabilities, leading to
dwarf nova outbursts which enable easy identification through optical photometric
surveys (e.g., van Roestel et al., 2021). However, the majority of AM CVns are
expected to be long-period (Po, = 50 — 65 min) systems, since they remain at low
mass transfer rates for ~ few Gyr (e.g., Nelemans et al., 2001; Wong and Bildsten,
2021). These systems, like low accretion rate CVs, do not outbust frequently, and
have only been identified through large spectroscopic surveys from SDSS (Roelofs
et al., 2007; Carter et al., 2013) or through their eclipses in large optical photometric
surveys (van Roestel et al., 2022).

Here, we present the first volume-limited survey of CVs, including AM CVns,
selected using a single tool which is sensitive to all subtypes. We construct volume-
limited samples of CV candidates out to 1000 pc, 300 pc, and 150 pc. The 150
pc sample is confirmed with optical spectroscopy, complete down to Lx = 1.3 X
10%%rg s~ in the 0.2-2.3 keV range, and the main focus of this paper. This
survey is made possible using a tool recently presented by Rodriguez (2024b)
— an X-ray + optical color-color diagram dubbed the “X-ray Main Sequence"
which efficiently distinguishes accreting compact objects from coronally active
stars. Rodriguez (2024b) applied this tool to discover new CVs in a crossmatch of the
XMM-Newton catalog and Gaia, and recently, Galiullin et al. (2024a) incorporated
this tool to discover new CVs in a crossmatch between the Chandra Source Catalog
and Gaia. Here, we construct the X-ray Main Sequence through a crossmatch
of the recently released SRG/eROSITA eRASSI1 soft X-ray survey of the Western
Galactic Hemisphere (Merloni et al., 2024) with Gaia Data Release 3 (DR3; Gaia
Collaboration et al., 2023a).

In Section 6.2, we show that given a sensitive enough X-ray survey, CVs of all
subtypes can be detected. In Section 6.3, we present the crossmatch between the
eRASS1 catalog and Gaia DR3 to identify optical counterparts. We outline the
construction of CV samples out to 150, 300, and 1000 pc, as well as a reference
sample of CVs created from the VSX catalog. In Section 6.4, we compare the X-ray
luminosity distributions of volume-limited samples to those of our VSX reference
samples. We also present new space densities and X-ray luminosity functions based
on the 150 pc sample. In that section, we also present the two new CVs discovered
within 150 pc using our method and summarize global properties of all CVs in the
150 pc sample. Finally, in Section 8.4, we discuss our sample completeness. We

compare our inferred space densities of CVs and AM CVns to those of previous
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surveys as well as theoretical predictions.

6.2 X-ray Emission from Cataclysmic Variables
All CVs are X-ray emitters. Assuming that half of the gravitational potential energy
associated with accretion is radiated away as X-rays>, the X-ray luminosity can be

expressed as in Patterson and Raymond (1985):

I 1 GMwpM
= NeEYEqy————————
X nex out2 RWD
Mwp
= 6.9 % 10%° (i (8—") Eout 6.1
0.1) 03 (0.5) 08Mg ) * ©.1

M Rwn B erg s~}
10-19M, yr1 ) | 0.0105R, &

where Ly is the X-ray luminosity in the 0.2-2.3 keV range, n is the radiative
efficiency, €x is the correction factor for observing X-rays only in the 0.2-2.3
energy band (a power-law model with I' = 2 is assumed to calculate the above value
of 0.3), &out 1s the fraction of X-rays that are emitted outward and not absorbed by
the WD (we adopt a value of 0.5 as in Patterson and Raymond, 1985), the additional
factor of 1/2 represents the fraction of gravitational potential energy associated with
accretion radiated by the boundary layer, and Mwp and Rwp are the mass and radius
of the WD (Bédard et al., 2020), respectively, and M is the mass transfer rate.

While there are uncertainties in this simple treatment, particularly in estimating
n and &qy, it is clear that the lowest mass transfer rates reached by CVs, M =
107" My, yr~!, means that they can reach very low X-ray luminosities, on the order
of Ly ~ 10% ergs™'. This is supported by observational evidence, notably the
work of Reis et al. (2013), where it was found that the mean X-ray luminosity of an
inhomogenously selected sample of low accretion rate CVs discovered by the Sloan
Digital Sky Survey (SDSS; York et al., 2000b) reached that value*.

The first all-sky X-ray survey that is sensitive to such low-Ly systems is eRASS],
carried out by the eROSITA telescope aboard the SRG spacecraft (Sunyaev et al.,
2021; Merloni et al., 2024). eRASS1 goes nearly six times deeper than the last all-
sky soft X-ray survey, ROSAT (Voges et al., 1999a): eRASS1 and the 2RXS ROSAT

3This assumes the standard Shakura and Sunyaev (1973) picture that half of the energy is radiated
away by the boundary layer, with the other half stored by the accretion disk, though the constant of
1/2 may increase up to 1 when the disk is truncated by a magnetic WD.

4These values hold for CVs (i.e., WDs with a Roche-lobe filling donors), whereas wind-accreting
systems such as low accretion rate polars (LARPs) have been shown to accrete at even lower rates,
producing Ly < 8 x 10%erg s™! (e.g., Szkody et al., 2004).
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catalog have flux limits of Fy = 5x10~'%erg s~'em™2 and Fy = 3x10~3erg s~'cm™

in the 0.2-2.3 and 0.1-2.4 keV bands, respectively (Merloni et al., 2024; Boller et al.,
2016a). Another advantage of the eROSITA telescope is the improved localization
of sources compared to ROSAT, with a mean positional error of 4.7" and 15",
respectively (Salvato et al., 2022; Agiieros et al., 2009).

The added depth of SRG/eROSITA enables the construction of volume-limited,
X-ray selected, complete CV samples for the first time. At the Ly ~ 10%erg s
luminosity limit, the 2RXS ROSAT catalog is only complete out to ~50 pc, while the
eRASS1 SRG/eROSITA catalog is complete out to ~150 pc, given their respective
flux limits. The ROSAT distance limit of 50 pc is not very useful, since the nearest
CV to Earth, WZ Sge, at 48 pc, is the only known system within 50 pc, while 42
CVs have been found in the entire sky out to 150 pc (Pala et al., 2020a). Since
all CV subtypes are X-ray emitters, and the X-ray Main Sequence selects all CV
subtypes without any obvious bias (Rodriguez, 2024b), this likely represents the

most effective and complete way to create a CV catalog to date.

6.3 Sample Creation

X-ray + Optical Crossmatching

We aim to create a pure and complete sample of SRG/eROSITA X-ray sources
associated with Gaia (localized to milliarcseconds) optical counterparts. We first
consider the distribution of the separation between X-ray and optical positions, r.
Assuming that the distribution of both X-ray and optical positional measurements
is Gaussian about the true position, the distribution of r is the well-known Rayleigh
distribution (Equation 6.2; e.g., Salvato et al., 2022; Belvedersky et al., 2022; Czesla
et al., 2023):

r 1 r?
p(r;oep) = o2 P (—5—2) (6.2)

sep
where o, is the Rayleigh parameter, equivalent to the value of the mode of the
distribution (the mean is 4/7r/2 times that value). Thus, we can use this distribution
to characterize the probability that a given optical match is the true counterpart to

an X-ray position.

Volume Limited Samples

We start with the eRASS1 “Main" catalog released by the German (DE) consortium

of SRG/eROSITA’. The eRASS1 release by the DE consortium covers all detections
5https ://erosita.mpe.mpg.de/drl/Al1SkySurveyData\_drl/Catalogues\_drl/
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by SRG/eROSITA covering the Western half (approximately 180° < ¢ < 360°) of
the Galactic sky in the first semester of operations (December 2019 — June 2020).
Complete details regarding the data footprint and additional information are reported
by Merloni et al. (2024). The entire catalog contains 903,203 unique X-ray sources
down to an all-sky flux limit of approximately Fxy ~ 5 x 107'* erg s'em™2 in
the 0.2-2.3 keV range as part of the “Main" catalog. We find the mean positional

uncertainty (POS_ERR) of all sources in eRASS1 to be 4.5".

We keep only point sources, and those with a < 1% chance of being a spurious de-
tection by enforcing EXT == 0 and DET_LIKE_O > 10, respectively. This reduces
the sample size to 427,241 (46% of the original catalog), and reduces the mean
positional uncertainty to 3.5". We then crossmatch this catalog with all sources
in Gaia Data Release 3 (DR3; Gaia Collaboration et al., 2023a) within 20", which
gives us 1,850,697 unique optical sources. Not all of those optical sources are
expected to be the true counterparts. We use such a large crossmatch radius in order
to distinguish the Rayleigh distribution (of likely matches) from the distribution of
chance alignments (which increases with r, and requires a large crossmach radius
to be well-populated). We also remove X-ray faint objects, keeping only those with
ML_FLUX_1 > 3 x 10~ *erg s~'cm™ in the 0.2-2.3 keV range®.

In order to select Galactic sources with well-measured Gaia parallaxes and proper

motions, we enforce the following:

e pmra /pmra_error > 5
e pmdec /pmdec_error > 5

e parallax_over_error > 3.

We do not enforce a cut on the astrometric solution using the RUWE parameter, since
this removes known CVs within 150 pc (see Section 6.4). Rather, we adopt the
classifier from Rybizki et al. (2022) to remove spurious astrometric solutions. After
some experimenting to recover known CVs within 150 pc (while not losing any
known systems), we enforced the following cuts, which have some overlap with

those used successfully in other surveys (e.g., El-Badry et al., 2021a):

The presence of these outliers is likely due to the increased eROSITA depth in the ecliptic poles
(Merloni et al., 2024). All such systems are beyond 150 pc and this small difference in sensitivity
does not affect our final analyses with the 150 pc sample.
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» fidelity_v2 > 0.75. This corresponds to a < 25 % chance of a spurious

astrometric solution for all sources.

e dist_nearest_neighbor_at_least_4_brighter == 0. This ensures

that the nearest neighbor > 4 mag brighter is over 30 arcsec away’.

* norm_dG == NaN OR norm_dG < -3. This ensures that there are no nearby
neighbors or no nearby bright stars which can contaminate the photometry of

the source.

The X-ray Main Sequence

Rodriguez (2024b) showed that an empirical cut in the plane of Fy/Fyy (vertical
axis) vs. Gaia BP — RP (horizontal axis) can efficiently select CVs (among other
compact object binaries) from other stellar X-ray sources. The cut is defined by
log,o(Fx/Fop) = (BP—RP) —3.5. It was shown that virtually all of the CVs in
the Ritter and Kolb catalog (Ritter and Kolb, 2003a) with Gaia and XMM-Newton
counterparts are above the cut, regardless of subtype and without requiring an

extinction correction.

We compute the optical flux in the Gaia G band in the same way as in Rodriguez
(2024b), with Fop = 10040me=m Lo /(47(1 AU)?), where meo = —26.7 and m is
phot_g_mean_mag. We take Fx as the X-ray flux in the 0.2-2.3 keV eROSITA
band, ML_FLUX_1.

In order to improve our selection of CVs, rather than just take all objects above
the “empirical cut" from Rodriguez (2024b), we experimented with recovering a
highly cleaned sample of CVs (well-vetted systems with known subtypes and orbital
periods from photometry and/or spectroscopy) from the International Variable Star
Index (VSX) catalog. We describe this procedure in Appendix 6.8. The outcome of

this was the adoption of a “modified cut":

* logyo Fx/Fop > BP=RP - 3.5
if =0.3 <BP-RP < 0.7

7We note that this condition could be a bit too strict. Relaxing this condition to allow for > 4 mag
neighbors up to 10 arcsec away introduces no new CVs into the 150 pc sample, but does introduce
three false matches within a few arcsec of bright (> 8 mag stars). Applying this relaxed condition to
the 300 pc sample does introduce four recently verified CVs (A. Pala, priv. comm.), albeit with six
false matches near bright stars.
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* logyo Fx/Fop > BP—RP -3
if0.7<BP-RP < 1.5

We then enforce this “modified cut" as described above, as well as the following:

* BP-RP <1.5. This ensures that a large population of (falsely matched) M
dwarfs does not enter the sample while excluding virtually no previously

known systems. We elaborate further on this cut in Appendix 6.8.

* BP-RP >-0.3. This ensures that no presumably single hot WDs enter the
sample. While these could be true matches, no known CVs are this blue (see
Appendix 6.8).

Finally, in Appendix 6.8, we show that at all distances, after enforcing the cuts
above, the population of CV candidates is well-modeled by a Rayleigh distribution
with oyep = 2.27. To ensure > 99% completeness, we keep all systems within a
separation of r < 7.7” (3.50p). We also keep all systems out to r < 117 (50%¢p)
that are isolated in the field (i.e., no other optical sources are present within 30
arcsec). This set of cuts also ensures that all systems in the 150 pc spectroscopically
verified sample by Pala et al. (2020a) are recovered in our 150 pc sample (see
next section). However, such a large separation does introduce some false positives
(primarily with background active galactic nuclei), which we are able to remove

after manual inspection in the 150 pc sample (see next section).

In Figure 6.1, we present our three volume-limited samples out to distances of 1000
pc, 300 pc, and 150 pc, created from the cuts described above. In the left panels,
we show the X-ray Main Sequence constructed from all systems that meet the above
cuts. Those that fall above the “modified cut" and color cuts required to be a CV
candidate are highlighted in blue. In the middle panels, those same systems are
shown on a Hertzsprung-Russell diagram assembled from all systems that meet the
cuts above, except for the “modified cut" in the X-ray Main Sequence. The majority
of CV candidates selected from the X-ray Main Sequence are located between the
WD track and the main sequence, where they would be expected to reside. The right
panels show luminosity distributions created from CV candidate systems, showing
that the mean observed X-ray luminosity, (log Lx), shifts depending on the survey
volume. We describe each of the samples in more detail below. Elaborating on
the point made by Rodriguez (2024b), we also emphasize the remarkable efficiency

of the X-ray Main Sequence in Table 6.1. At all distance limits, < 1% of sources
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Figure 6.1: Volume-limited samples of CVs in eROSITA selected using the X-ray
Main Sequence are shown out to distances of 150, 300, and 1000 pc (from bottom
to top; tables available in machine-readable form). All objects in SRG/eROSITA
eRASS1 within the given distance are shown in black, CV candidates in blue, and
spectroscopically confirmed CVs in red. We select CVs using the dash-dot diagonal
line in the X-ray Main Sequence (left), and exclude all objects with BP-RP < —0.3
(hot WDs) and BP-RP > 1.5 (false matches). We plot CVs on an HR diagram
constructed using all eRASS1 sources within each volume (center). The X-ray
luminosity distribution out to each distance is shown on the right, with the 150 pc
sample in red to show it is spectroscopically verified.

are targeted as candidate CVs (or more generally, accreting compact objects) for

spectroscopic follow-up.

1000 pc and 300 pc Samples

To create the 1000 pc sample, we enforced all cuts as described in Section 6.3 and 6.3,

with the addition of parallax > 1. The total number of systems that pass all cuts
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is N = 590, with an observed luminosity completeness of Lx = 5.6 x 103%erg s~!
in the 0.2-2.3 keV range.

To create the 300 pc sample, we enforce parallax > 1000/300. The total number
of systems that pass all cuts is N = 122, with an observed luminosity completeness
of Ly = 5.1 x 10¥erg s! in the 0.2-2.3 keV range. At distances beyond a few
hundred pc, the Galactic hydrogen column, Ny, becomes non-negligible and is
particularly efficient at absorbing soft X-rays. Therefore, at these distances, the
true luminosity completeness starts to depend on the direction of the line of sight.
However, because the luminosity limit of these two catalogues does not extend down

to the lowest Lx CVs, we do not explore these catalogs further in this work.

However, we make these tables of CV candidates out to 300 pc and 1000 pc publicly
available. We note that these samples likely have a high purity rate since they
primarily contain objects between the WD track and main sequence on the Gaia
HR diagram (center panels Figure 6.1), though CVs with an evolved donor and/or
bright disk may be near or on the main sequence (e.g., Abril et al., 2020). We are
conducting a spectroscopic survey of the 1000 pc and 300 pc catalogs to investigate

the demographics of more distant systems, which will be reported elsewhere.

150 pc Sample

Finally, we created a 150 pc sample (parallax > 1000/150), which is the main
focus of this paper®. We focus primarily on this sample for two reasons. Firstly,
given the completeness of eERASS1 down to Fy = 5 x 10~'%erg s~'cm™2, the X-ray
luminosity completeness of a 150 pc catalog is Ly = 1.3 x 10?%erg s~!. This is good
agreement with the lower limit of Lx observed in CVs in the past— Reis et al. (2013)
intentionally targeted low accretion rate WZ Sge-like systems identified with SDSS,
and only 1 of 20 systems (5 %) in their sample has an X-ray luminosity below our
completeness threshold (even after accounting for the flux difference in Swift/XRT
and SRG/eROSITA energy bands). In contrast, the luminosity completeness limit
of a 300 pc sample constructed with eRASS1 would miss 6 out of 20 systems in the
Reis et al. (2013) sample (30%).

Our 150 pc catalog, constructed with the cuts described above, yields 28 candidate

CVs. We visually inspect all systems, using the Aladin Lite (Baumann et al., 2022)

81n order to best calculate Gaia distances, we used the median posteriors from Bailer-Jones et al.
(2021a). Even after extending the parallax limit to parallax > 1000/175, no new sources were
found to be within 150 pc.
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Volume

Lim- )

ited Complete| Candidate

Sam- to Ly Galactic Candidate | Confirmed

ple Limit X-ray CVs CVs

Radius (erg/ s) sources

(pc)

1000 || 5.6% 10%° | 73,129 | 590 (0.8%) | Future
work

300 | 5.1%10% | 43403 | 122 (0.3%) | Future
work

150 1.3x10% | 23,718 | 28 (0.1%) 23

Table 6.1: The X-ray Main Sequence efficiently selects CV candidates from other
Galactic X-ray sources in volume-limited samples. Percentages in the fourth column
are taken with respect to sources in the third. The 150 pc sample is the only one
complete down to the low Ly end of CVs.

tool to overlay sources from Gaia DR3 on images from the PanSTARRS PS1, Digi-
tized Sky Survey (DSS), or DESI Legacy DR 10 surveys to search for possible nearby
faint contaminants. We first eliminate two systems: 1eRASS J120125.8+084801
since it is ~ 3” away from a known quasar and 1eRASS J170655.5-350631 since
there are 6 other Gaia sources within a ~ 5” radius, a subset of which could dom-
inate the observed X-ray flux at that position. Moreover, the Gaia XP spectrum
of that source shows Balmer absorption, but no emission lines. We also eliminate
1eRASS J035319.7-560057 since the DESI Legacy DR10 images reveal that the
X-ray position is closer to an extended object ~ 3” away, which is likely an active
galaxy or cluster, and therefore the true counterpart to the X-ray source. Moreover,
this Gaia source is significantly fainter in the optical than the rest of the verified
CVs, having a Gaia G magnitude of 20.6, whereas the rest of the verified CVs are
more commonly between G = 16 — 18 mag.

After removing the above false matches, we are left with 25 candidate CVs. Of
these, there are two true X-ray + optical matches, which are indeed compact object
binaries as predicted by the X-ray Main Sequence, but not CVs. The first is IeRASS
J043715.9-471509, which is a known recycled pulsar + WD binary (e.g., Danziger
et al., 1993). Previously, Chandra observations revealed X-rays from this system
(Zavlin et al., 2002), yet it appears that the WD remains poorly studied, likely due
to its optical faintness (Durant et al., 2012). The second such system is AR Sco,

the prototypical WD “pulsar", in which a rapidly spinning magnetic WD generates
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synchrotron emission presumably through interactions with the magnetic field of
its M dwarf companion (Marsh et al., 2016). This system is not a CV, since no
mass transfer is occurring, though it is close to filling its Roche lobe (Marsh et al.,
2016; Pelisoli et al., 2022a). The recovery of these systems reveals the remarkable
flexibility of the X-ray Main Sequence in revealing a breadth of compact object

binaries.

After removing the above systems, we were left with 23 candidate CVs. Twenty-one
of those systems are previously known CVs, and present in the Pala et al. (2020a)
catalog. In Table 6.2, we use the classifications from Pala et al. (2020a), with one
exception — SDSS J125044.42 +154957.3, which we describe further in Section
6.4. “AM ” corresponds to (magnetic) polars, “SU" corresponds to outbursting
non-magnetic systems that show SU UMa outburst behavior (i.e., superoutbursts;
Osaki, 1989), “UG" corresponds to outbursting non-magnetic systems that show U
Gem outburst behavior (i.e., dwarf novae), “NL" corresponds to non-outbursting
non-magnetic systems in a high accretion state, “UGWZ" corresponds to non-
magnetic systems that only show outburst behavior on very long timescales (and
appear quiescent otherwise) in a low accretion state like WZ Sge, “IP" corresponds
to intermediate polars, and “AM CVn" corresponds to AM CVns. For further
detail, we refer the reader to Pala et al. (2020a) for references to individual systems,
and Hellier (2001b) and Inight et al. (2023a) for modern reviews of subtypes and
phenomenology. Of the 42 systems in the Pala et al. (2020a) catalog, 24 are located
in the Western Galactic Hemisphere and should in principle be recovered by our
analysis. However, V379 Vir is one of the three systems in Pala et al. (2020a) not
recovered in our 150 pc sample, which an updated Gaia DR3 parallax reveals to be
located at a distance 155 + 5 pc and beyond our 150 pc distance limit (Pala et al.
(2020a) used Gaia DR2). This means that we recover 21 of the 23 CVs within 150
pc in the Western Galactic Hemisphere reported by Pala et al. (2020a), leaving Gaia
J154008.28-392917.6 (d = 139 pc) and V379 Tel (d = 131 pc) as the only systems
in the Pala et al. (2020a) catalog not recovered by our analysis. We explore possible
reasons for this and compare our 150 pc sample to that of Pala et al. (2020a) further

in Section 6.5.

This left 2 systems left to verify, both of which we confirm as CVs — 1eRASS
J054726.9+132649 is a new magnetic period bouncer and 1eRASS J101328.7-
202848 is a new AM CVn. To help characterize those systems, we queried the

optical time domain photometric database of the Zwicky Transient Facility (ZTF;
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Bellm et al., 2019b; Graham et al., 2019; Dekany et al., 2020; Masci et al., 2019).

ZTF is a 47 deg? field-of-view camera on the Samuel Oschin 48-inch telescope at
Palomar Observatory, which scans the DEC > —28° sky on a two-day cadence. Both
new systems and the data associated with them are described in further detail in
Section 6.4. In summary, our 150 pc catalog, after visual inspection and removal of
other compact object binaries, is comprised of 23 spectroscopically confirmed CVs,

2 of which are discoveries made possible thanks to the X-ray Main Sequence.
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Reference Samples

In order to highlight the importance of volume-limited samples as well as the power
of the X-ray Main Sequence in generating an unbiased sample of CVs, we construct
two reference samples to which to compare our volume limited samples: the Inter-
national Variable Star Index (VSX) catalog of CVs crossmatched with ROSAT as
well as the VSX catalog crossmatched with eRASS1. The VSX catalog contains
well-vetted CVs confirmed either through a publication or a human expert verifying
an amateur discovery. However, CVs may be submitted from time-domain optical
surveys, spectroscopic surveys, X-ray surveys, near-infrared surveys, and from both

sample papers and individual object papers’

. The VSX catalog is representative
of how CV catalogs have been created in the past, since it suffers from a selection
function that is virtually impossible to characterize. Additionally, we emphasize that
this catalog is likely not 100% pure and can contain non-CV systems. We simply
use this catalog as a reference to which to compare our volume-limited catalogs, but
encourage further exploration to vet the purity of this catalog. However, previous
CV studies have successfully made use of systems from this catalog (e.g., Ak et al.,

2015; Abrahams et al., 2022).

To create this catalog, we query the VSX database '° for all CVs with the following
classifications: AM (polar), DQ (intermediate polar), NL (novalike), ZAND (“Z
And" types), UG (all “U Gem" types including UGSU, UGER, UGSS, UGWZ,
etc.), and CV (no subtype known). This yields a total of 14,756 systems. In order
to eliminate some likely false positives, we eliminate all of those with an uncertain
subtype, as indicated by the “:" symbol in VSX. We are left with a total of 11,047
systems, which we show in Figure 8.2.

We show the distribution of the separation between the X-ray and optical positions,
r, of all sources in the VSX catalog crossmatched against the ROSAT 2RXS and
SRG/eROSITA eRASSI1 catalogs in Figure 6.3. We also shift all VSX positions
by 2 arcmin, repeat the crossmatch with eRASS1, and plot the distribution of r
with the dash-dot line (false matches). To determine if an eROSITA point is a true
crossmatch with a VSX CV, we require that r < 30ep, crosita = 6.6”. According
to Equation 6.2, this criterion ensures that ~ 98% of real associations are selected,
assuming r indeed follows a Rayleigh distribution. Beyond this separation, Figure

6.3 shows that over half of potential crossmatches are more likely to be chance

‘https://www.aavso.org/vsx/index.php?view=about. faq
lOhttps ://www.aavso.org/vsx/index.php
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Figure 6.2: All-sky map of optically-selected CVs from the VSX database (black),
VSX CVs with ROSAT detections (blue), and VSX CVs with eROSITA detections
(cyan). We show our 150 pc sample of CVs identified by applying the X-ray
Main Sequence to a crossmatch of SRG/eROSITA eRASS1 with Gaia DR3 in
red. The increase in density of X-ray detections from ROSAT (launched 1990) to
SRG/eROSITA (launched 2019) is obvious. Catalogs assembled from optically-
selected CVs suffer from a selection function that is difficult to characterize (e.g.,
the overdensity of CVs in the Galactic Bulge identified by OGLE).

alignments. To construct our reference sample of VSX + ROSAT crossmatches,
because of the larger positional error of ROSAT, we adopt a more conservative
separation of r < 1.50%ep, RosaT = 12.15”. According to Equation 6.2, this criterion

ensures that ~ 67% of real associations are selected.

This exercise alone demonstrates the advantage of SRG/eROSITA over ROSAT.
Using the criteria above, we find 983 VSX CV systems with an SRG/eROSITA
counterpart, whereas only 134 systems have one in ROSAT. In order to create mean-
ingful X-ray luminosity distributions in the following section, we require systems
to have a well-measured (30") Gaia parallax. This leaves 668 VSX CVs with an
SRG/eROSITA counterpart and 129 systems with a ROSAT counterpart. To have a
fair comparison with the public release of SRG/eROSITA eRASS1, we only reported
here the number of ROSAT matches in the Western Galactic Hemisphere.

6.4 Population Properties of the 150 pc Sample
General Trends by CV Subtype
We first present the global properties of the 150 pc sample. In Table 6.3, we list

general trends seen in X-ray luminosity and orbital period by CV subtype. We also
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Figure 6.3: Distributions of r, the separation between the optical positions of
VSX CVs and the nearest X-ray counterpart in the ROSAT 2RXS (blue) and
SRG/eROSITA eRASSI1 (cyan) catalogs. Our 150 pc sample is shown in red.
Best-fit theoretical distributions (Equation 6.2) are shown as black dashed and solid
lines, respectively. The distribution of r for VSX optical points shifted by 2’ is
shown as a dash-dot line, demonstrating that the VSX CV + eROSITA catalog is
dominated by true associations.

list where they tend to be located in the X-ray Main Sequence and HR diagram
(Figure 6.10), if there are sufficient systems to make such a claim. Some of the
obvious trends are the clustering of novalikes away from the rest of the CVs in
both the X-ray Main Sequence and the HR diagram, owing to the bright disk in
these systems. Also robust is the location of (long period) AM CVns and period
bouncers up against the WD track in the HR diagram. These systems are also
located furthest in the upper left corner of the X-ray Main Sequence, due to the
minimal contribution from the disk and donor. Generally, long period AM CVns
and period bouncers also have the lowest X-ray luminosities of the entire sample,
with all systems having Ly < 2 x 10%%erg s~! and four of the five period bouncers
having Ly < 3 x 10%%erg s~

We also note the obvious lack of high-Ly (~ 103 erg s™!) IPs in our sample —
only EX Hya, the closest IP to Earth is present. There has been some attention paid
to so-called “low-luminosity IPs" (LLIPs), which have lower X-ray luminosities
than those found abundantly in hard X-ray surveys (Pretorius and Mukai, 2014;
Mukai and Pretorius, 2023). EX Hya, like other LLIPs, has an X-ray luminosity
of ~ 103%erg s7!.
Mukaill, it is clear that LLIPs tend to be located below the period gap (Pop < 2

Based on the catalog of LLIPs available on the website of K.

https://asd.gsfc.nasa.gov/Koji.Mukai/iphome/catalog/11lip.html
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hr) and at much closer distances (d < 500 pc) compared to their high-luminosity
counterparts (P, = 4 hr; d > 1 kpc). This could signal that LLIPs are actually
the dominant population of IPs and that the 300 pc and 1000 pc samples we present

here could harbor several previously unknown LLIPs.

There is also a lack of short-period (< 50 min) AM CVns. These systems are
believed to be rare, with AM CVns that have Py, < 20 min existing for only ~0.1
Gyr, those that have Py, < 50 min existing for only ~1 Gyr and long period systems
(Porp 2 50 min) existing up to a Hubble time (e.g., Wong and Bildsten, 2021).
Therefore, it is not surprising that we only find long-period systems in our sample.
This means that our survey indeed targets the dominant population of AM CVns
(e.g., Carter et al., 2013; van Roestel et al., 2022). Most of these systems have
been difficult to find in the past since they are optically and X-ray faint (G>18 mag;
Fx < 10 Berg s~lem™2) , particularly beyond a few hundred pc where they are
most easily discovered through rapid follow-up after a transient outburst (e.g., van
Roestel et al., 2021).
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In Figure 6.4, we split all CVs into subclasses using different symbols, and into
magnetic, non-magnetic, and AM CVns using different colors. The left panels show
all systems on the X-ray Main Seqeunce as well as the Gaia HR diagram. On the
right panel, we plot the orbital period of CVs in our sample versus X-ray luminosity.
In gray, we show systems from the VSX + eROSITA sample that have well-measured
periods. We show magnetic systems (IPs and polars) as squares and non-magnetic

systems as circles.

To provide a comparison to theoretical Ly estimates, we overlay the CV evolutionary
tracks by Pala et al. (2017)'? in Figure 6.4. Those tracks produce the donor mass
loss rate'® as a function of orbital period, and are effectively an updated version of
the classic Knigge et al. (2011) tracks, but created using Modules for Experiments
in Stellar Astrophysics (MESA; Paxton et al., 2011, 2013, 2015, 2018). We call
the track that assumes AML only due to gravitational radiation below the period
gap “standard" (gray) and that which includes additional AML due to magnetic
braking below the period gap “optimal”, following the convention of Knigge et al.
(2011). These tracks have been computed assuming Mwp = 0.8My (unlike the
tracks of Knigge et al. (2011), which assume Mwp = 0.7My), Rwp = 0.0105R;
(Bédard et al., 2020), and convert to X-ray luminosity in the 0.2-2.3 keV range
following Equation 6.2. We plot two versions of each track, one assuming an
accretion efficiency of = 0.3 (solid lines) and another assuming n = 0.02 (dashed
lines), which roughly encompass the X-ray luminosity of all CVs within our sample.
However, we note that a different choice of n7x (which depends on the X-ray spectral
profile of a CV) and 1, (Which depends on the geometry of a CV) could lead to a
different range of accretion efficiencies. For now, we show that a range of accretion
efficiencies 7 = 0.02 — 0.3 reproduces the observed X-ray luminosity of CVs in our

sample, but defer more detailed studies to future work.

We also provide a comparison to theoretical Ly estimates of AM CVns in Figure
6.4. We estimate Ly under the same assumptions as in Equation 6.2, taking the
donor mass loss rates from the evolutionary tracks of Wong and Bildsten (2021)
and Sarkar et al. (2023a), adopting Mwp = 0.75My and Mwp = 0.8Mg and the
corresponding Rwp from Bédard et al. (2020), respectively. Wong and Bildsten
(2021) (blue lines in Figure 6.4) carried out AM CVn evolutionary models based

12https ://zenodo.org/records/2592806

3Especially in long period systems (above the period gap), there is some uncertainty in these
estimates that arises from uncertainties in the strength of magnetic braking (e.g., El-Badry et al.,
2022).
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on the He WD channel, where two common envelope phases lead to the creation
of two WDs that commence accretion and lead to an AM CVn binary. We present
the highest entropy model from that work, assuming a donor WD initial central
temperature of 7, = 3 x 107 K. Sarkar et al. (2023a) (cyan lines in Figure 6.4)
carried out AM CVn evolutionary models based on the evolved CV channel, where
a single common envelope phase leads a WD accreting from an evolved donor star,
draining its hydrogen envelope and leading to the creation of an AM CVn binary. We
present the most hydrogen exhausted model from that work, assuming a donor WD
initial central temperature of T, = 3 x 107 K. As with the CV evolutionary tracks,
we plot the expected Ly assuming efficiencies of n = 0.3 (solid lines) and = 0.02
(dashed lines). We see that the “He WD progenitor" tracks of Wong and Bildsten
(2021) underestimate long period AM CVn Ly values, and that the “evolved CV
progenitor” AM CVn tracks of Sarkar et al. (2023a) match the observed Ly values
under reasonable assumptions of accretion efficiency. This could provide additional
observational basis for recent claims made that most long-period AM CVns are
created through the evolved CV channel (though short period systems could more
likely originate from the He WD or He star channels), though more detailed analysis
of more systems is needed to make such a claim (e.g., Sarkar et al., 2023a; Belloni
and Schreiber, 2023).

X-ray Luminosity Distributions

We present the observed X-ray luminosity distribution of three samples: the VSX
+ eROSITA, VSX + ROSAT, and our 150 pc sample, in Figure 6.5. These are
observed luminosity distributions because the X-ray fluxes are not corrected for
Galactic hydrogen column density, Ny. The 150 pc sample can safely be treated as
the approximately equal to the true X-ray luminosity distribution, though, since the
proximity of those systems means that the intervening Galactic hydrogen column
density, Ny, is minimal. However, we note that detailed X-ray modeling of CVs
has revealed intrinsic absorption, exceeding that predicted by optical/UV extinction
estimates (e.g., Mukai, 2017). That would mean that every CV would require X-
ray spectral modeling to determine its true Ly, which is beyond the scope of this
paper. Given this caveat, we estimate the maximum difference between the true
and observed luminosities of the 150 pc sample to be a factor of < 0.07. Based
on the Bayestar19 map (Green et al., 2019a), even the most distant systems in
the 150 pc sample have an upper limit of Ay < 0.03 mag, which corresponds to
Ny < 6x10"cm™ Giiver and Ozel (2009b). We use the WebPIMMS tool (Mukai,
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Figure 6.4: Our 150 pc sample in the X-ray Main Sequence (upper left, with all
systems in our 150 pc crossmatch in black), Gaia HR diagram (lower left, with
the 100 pc Gaia catalog in black), and in the P,1,—Lx parameter space (right, with
the VSX + eROSITA CV sample in gray). Theoretical Ly values are plotted as a
function of period, using donor mass loss estimates from the CV evolutionary tracks
(“standard" in gray and “optimal” in black) of Pala et al. (2017), “He WD progeni-
tor"/“evolved CV progenitor" AM CVn tracks of Wong and Bildsten (2021)/Sarkar
et al. (2023a) and Equation 1. Accretion efficiencies in the range of n = 0.02 — 0.3
(dashed and solid tracks) best fit the data, which could be confirmed through X-ray
spectral analyses that likely depend on CV subclass. Observations of trends in these
parameter spaces by CV subclass are presented in Table 6.3.

1993) to calculate the true flux of those systems, assuming a power law model with
index I' ~ 2. This leads to a difference between observed and true flux of 0.07,
though assuming harder X-ray spectra (either through power law models with lower
values of I' or thermal bremsstrahlung models with kT ~ 10 keV) leads to even
smaller differences (< 0.03).

We do not attempt to correct the observed luminosity distributions of the VSX
samples, though, since this would require X-ray spectral fitting of each system. This
would be difficult for the majority of systems that are in the low-count regime. We
used the Bayestar19 (Green et al., 2019a) map to approximate the value of Ay for
some of the most distant systems, along with the WebPIMMS tool to calculate the
difference between the true and observed flux. We find that the most distant systems

would require at most a correction of 2-3 in the 0.2-2.3 keV range. With most
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Figure 6.5: Observed Ly distributions of CVs. Ly distributions of primarily
optically-identified systems that have eROSITA (cyan) and ROSAT (blue) X-ray

counterparts suggest that CVs have (Lx) ~ 10373 2erg s™!. Our 150 pc volume

limited sample of systems selected using the X-ray Main Sequence (red) instead
reveals that (Ly) ~ 10%rg s~

systems in the VSX sample located at a few hundreds of pc, we can safely assume
that the observed luminosity distributions can be treated as lower limits, which are
no more than a factor of ~ 2-3 offset from the true distribution, though further work

would be needed to clarify this.

X-ray Luminosity Functions and Space Densities
Galactic Model

Three space densities can fully describe the global properties of CVs in the Milky
Way, and can be used to construct luminosity functions — space densities as a
function of X-ray luminosity. The number density, py, is the total number of
systems in a given effective volume'* (units of pc™>). The mass density, pys, is
the total number of systems per mass contained in a given effective volume (units
of Mgl). The luminosity density, p;, is the average X-ray luminosity per mass

contained in a given volume (units of erg s™' M1).

We closely follow the method of Suleimanov et al. (2022), who calculated luminos-
ity functions of hard X-ray emitting CVs. Though that work focused on flux-limited
surveys, the method can be applied directly (and more easily) to volume-limited

surveys. Suleimanov et al. (2022) integrated over the entire Galactic mass dis-

14An “effective” volume assumes a density profile (not necessarily uniform as in a sphere),
typically modeled as exponential for the disks of the Milky Way.
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tribution (Grimm et al., 2002), whereas other works (e.g., Pretorius and Knigge,
2012; Schwope, 2018) use the 1/Vy.x method outlined by Tinney et al. (1993).
This method was developed for flux-limited surveys on photographic plates, which
assumed all objects were observed at approximately the same Galactic latitude'>.
Because we enforce a volume limit, the integration over the full Galactic mass
distribution is straightforward to do numerically. As in Suleimanov et al. (2022),
we adopt a modern estimate of the Galactic stellar mass distribution computed by
Barros et al. (2016).

In order to compute the above space densities, we first calculate the amount of mass
0M contained in the volume of the Milky Way that we probe (i.e., in our case, how

much mass is contained within 150 pc):

M = / det / dcosb / p(z,R) r’dr (6.3)

where ¢, b are Galactic coordinates!'®, z is the height above the Galactic plane, R
is the distance from a system to the Galactic Center, and r is the distance from a
system to the Sun. Since we only work with the Western Galactic Hemisphere, we
integrate between 0 < £ < mand —1 < cosb < 1. We integrate from 0 < r < dax,
where dp,x 1s the limiting distance of our survey (150 pc in our case). p(z, R) is the
mass density profile as calculated by Barros et al. (2016):

p(z,R)=%eXp [_(R_RO"'Rch (l—i)+ﬂ)] (6.4)

where p(z, R) has units of Mgpc™. We adopt the values from Barros et al. (2016)
of the surface density near the Sun as Xy = 30.2 Mgpc~2, the half thickness of the
thin disk as 4 = 205pc, the disk radius of R; = 2.12 kpc, and the central hole in
the thin disk at R, = 2.07 kpc”. Ry is the distance from the Sun to the Galactic
Center, Ry = 8.1 kpc.

Finally, we express the values of z and R in observable quantities:

z=rsinb;R* = (rcosb)® = R(Z) —2Ry(rcosb) cost (6.5)

SThough it is noted in Pretorius and Knigge (2012) that the ROSAT RBS survey that was used
observed in slices of b, and that they compute the corresponding 1/Viax for each slice.

16Note the change in coordinates needed for the spherical integral since Galactic b is measured
from the Galactic equator, unlike the typical 6 used in spherical coordinates which is measured from
the North pole.

17 At our 150 pc radius, the first two terms of Equation 6.4 contribute only one percent to the total,
but we include the full equation here for completeness.
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We note that the Milky Way model by Barros et al. (2016) implies thin disk stellar
masses of 2.49 x 101°M and 4.02 x 10°M,, for the entire Galaxy and within 150

pc, respectively.

Final Values

After having done the above calculations, we compute three space densities:

1 B r Ly,
PM—Z(S—M,PN—P*Zé—Mi,PL— . 6_M, (6.6)

where p. is the midplane stellar mass density'® (in Mopc=3), and Ly is the X-
ray luminosity for the i system. Because we calculate the number density at
the midplane, we report the quantity as pyo. The sum is then carried out for all
systems in the sample. If a sample out to greater distances is indeed complete and
assumptions satisfied, repeating this calculation should converge to the same space
densities. We calculate space densities for AM CVns separately, since they have
different formation channels than CVs (i.e., space densities calculated for CVs have
AM CVns removed).

We assume Poisson uncertainties (adopting 68% confidence intervals) in obtaining
the total number of systems, and report all space densities in Table 6.4, noting
that our uncertainties can accommodate Ncy = 20 +4 CVs and Namcyn = 3 £ 2
AM CVns within 150 pc (in half of the sky). We note that the above calculation
effectively assumes that CVs trace the Galactic thin disk — and therefore a CV
scale height of 205 pc. We explore the effect of adopting different scale heights in
Appendix 6.9.

We present X-ray luminosity functions in Ly, in Figure 6.6. We only include CVs,
not AM CVns. As acomparison, we also plot previous X-ray luminosity functions of
non-magnetic CVs (Pretorius and Knigge, 2012) and magnetic CVs (Pretorius et al.,
2013). We have chosen these two works since the ROSAT 0.1-2.4 keV energy range
is most similar to the 0.2-2.3 eROSITA energy range; other studies have focused on
CVs in hard X-rays (e.g., Revnivtsev et al., 2008; Suleimanov et al., 2022). We note
that the samples in Pretorius and Knigge (2012) and Pretorius et al. (2013) were
created differently, which does not allow for us to unite both samples. However, they

do represent the most uniformly created, soft X-ray luminosity functions of CVs in

18We use the midplane value of 0.0736Mypc™ from Barros et al. (2016), whereas Suleimanov
et al. (2022) convert to the local stellar mass density at the solar height of 20.8 pc above the midplane.
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the literature before our work, and are useful to present for comparison. We adopt
the values of effective volume and X-ray luminosity reported in those papers, to
provide a fair comparison, and compute X-ray luminosity functions using Equation
6.6. We note that those works use pre-Gaia distances and compute effective volumes
using the “1/Vpax" method (Tinney et al., 1993). We just use this as a comparison

sample, mainly to highlight our sensitivity to low Ly systems.

Figure 6.6 shows, for the first time, a “flattening” in the X-ray luminosity function of
CVs —1.e., they no longer keep increasing as one goes to lower values of Ly as they
have been in every previous plot of CV X-ray luminosity functions (e.g., Revnivtsev
et al., 2008; Pretorius and Knigge, 2012; Pretorius et al., 2013; Schwope, 2018;
Suleimanov et al., 2022). This is due to the increased sensitivity of eROSITA —
seven CVs are detected with Ly < 10*%rg s~!, whereas only one such system was
present in the samples by Pretorius and Knigge (2012) and Pretorius et al. (2013).
Nevertheless, we recognize that a larger number of systems from future, deeper
eROSITA releases are needed to solidify this claim. We also note that the X-ray
luminosity function presented by Sazonov et al. (2006) revealed a flattening and a
turn over, though only when both CVs and active binary stars were included. The
number and mass density panels show that low X-ray luminosity (Ly ~ 103 %rg s~1)

make up the dominant population of CVs.

The luminosity density panel shows that our sample of these low-Ly systems in-
creases their contribution to the total Ly budget of CVs by a factor of a few, while
the high X-ray luminosity (Lx ~ 10°? — 10°3 erg s~!) make up the dominant X-ray
output of CVs. Thus, in any given population of CVs, it will be the low Lx systems
that will be greatest in number, but it will be the high Ly systems that dominate the

028.5 029erg S—l

overall X-ray luminosity. We compute upper limits in the 1 <Ly<l1
are assuming one system within 94 pc (dark red bar) or two systems within 150 pc
(light red bar). The former assumes there is at most one system out to the distance
where eRASS1 is complete for Ly = 10%erg s~!, which is 94 pc. The latter
assumes that the two systems in the Pala et al. (2020a) sample that we do not detect

029

in eRASS1 are the only two systems within 150 pc that have Ly < 10*%erg s=!.

As a final note, we emphasize that the space densities and luminosity functions
presented here are representative of the solar neighborhood, but likely do not extend
to other Galactic environments such as regions of the thin disk closer to the Galactic
Center, the nuclear star cluster, globular clusters, etc. For that reason, we cannot

reliably estimate the total number of CVs in the Galactic Center and/or Galactic
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Ridge. Other works, for example, Suleimanov et al. (2022), were able to do so,
since the hard X-ray flux limited survey used in that study was sensitive to more
distant systems. In our case, changes in the initial mass function, star formation rate,
and binary fraction in different Galactic environments would likely lead to different
number densities of CVs (per volume or per solar mass) as well as a different

distribution of Lx compared to our local sample.
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Figure 6.6: X-ray luminosity functions of the CVs in our 150 pc sample (red points),
with AM CVns excluded. A clear flattening is seen around Ly ~ 10*%erg s~! in
all number and mass luminosity functions (left and center panels), demonstrating
that we are probing the lowest Lx end of CVs. A significant number of low Ly
systems lead to smaller error bars compared to previous work (gray points). Low
Ly (< 10¥%rg s1) CVs dominate in number over high Ly (> 10*%erg s7!) systems
(left and center panels), while the right panel shows that the few high Lx systems
dominate the total luminosity budget of the population.

New CVs Within 150 pc

We discovered two new systems within 150 pc in the Western Galactic Hemisphere:
1eRASS J101328.7-202848, a new AM CVn which is the third closest known AM
CVn (and ultracompact binary) to Earth at 140 pc, and 1eRASS J054726.9+132649,

a new magnetic period bouncer.

1eRASS J101328.7-202848: A New AM CVn

We obtained a single 600 sec optical spectrum of 1eRASS J101328.7-202848 (Gaia
DR3 ID: 5668919328172331904) with the Low Resolution Imaging Spectrometer
(LRIS; Oke et al., 1995a) on the Keck I telescope on 31 March 2024. The 400/3400
grism was used and 400/8500 grating with the D55 dichroic. The seeing was <1",
and the 1" long slit was used, leading to minimal slit losses. Data were wavelength
calibrated with internal lamps, flat fielded, and cleaned for cosmic rays using 1pipe,
a pipeline for LRIS optimized for long slit spectroscopy (Perley, 2019).

1eRASS J101328.7-202848 is an AM CVn located 139+3 pc away. The spectrum
of 1eRASS J101328.7-202848 (Figure 6.7) shows a blue continuum with prominent
He I lines, some of which are double-peaked (e.g., He I 7065, 7281), and even
single-peaked He II 4686. There are no H lines. There are also Ca II and Mg I/II
lines in absorption and N I lines in emission, as have been seen in other long-period
AM CVns and attributed to WD pollution by the donor (e.g., van Roestel et al.,
2022; Rodriguez et al., 2023b).
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Figure 6.7: 1eRASS J101328.7-202848 is a newly-discovered AM CVn, selected
thanks to the X-ray Main Sequence (upper left). The optical spectrum (upper right)
shows prominent He I/II emission lines, an absence of H lines, and the presence
of metals resulting from the donor polluting the WD. Gray lines indicate telluric
features. It appears near the WD track on the HR diagram (lower left), and shows
no outbursts in six years of ZTF data (lower right). Those properties suggest it is a
long-period (Pop 2 50 min) AM CVn.

This system is likely a long-period (Po, = 50 min) AM CVn, but follow-up
spectroscopy and/or high cadence photometry are needed to confirm the orbital
period. A Lomb-Scargle periodicity analysis of both the ZTF and TESS archives
does not reveal any statistically significant periods. However, the location of this
system near the WD track (see Figure 13 in Rodriguez et al. (2023b)) implies that it
is a long-period (Pyp = 50 min) system. In addition, the lack of outbursts in the five
year long archive of ZTF data is indicative of a low mass transfer rate, and therefore
along orbital period. Previous works have shown that Py, > 50 min systems tend to
not show outbursts on the timescales of current photometric surveys (e.g., Ramsay
et al., 2018; Dufty et al., 2021; van Roestel et al., 2022; Rodriguez et al., 2023b).
We will report on phase-resolved spectroscopy and high-cadence photometry of this

object in a future study.

Figure 6.7 reveals the location of 1eRASS J101328.7-202848 in the X-ray Main
Sequence, clearly above the cut to select accreting compact object binaries. We also
show its location in the Gaia HR diagram and its quiescent behavior in the five year

long ZTF archive.
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1eRASS J054726.9+132649: A New Magnetic Period Bouncer

We obtained a single 900 sec optical spectrum of 1eRASS J054726.9+132649 (Gaia
DR3 ID: 3346524412647596032) with the Double Spectrograph (DBSP; Oke and
Gunn, 1982a) on the Hale 200-inch telescope at Palomar Observatory on 21 March
2024. The 600/4000 grism was used and 316/7600 grating with the D55 dichroic.
The seeing was <2", and the 1.5" long slit was used, leading to minimal slit losses.
Data were wavelength calibrated with internal lamps, flat fielded, and cleaned for
cosmic rays using DBSP-DRP'®, a Python-based pipeline optimized for DBSP built
on the more general PypeIt pipeline (Prochaska et al., 2020).

1eRASS J054726.9+132649 is a magnetic period bouncer with a 93.95-min (1.565
hr) orbital period, 132+3 pc away. Its magnetic classification comes from the
obvious Zeeman splitting of the HB and Hy lines in the spectrum (Figure 6.8). We
present the ZTF r and g light curves of this system in Figure 6.8, which reveal its
clear periodicity. We found this period based on a Lomb-Scargle periodogram using
the gatspy tool (VanderPlas, 2016a). We searched for periods between 5 minutes
and 10 days, with a linear frequency grid oversampled by a factor of 10 and found
no other significant periods. The ephemeris we report based on the ZTF data is f
(BJD)=2458381.3339(2) + Tx 0.06524(1).

This system bears a remarkable similarity to SDSS J125044.42+154957.3, a polar
also in our 150 pc sample. SDSS J125044.42+154957.3 has an 86.3 min or-
bital period and its white dwarf has a magnetic field strength of 21 MG. SDSS
J125044.42+154957.3 has a solid classification based on phase-resolved spec-
troscopy as a polar near the CV period minimum (Breedt et al., 2012), but has
been recently labeled as a period bouncer due to its low X-ray luminosity and late
M (near L) spectral type (Mufioz-Giraldo et al., 2023).

In Figure 6.8, we show the location of 1eRASS J054726.9+132649 in the X-ray
Main Sequence, clearly above the cut to select accreting compact object binaries.
We also show its location in the Gaia HR diagram and its quiescent behavior in the
five year long ZTF archive. It would not be detectable in a search for outbursting
systems, but its periodicity would clearly be revealed in a search for systems showing

such behavior.

Now, we justify why 1eRASS J054726.9+132649 1) is a true polar with a Roche

lobe filling donor instead of a wind-accreting, low accretion rate polar, and 2) has

19https ://dbsp-drp.readthedocs.io/en/stable/index.html
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Figure 6.8: 1eRASS J054726.9+132649 is a newly-discovered magnetic period
bouncer, selected thanks to the X-ray Main Sequence (upper left). It is located
near the WD track (bottom left), and shows no outbursts in six years of data (bottom
center), indicative of low mass transfer rates. ZTF optical photometry (r-band in red,
g-band in blue) reveals a 1.57 hr orbital period (bottom right). The optical spectrum
(upper right) shows that a 2900 K donor star predicted by CV evolutionary tracks
(see Figure 6.9) at this orbital period is not seen, thus confirming this system as a
period bouncer. Balmer emission lines show clear Zeeman splitting (particularly
Hp and Hy), which reveal the magnetic nature of the WD.

evolved past the period minimum. To address the first point, we note the arguments
put forth by Breedt et al. (2012): Roche lobe filling CVs should show a hotter WD
than those in wind-accreting systems. High states of accretion in Roche lobe filling
systems regulate the temperature of the WD (Townsley and Bildsten, 2003) and keep
it higher than those in wind accreting (or detached) systems. Moreover, the orbital
periods of wind accreting systems is generally >2 hr, since some of these could
be pre-polars that have not yet filled their Roche lobes (Breedt et al., 2012; Hakala
et al., 2022). The spectrum of 1eRASS J054726.9+132649 in Figure 6.8 shows a
blue continuum characteristic of an accretion-heated WD, but quantitative proof of
this is clear from the Gaia BP-RP color of this system being nearly equal to that of
SDSS J125044.42+154957.3. In Figure 6.4, they nearly overlap on the HR diagram
and are remarkably close together in the X-ray Main Sequence due to their similar
values of X-ray luminosity. We thus conclude that 1eRASS J054726.9+132649 is a
true polar, with a Roche lobe filling donor.
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Figure 6.9: The orbital period of 1eRASS J054726.9+132649 is shown in red, and
CV “optimal" and “standard" evolutionary tracks are shown by the solid and dot-
dashed lines, respectively. If this were a pre-bounce system, its donor T.¢ would be
2900K. Since we do not see this in the spectrum in Figure 6.8, we determine it must
be a period bouncer.

To address the second point, we include Figure 6.9. At the orbital period of 1eRASS
J054726.9+132649, if the system evolves according to the evolutionary tracks of
Knigge et al. (2011), then the donor star should have an effective temperature of
Tex = 2900 K in either the “standard" or “optimal” track. In Figure 6.8, we plot a
BT-DUSTY model atmosphere (Allard et al., 2011b) of that effective temperature,
with the corresponding radius in the Knigge et al. (2011) tracks of 0.15R, at the
Gaia median distance of 132 pc. In Figure 6.8, the observed spectrum does not
show evidence of such a donor, particularly redward of ~ 7000 A. The presence of
an accretion stream would only increase the flux level, so we take this as conclusive
evidence that a donor star with the temperature and radius that we would expect at
the orbital period of 1eRASS J054726.9+132649 is not present. This means that if
1eRASS J054726.9+132649 follows standard CV evolutionary tracks, it must be a
period bouncer. Similar arguments have been put forth for other period bouncers
in the literature: QZ Lib and SRGe J041130.3+685350 (Pala et al., 2018; Galiullin
et al., 2024b). Finally, we show in Figure 6.4 that its low X-ray luminosity is
consistent with that of other period bouncers (both magnetic and non-magnetic) at

similar orbital periods.
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Figure 6.10: All CVs in the 150 pc sample are shown using the same colors/markers
as in Figure 6.4, with the two systems in the Pala et al. (2020a) sample not in
eRASS]1 shown as downward pointing gray triangles. All CV candidates in our
1000 pc sample are shown as gray circles. Gray lines indicate the Ly completeness
limits at 300 pc and 1000 pc, demonstrating that our 150 pc sample at the depth
of eRASSI is the only combination of distance/survey to obtain a complete CV
catalog.

6.5 Discussion

Sample Completeness and No Very Low Ly CVs

In Figure 6.10, we plot the SRG/eROSITA eRASS1 0.2-2.3 keV X-ray luminosity,
Lx as a function of distance, d, of all systems in the 1000 pc sample. We emphasize
that a CV survey at the depth of eERASS]1 out to a distance of 150 pc is the only current
combination of survey/distance that can be sensitive to all CVs. The flux limit of the
ROSAT 2RXS catalog renders it complete down to only Ly ~ 8 x 10%° erg s™!, at
150 pc, missing nearly half of all objects in our sample. Crucially, two of the three
AM CVns and four of the five period bouncers would be missed, both of which are
arguably the most poorly-understood CV subtypes and critical to our understanding
of CV evolution.

Figure 6.10 also demonstrates that low Lx CVs do not make up a significant fraction
of all systems. At ~100 pc, we reach an X-ray completeness of Ly = 5x 10%8erg s~!.
This means that if there were a dominant population of CVs at such low X-ray
luminosities, which was not able to be ruled out by previous CV surveys (e,g,

Pretorius and Knigge, 2012), we would have certainly detected it.

At the luminosity limit of eRASS1 out to 300 pc, nearly a third of the CVs in our
150 pc sample would be missed, including four of the five period bouncers. At the
Lx limit at 1000 pc, a full 80% of CVs in our 150 pc sample would be missed,
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demonstrating that complete samples of CVs can only be carried out to nearby

distances.

In order to quantify the completeness of our sample, we compare the cumulative
number of CVs (as a function of distance) to the effective volume probed by our
calculated number density, in a similar manner to El-Badry et al. (2021a). In upper
panels of Figure 6.11, we show the cumulative number of CVs in our 1000 pc sample,
as well as the VSX + ROSAT and VSX + eROSITA comparison samples. There are
more CVs in our 1000 pc sample compared to either of the VSX sample, signalling
that we have likely constructed the largest sample of X-ray selected CV candidates
to date. The cumulative number of our 1000 pc is overall higher, meaning that the

primarily optically-constructed VSX catalog is incomplete at all distances.

We also overplot the effective volume, multiplied by the space density we derive
for CVs. This is effectively the theoretical total number we expect as a function of
distance, which agrees with the cumulative number of systems in our sample up until
a distance of ~ 180 pc. Beyond that distance, the completeness plummets. Neither
of the VSX samples are complete at any distance. We demonstrate this graphically
in the bottom panels of Figure 6.11, plotting the percent difference between the
theoretical and observed cumulative numbers of each sample, assuming Poisson

counting errors.

Comparison to Previous Estimates of Average Ly
CVs

One of the major findings of this work is that the mean X-ray luminosity of most
CVs is (Lx) ~ 10¥%rgs~! in the 0.2-2.3 keV range. We also showed that the
naive construction of an X-ray luminosity distribution based on X-ray detections of
previously known, primarily optically-identified systems leads to an overestimate of
this, with (Lx) ~ 103! — 10*%erg s~!. This implies that our 1000 pc sample is likely

rich with true CVs that have been missed by previous X-ray surveys.

Animportant exception to this, of course, are targeted X-ray observations (with Swift,
XMM-Newton, Chandra, etc.) of systems identified by other means. An example of
such a study was conducted by Reis et al. (2013). That study mainly targeted low
accretion rate (WZ Sge-type) CVs discovered by SDSS, the majority of which had
orbital periods near the period minimum P4 < 90 min. Reis et al. (2013) obtained
Swift/XRT follow-up of ~20 systems, and found (log Ly (ergs™!)) = 29.78, and
(Lx) = 8 x 10%%rg s™! in the 0.5-10 keV range. In Figure 6.4, we show that
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Figure 6.11: The cumulative distribution of CVs is plotted as a function of distance
(upper panels) for our 1000 pc sample (red), and VSX samples. The predicted
number of systems given our estimate of py o (black) indicates that both VSX
samples are incomplete, even at d < 100 pc. The percentage of the difference
between the predicted and observed cumulative distributions is shown in the lower
panels. At distances beyond ~ 180 pc, even our eROSITA + Gaia sample starts to
become incomplete.

many of our systems in a similar period range also have similarly low values of L.
However, the systems used to make up the Reis et al. (2013) sample were primarily
non-magnetic CVs, not selected homogeneously, so a one-to-one comparison to our

result is not possible.

Interestingly, Pretorius and Knigge (2012) note that applying a classic model of
CV X-ray emission (Patterson and Raymond, 1985) to a synthetic population that
(correctly) predicts the majority of CVs should be low accretion rate systems below
the period gap (Kolb, 1993), predicts the majority of systems should have X-ray

0%%erg s~! and a few x10%%erg s~!, which is similar

luminosities between a few x1
to what we have found here. In short, while various earlier studies have postulated
that there should be a large population of low Ly CVs, a secure discovery of this has

not been possible until now.

While this work was in preparation, Schwope et al. (2024a) independently reported
on SRG/eROSITA detections of CVs from known catalogs, and calculated (log L)
for each catalog. However, that work only reported on detections of previously
known CVs, and did not conduct a search for new systems as we have done here, so
those average Lx values cannot be taken to be representative of CVs. For example,

we have shown here that the Pala et al. (2020a) sample, is missing two systems
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within 150 pc.

AM CVns

The largest catalog of X-ray detections of AM CVns was compiled by Begari and
Maccarone (2023), who searched the XMM-Newton, Chandra and Swift archives
for X-ray counterparts to known AM CVns. They showed a clear trend of de-
creasing X-ray luminosity as a function of orbital period. Our average Ly of
8.6 +3.5x 10%° erg s! is consistent with that of their longest period systems. Cru-
cially, Ramsay et al. (2006) found that as AM CVns evolve to longer orbital periods,
a large fraction luminosity is emitted in the ultraviolet, dominating over the X-ray.
At this point, larger samples of AM CVns, particularly X-ray bright, short period
systems, are needed to determine the average luminosity density, and if, as is the case
with CVs, that the few X-ray bright systems dominate the total luminosity output

over the dominant population of low Ly systems.

Synergy with Flux-Limited Surveys

Volume-limited surveys are by no means the only way to discover CVs. X-ray
flux-limited and optical magnitude-limited surveys are the only way to discover
intrinsically rare, yet scientifically interesting CVs that probe short evolutionary
stages. In Figure 6.5, it is clear that CVs with Ly > 1032 erg s~! are only found at
d = 300 pc. Indeed, many of these systems are long-period IPs, which are abundant
in (hard) X-ray surveys and form a crucial part of understanding of magnetism in
CVs (Suleimanov et al., 2019).

As mentioned previously, this is especially the case for AM CVns, where the
moderate period Py < 50 min systems, and particularly the short period Py, < 20
min systems, are only found at distances beyond a few hundred pc (Ramsay et al.,
2018). These systems tend to have higher Ly values (Begari and Maccarone, 2023),

and many have indeed been discovered through X-ray surveys.

The point of this work (and volume-limited surveys in general) is not to be sensitive
to all CVs, but to conduct a systematic survey that detects all nearby CVs, which
should be representative of the population in all regions of the Milky Way that
resemble the solar neighborhood. In Figure 6.5, it is clear that low Ly systems, like
long-period AM CVns and period bouncers, cannot be detected beyond 150-300
pc given the flux limit of eRASS1. These CV subtypes, once believed to be rare,

are actually abundant in the Milky Way, but will remain invisible until the advent of
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deeper all-sky X-ray and optical surveys such as future releases from SRG/eROSITA
and the upcoming Rubin Observatory Legacy Survey of Space and Time (LSST).

Comparison to Pala et al. (2020a)

We wish to emphasize the importance of the 150 pc survey carried out by Pala
et al. (2020a) in this work. 21 of the 23 CVs in our sample were already compiled
by Pala et al. (2020a), spectroscopically verified either by that work or before, and
had orbital periods determined. We acknowledge that most of the conclusions we
reach here echo those of Pala et al. (2020a), though 1) all X-ray analysis presented
here is new, and 2) we have made use of a novel selection tool, the X-ray Main
Sequence, which has single-handedly recovered virtually all systems in the Pala
et al. (2020a) sample, regardless of subtype. Crucially, the latter allows us to derive
space densities without adopting a completeness correction, which is sensitive to
the targeting strategy of SDSS (Pala et al., 2020a; Inight et al., 2023a).

We now speculate as to why we may have missed two systems in the Pala et al. (2020a)
sample within 150 pc in the Western Galactic Hemisphere: GaiaJ154008.28-392917.6
(d = 139 pc) and V379 Tel (d = 131 pc). Visual inspection of the eRASS1 im-
ages confirms they are not detected. Given the flux limit of eRASSI1 and the
well-measured distance, it is possible that Gaia J154008.28-392917.6 has an X-ray
luminosity of Ly < 1.0 x 10?%erg s=!. Pala et al. (2020a) showed that this system is
a WZ Sge-type low accretion rate CV that has shown no outbursts, so the possibility
of a low X-ray luminosity is likely. Such low values of Ly, though rare, have been
seen in CVs — as mentioned previously, one of the twenty CVs in the sample of
Reis et al. (2013) indeed has Ly < 1.3 x 10296rg s7!. In the case of V379 Tel,
there are two possible scenarios. Firstly, since this system is an eclipsing polar
(Potter et al., 2005), it is possible that it was missed by the single eROSITA scan
of this part of the sky. Using the eROSITA upper limit calculator?’, the exposure
time at this position was 85 sec, while the duration of an eclipse of this system is
~300 sec (starting from the stream ingress), and its orbital period is 101 min (Potter
et al., 2005). The probability that at least 20% of that 85 sec observation took place
during eclipse is ~6%, which is non-negligible. The second possibility is that it
may have been observed in a period of low accretion state, as is commonly seen
in magnetic CVs (Bernardini et al., 2019). Flickering and state changes have been
observed in V379 Tel (Itkiewicz et al., 2022), making it a possibility that it was in

a low accretion state, with Ly < 9.8 X 1028erg g1 during the eRASS1 observation.

2Ohttps ://erosita.mpe.mpg.de/drl/erodat/upperlimit/single/
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However, we checked the Asteroid Terrestrial-impact Last Alert System (ATLAS;
Tonry et al., 2018b) light curve of both systems near the epoch when their positions
were observed by eROSITA in the eRASS1 survey, and do not notice an obvious low
state (>1 mag prolonged average state compared to the rest of the light curve). This
suggests that if being in a low state is the reason for their non-detection, that is must
have been short (< few days) or longer and missed by ATLAS due to bad weather
or data quality. Finally, in both systems, it could be possible that they are being
viewed at an inclination such that the X-ray emitting region is obscured (by the disk
in Gaia J154008.28-392917 or by the accretion stream in V379 Tel), leading to the
absorption of X-ray photons (e.g., Mukai, 2017).

Estimation of Systematic Uncertainties

Importantly, we note that the non-detection of these two systems does not pose a
challenge to our estimation of space densities as we present them throughout the text,
as the total number of systems is well within our 10~ Poisson counting uncertainties.
However, their non-detection does raise the possibility that a small fraction of CVs

could be emitting at Ly < 10%erg s,

Nevertheless, these non-detections are useful and allow us to estimate systematic
uncertainties. Since 21 of 23 (91%) of systems in the Pala et al. (2020a) sample are
detected in our sample, we could be underestimating our inferred space densities by
a factor of 9%. Applying this to our estimate of CV space density (and propagating
it with the statistical uncertainty in quadrature) would modify it from pN cv =
(3.7+0.7) x 10%pc™3 to pNn. cv = (4.1 £0.8) x 10 %pc3. As outlined in the above
paragraph, the mean value of the space density remains within the original statistical

uncertainty.

In this work, since our goal is to create a CV and AM CVn sample selected using
a single technique — the X-ray Main Sequence — we cannot in good faith report
all space densities by applying a 9% systematic uncertainty across the board since
this estimate comes from attempting to recover systems from another survey which
itself is incomplete. Rather, future, deeper eRASS releases will shine a light on
the true number of systems with Ly < 10%%erg s™! and reveal the true systematic
uncertainty needed to be adopted here. We also note that there are negligible
systematic uncertainties in using the Western Galactic Hemisphere, rather than an
all-sky sample. By using the VSX + ROSAT catalog as a reference, we note that

the number of systems only found in the Western Galactic Hemisphere differs from
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half of the all-sky number by at most several percent, which is within the statistical

uncertainty reported above.

Comparison to Theoretical Predictions and Previous Estimates of Space Den-
sities

All CVs

All population synthesis results predict an overabundance of CVs compared to ob-
servations. To get around this, it has been postulated that the majority of CVs are

0%8erg s~!(e.g., Pretorius and Knigge, 2012), but our

very faint, with Ly < 4 x 1
work rules that out since we are compete down to that value out to 90 pc. Our
midplane number density is pyo ~ 3.7 + 0.7 x 107 pc™3, yet modern popula-
tion synthesis analyses predict number densities of py ~ 9 x 107> pc™3 (Belloni
et al., 2018)21, assuming a classical canonical angular momentum loss (CAML)
prescription, around 20 times higher than our inferred value. Adjusting the AML
prescription to “empirical" CAML, the predicted value drops to ~ 2*2 x 107> pc ™3,
which is still 5 times higher than our observed value (Belloni et al., 2018, 2020)
and in > 20 tension with our results. Goliasch and Nelson (2015) predict a number

density of 1.0 + 0.5 x 10 pc™3, which is also in > 20 tension with our results.

Previously, number densities of CVs were obtained in three different ways: 1) X-ray
flux limited surveys, 2) large-scale optical spectroscopic surveys, and 3) the volume-
limited sample of Pala et al. (2020a), which assembled all known CVs out to 150 pc

and based their completeness on SDSS targeting and CRTS observations.

We obtain more precise estimates than those carried out by previous X-ray surveys
since they suffer from incompleteness. Pretorius and Knigge (2012) predicted a
number density of non-magnetic CVs of py = 4f(2’ % 1076 pc=3, and Pretorius et al.
(2013) a number density of magnetic CVs of Sj x 1077 pc=3. Both analyses were
carried out using data from the ROSAT catalogs, but an estimate of completeness
could not be carried out due to a nonuniform selection and the challenge of isolating
ROSAT sources at low Galactic latitudes (|| < 20°). Later, Schwope (2018)
revisited systems from these samples, and obtained distances using newly available
Gaia parallaxes. Schwope (2018) obtained number densities ranging between 0.96—

10.9 x 107 pc3, depending on the particular sample used and the assumption of

2I'We report all of our inferred space densities of CVs in powers of 1076 and those of AM CVns in
powers of 1077, in order to be consistent with the majority of the literature. In cases where different
powers are used in the literature, we report those values in order to faithfully reproduce the numbers
reported by that work.
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CV scale height, though individual estimates obtained similarly small error bars as
the ones we show here (e.g., the use of the RASS sample with a 200 pc scale height
yielded a number density of 4.7fg'zt x 1076 pc=3.

We obtain similarly precise estimates than those carried out by optical spectroscopic
surveys, yet those surveys suffer from incompleteness, different than that of X-ray
surveys. Inight et al. (2021) calculated a midplane number density of pg = 2.2*9 x
1076 pc3, assuming a scale height of 280 pc. They revisited their calculation in
Inight et al. (2023a), with new systems, and estimated a completeness factor of 2.14
which was used to compute a number density of py = 7.23 x 1076 pc~> assuming
a scale height of 260 pc (this means that before incorporating their completeness
factor, they obtained a value of pg = 3.37 x 1079 pc™3). This is similar to the work
of Pala et al. (2020a), where a value of pg = 3.7f8'g % 1076 pc~3 was obtained, and
then a completeness factor of 1.4 was incorporated to obtain a number density of
pPo = 4'8t(())'.§ x 1076 pc™3, all assuming a scale height of 280 pc.

All aforementioned X-ray campaigns have obtained number densities similar to
ours and remarkably, the number densities derived by spectroscopic campaigns best
agree with ours before their application of a correction factor for completeness. The
latter possibly suggests that such a correction has been overapplied. All in all, our
results echo the conclusion of Inight et al. (2023a), where it appears that various CV
observational campaigns using independent methods are converging on a midplane
number density of pyo ~ 4 — 5 x 107 pc=3. However, our work is unique in not
needing to employ a completeness factor and appearing to be unbiased towards any
CV subtype.

We also note the work of Canbay et al. (2023), where a cleaned version of the VSX
catalog, together with Gaia DR3, was used to infer CV space densities and space
heights. The local space density of all CVs was found to be 6.81:31 x 1076 pc3,
which is about fifty percent higher than the value obtained in our work. While this
difference is not egregious, the VSX catalog suffers from incompleteness (as we
show in this work), which would lead to a lower estimate than ours. Since Canbay
et al. (2023) use the older Galactic model from Bilir et al. (2006), it is possible
that that, in combination with a different method of calculating the space density

(“partial spherical volumes"), leads to this discrepancy.
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Magnetic CVs

We calculate the midplane number density of magnetic CVs to be N, magnetic =
(1.3+0.5)x107% pc~3. The only theoretical estimate of magnetic CV space densities
has been carried out by Belloni et al. (2020), where it was predicted that the space
density of polars should be 53 x 1070 pc=3 (I.Si(l)'% x 1070 pc=3 excluding period
bouncers), though the authors initially fix the fraction of polars relative to the entire
CV population at 28 percent. Our number density is technically in disagreement
with that, since our sample includes one IP (not considered by that analysis) and

two magnetic period bouncers.

It is most meaningful to compare our number density to that derived by Pretorius
et al. (2013), 8t‘é x 1077 pc_3, which agrees with ours within 1o-. However, that
sample is rich with more IPs and lacks period bouncers. Further analysis of our 300
pc and 1000 pc samples will reveal larger numbers of magnetic CVs and show at
what distance the classic, high Ly IPs will start to appear (=500 pc is suggested by
Suleimanov et al. (2019)).

Period Bouncers

We calculate the midplane number density of period bouncers to be pn, pg = 0.9 £
0.4x 107 pc=3. All population synthesis results predict an overabundance of period
bouncers compared to observations. Our work is the observational campaign that has
found the largest space density of period bouncers to date, thanks to our sensitivity
to low Ly systems, where period bouncers live (Table 6.3). However, we do note the
possibility that additional period bouncers could still be present, albeit with very low
X-ray luminosities (Ly < 10*°erg s~!). Early works by Kolb (1993) predicted that
~ 70 % of CVs should be period bouncers, whereas modern works accommodate
a range as low as = 38% (Goliasch and Nelson, 2015) to ~ 82%. (Belloni et al.,
2020). Applying these percentages to global space densities, Goliasch and Nelson
(2015) place the number density of period bouncers to be pxpg ~ 4 —7 x 1076 pc3
(at least 4 times higher than our value), and Belloni et al. (2020) estimate it to
be 16 x 107 pc=3 (nearly 20 times higher than our value), assuming the eCAML

prescription.

Only a handful of observational campaigns have placed meaningful constraints
on the space density of period bouncers: 1) Herndndez Santisteban et al. (2018)
searched for eclipsing systems in the Palomar Transient Factory data archive and

quantified their completeness using SDSS targeting to obtain an upper limit of
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PN PB S 20 X 1076 pc_3, 2) Pala et al. (2020a) estimated the fraction of period
bouncers in their sample to be 7-14%, yielding a number density of ~ 0.3 — 0.6 X
1076 pc=3, and 3) Inight et al. (2023a) analyzed SDSS I-V data to estimate a value
of ~ 0.2 x 1076 pc=3.

In contrast to virtually all previous studies, we obtain a value of px pg = 0.9 +
0.4 x 107% pc~2. This high value is due to the inclusion of two magnetic period
bouncers not mentioned in the Pala et al. (2020a) sample: 1) the reclassification
of SDSS J125044.42+154957.3 by Mufioz-Giraldo et al. (2023) as a magnetic
period bouncer (this was not the case in Pala et al. (2020a)), and 2) our discovery
of 1eRASS J054726.9+132649. This suggests that other nearby magnetic period
bouncers may be lurking, and could be revealed by deeper eROSITA surveys (e.g.,
Galiullin et al., 2024b). If this lack of period bouncers is confirmed, as our work
seems to suggest, a modification to the standard CV evolutionary picture — for
example, either through a different magnetic braking prescription (Sarkar et al.,
2024) or through the detachment of CVs as they pass through the period minimum

(Schreiber et al., 2023) — could be invoked to explain such a phenomenon.

AM CVns

We calculate the midplane number density of AM CVns to be px, aMcvn = 5.5 £
3.7 x 1077 pc3. We are able to place meaningful constraints on the space density
of AM CVns because of our straightforward selection function. Even with three
systems in our sample, our 68% Poisson intervals place the errors of our number
density estimates on par with those of other observational campaigns. Only a
handful of studies have estimated the space density of AM CVns due to 1) the
intrinsic rarity of systems and 2) the difficulty in setting up a systematic survey to
identify long-period, low accretion rate systems. Because, like CVs, all AM CVns
are X-ray emitters (e.g., Ramsay et al., 2005, 2006; Begari and Maccarone, 2023),

it is difficult for nearby systems to be missed with the X-ray Main Sequence.

Early work on population synthesis of AM CVns predicted space densities of
PN AMcvn = 0.4 — 1.7 X 1074 pc‘3 (Nelemans et al., 2001), at least 100 times
higher than our derived value. This incredibly high number would mean that AM
CVns would have higher space densities than CVs.

Two types of observational campaigns have placed meaningful constraints on the
space density of AM CVns, with the first being spectroscopic surveys from SDSS.
Roelofs et al. (2007) and Carter et al. (2013) calculated number densities of 1 —
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3% 1077 pc and 5 + 3 x 1077 pc3, respectively. The other method has been
recently carried out by van Roestel et al. (2022), who systematically searched the
ZTF database for eclipsing AM CVns and derived a space density of 6tg %1077 pc3.
That study effectively ruled out a large population of faint, very low accretion rate
systems, meaning that our X-ray survey will not miss a large population of AM
CVns. In other words, the van Roestel et al. (2022) survey, by targeting all eclipsing
systems in the period range of AM CVns, should have detected very low accretion
rate systems with weak to no emission lines if they indeed existed. Because such
systems were not discovered, this suggests that even in the latest stages of their
evolution, AM CVns accrete at high enough levels to be detectable in X-rays. It is
worth noting that Ramsay et al. (2018) also derived the space density of AM CVns
from the collection of all systems known up until that point. There, it was shown

that the 1o~ lower limit of the AM CVn number density was > 3 x 1077 pc=.

Our midplane number density is consistent within 1o~ with values derived from both
spectroscopic surveys and searches for eclipsing systems. However, it is lower than
the expected number density of Nelemans et al. (2001) by at least two orders of
magnitude. Our result reinforces the tension with AM CVn population synthesis
estimates, and demonstrates the need for a modern recalculation. This is especially
important for estimating the population resolved by LISA and that which will make
up the gravitational wave background (Nelemans et al., 2004b; Kupfer et al., 2024;
Tang et al., 2024).

6.6 Conclusion

We have conducted a systematic, volume-limited survey of CVs down to the lowest
X-ray luminosity to date, Ly = 1.3 x 10* erg s™! in the 0.2-2.3 keV range. Our
main survey extends to a distance of 150 pc, and was possible thanks to a crossmatch
of the SRG/eROSITA eRASS1 X-ray survey of the Western Galactic Hemisphere
and Gaia DR3. We employed a novel tool called the “X-ray Main Sequence" — a
color-color diagram with Gaia BP-RP on the horizontal axis and Fy/Fyp on the
vertical axis — to create our sample. We recover virtually all previously known
CVs within 150 pc in this part of the sky and have discovered two new systems. Our

main conclusions are:

1. The X-ray Main Sequence is a highly efficient tool for systematic searches
of the X-ray + optical sky (Figure 6.1). Within 150 pc, we selected 28
CV candidates, a mere ~0.1% of the SRG/eROSITA eRASS1 + Gaia parent
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sample (Table 6.1). We discarded three false matches, two non-CV compact
object binaries, and were left with 23 CVs within 150 pc in the Western
Galactic Hemisphere.

. Wediscovered two new CVsinthe 23 within 150 pc: 1eRASS J054726.9+132649,
a magnetic period bouncer (Figure 6.8), and 1eRASS J101328.7-202848, a
long-period AM CVn which is now the third closest ultracompact system to
Earth, at 140 pc (Figure 6.7).

. Using our 150 pc sample, we constructed luminosity functions and showed a
“flattening” at Lx ~ 10*%erg s~! for the first time in CVs (Figure 6.6), though
larger samples from deeper eROSITA releases are needed to confirm this. We
infer the CV number density at the midplane to be pxcy = 3.7+0.7x1076 pc=3
(Table 6.4). This number density agrees to within 1o~ with most previous
estimates from spectroscopic surveys (without completeness correction) and
X-ray flux limited surveys. However, it is still lower than that predicted by

theory by a factor of ~5-20.

. We calculated the AM CVn number density at the midplane to be px am cvn =
5.5 +3.7x 1077 pc3 (Table 6.4). Our novel selection method allows us to
be complete, even while only having a few systems. This agrees to within
1o with most previous estimates from spectroscopic and optical photometric
surveys. However, it is still lower than that predicted by theory by a factor of
~70-200.

. The average X-ray luminosity of CVs in our 150 pc sample is (Lx) ~ 4.6 X
10*%rg s~! in the 0.2-2.3 keV range (Figure 6.5), with a maximum correction
of a factor of 0.07 needed to account for interstellar extinction. In contrast,
Lx distributions built from X-ray matches to primarily optically-discovered
CVsyield (Lx) ~ 103! —10*?erg s!, which means that (Ly) of CVs has been
systematically overrestimated in the past.

. The fraction of magnetic CVs in our 150 pc sample is 35%, and that of period
bouncers is 25%, assuming Poisson counting errors in the main sample.
This fraction of period bouncers is higher than all previous observational
campaigns, but still lower than the 40-70% predicted by population synthesis.
Deeper eROSITA releases are needed to confirm this tension, which could

still reveal systems at even lower X-ray luminosities.
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By focusing on the volume out to 150 pc from the Sun, this work is somewhat biased
to the low-Lx end of CVs. Nevertheless, our local survey should be representative of
other regions in the Milky Way that resemble the solar neighborhood. Furthermore,
low-Ly systems such as AM CVns and period bouncers have been the most difficult
to find in previous surveys, as highlighted by the discovery of two new systems in
our sample. It has only been with recent surveys made possible by SRG/eROSITA
that such systems have come to light (e.g., Rodriguez et al., 2023b; Galiullin et al.,
2024b). In contrast, high-Lx systems like bright IPs have been easier to discover
in the past, but are more rare, making them more distant and not recovered by our

search (e.g., Suleimanov et al., 2019).

Future work should spectroscopically verify CV candidates in our 300 pc and 1000
pc samples, which we make publicly available. Since the number of systems
approaches the hundreds, this could be best accomplished using large spectroscopic
surveys such as SDSS-V (Kollmeier et al., 2017; Almeida et al., 2023), the Dark
Energy Spectroscopic Instrument (DESI; DESI Collaboration et al., 2016), the 4-
metre Multi-Object Spectrograph Telescope (4MOST; de Jong et al., 2019), and the
William Herschel Telescope Enhanced Area Velocity Explorer (WEAVE; Dalton
et al., 2012).

Upcoming eRASS releases will probe the X-ray variability of these objects, and
trends regarding X-ray hardness ratios of CVs and AM CVns should be investigated
on a large scale. Co-added eROSITA surveys will go a few times deeper than
eRASS1, and will discover many new systems, particularly at larger distances. For
example, Schwope et al. (2024b) recently compiled a list of the compact white dwarf
binaries in the eFEDS survey of SRG/eROSITA, covering 140 deg? of the sky. In
that work, of the 23 systems, only 9 systems would pass the flux limit of eRASSI.
The remaining systems are at > 250 pc, suggesting that our 300 pc sample, and in
particular our 1000 pc sample would greatly benefit from deeper eRASS surveys as
Figure 6.5 demonstrates. Atthe eRASS:4/eRASS:8 limitof Fy = 1x10714/7x10713
erg s_'cm~2 (e.g., Sunyaev etal., 2021), a survey complete downto Ly = 10%erg s~!

can extend out to 300 pc / 360 pc.

New optical surveys will be useful in the near future as well. Releases with updated
astrometry, photometry, and ultra low-resolution spectroscopy from Gaia DR4/DRS5
will also add to the complete picture of CVs and AM CVns. These releases will
improve parallaxes to faint, WD-dominated systems at > 300 — 400 pc, which are

currently difficult to detect due to a combination of large parallax errors and faintness
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at that distance (e.g., Gentile Fusillo et al., 2021a). Also on the horizon is the Rubin
Observatory Legacy Survey of Space and Time (LSST), which will use large,
optically selected samples to provide further data on faint systems, particularly AM
CVns and eclipsing and outbursting CVs in the period bounce regime (e.g., Szkody,
2015). In both cases, combining SRG/eROSITA data and employing the X-ray Main
Sequence will be a useful tool in identifying candidate compact object binaries and

forming large, uniformly selected samples as we have done here.
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6.8 CYV Selection with the X-ray Main Sequence

Here, we justify our choice of enforcing the -0.3 < BP-RP < 1.5 cut , as well as
our “modified" cut in the X-ray Main Sequence when creating our samples. At all
distances, we crossmatched our volume limited sample with a clean set of CVs from
the VSX catalog (see Section 6.3), where we enforced that the orbital period also be

well known (no “:" in the period category) to ensure the best selection. We present

the results in Figure 6.12.
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In Figure 6.12, it is clear that none of the VSX CVs fall under the modified cut (dash
dot line) in the 150 pc and 300 pc samples. Less than 3% of systems fall below
the cut in the 1000 pc sample, with < 1% falling below the empirical cut from
Rodriguez (2024b) (solid diagonal line). No CVs are located in the BP-RP < -0.3
region at any distance. This means that the systems located there are likely hot WDs

thermally emitting X-rays, though that should be investigated in future studies.

Finally, no VSX CVs are located in the BP-RP > 1.5 region in the 150 pc sample,
while 2 (< 3%) are there in the 300 pc sample and 5 (< 1%) are there in the
1000 pc sample. It is especially clear in the X-ray Main Sequence of the 1000 pc
sample (upper left panel of Figure 6.12) that there is a significant amount of objects
above the “empirical cut" (Rodriguez, 2024b) as well as “modified cut", redward of
BP-RP of 1.5. The distribution of the separation between X-ray and optical points
(right panels of Figure 6.12) shows that the distribution of those points (shown in
gray), however, does not follow a Rayleigh distribution and is instead consistent
with randomly associated matches. In contrast, the distribution of the our CV
candidates (shown in blue), clearly follows a Rayleigh distribution, with a best-fit
Osep (Equation 6.2) of 2.2" at all distances. We clarify that the blue distributions
plotted on the right panels of Figure 6.12 are comprised of all possible matches
out to 20". The candidates we plot on the left and center panels (and comprise
our samples), include only crossmatches out to 7.7" (3.50%ep; see Section 6.3),
thus being dominated by true associations. This exercise shows the importance of 1)
starting with a larger crossmatch radius than the nominal positional error of a survey,
and 2)always plotting the distribution of separations when doing a crossmatch. A
blind crossmatch, accepting points redward of BP-RP = 1.5 in this case, would have
resulted in being dominated by false matches, even when only keeping points at very

low separations (e.g., < 5 arcsec).

6.9 CYV Scale Height Calculation

In order to be self consistent with the Galactic mass profile analysis carried out
by Barros et al. (2016), we effectively assumed a CV scale height, icy of 205 pc.
Calculating hcy for CVs is difficult, and technically must be done for different CV
subtypes separately to account for their being in different evolutionary stages and
therefore having different intrinsic ages (e.g., Pretorius et al., 2007; Ak et al., 2015;
Canbay et al., 2023). However, it would likely require a much larger, spectroscop-
ically confirmed sample of systems to undertake such an analysis. We proceed by

computing a scale height of CVs for our largest samples, but explain why simply
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Figure 6.12: Our volume-limited samples are shown on the X-ray Main Sequence
(left) and HR diagram (center), with black points denoting all objects in the sample,
blue our CV candidates, and red the best vetted CVs from the VSX catalog. Only a
few VSX CVs are below the “modified" cut (dash dot line) on the left, meaning that
this can be used in place of the cut from Rodriguez (2024b) (solid diagonal line).
On the right are distributions of the separation between X-ray and optical points. A
Rayleigh distribution with o, = 2.2” (black line) best fits the final sample at all
distances, justifying our choice of cuts.
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setting hcv to a fixed value is justified.

Because the scale height of the thin disk is =200 pc, we cannot compute a scale
height based on the 150 pc sample alone. However, we can make use of three other
samples in this study: our 1000 pc sample, the VSX + eROSITA sample, and the
VSX + ROSAT sample, which are sensitive to CVs far enough away to trace their
characteristic hcy. We exclude systems in the VSX samples beyond 1000 pc in

order to have a fair comparison to our 1000 pc sample.

We follow a similar approach to Revnivtsev et al. (2008) and Suleimanov et al.
(2022), and assume that CVs follow an exponential distribution in the Milky Way,
with the probability of a system to be located at a height z above the Galactic place
to be:

1 —|Zi
Pi(z;) = ev exp (%) (6.7)

where 7 is defined as in Equation 6.5. We can compute a log-likelihood function:

|zl

N
log L(z) =log [ | Pi(e) == ) nhey -5

(6.8)
cv

We compute the value that maximizes the negative log-likelihood and present that
value along with 95% confidence intervals in Figure 6.13. The ROSAT sample
suggests that hcy ~ 185 pc since it traces X-ray bright systems (e.g., polars, IPs)
which are younger, while the VSX + eROSITA and our 1000 pc sample are more
sensitive to X-ray faint systems farther along in their evolution, and instead suggest
that hcy =~ 200 — 240 pc. At the end of the day, neither of those two samples
can be taken as ground truth, since the VSX + eROSITA sample suffers from
incompleteness and our 1000 pc sample of CV candidates is not spectroscopically

verified.

As a final calculation, we determine the midplane number density of CVs assuming
different scale heights from our 150 pc sample, assuming a Galactic model as in
Equation 6.4. Assuming a extreme values of hcy =100, 500 pc, respectively, we
obtain midplane number densities of py o ~ 4.7 X 107 pc™3 and 3.2 x 1076 pc~3,
respectively, which lead to no more than =~ 30% deviations from our calculated

values in Table 6.4.
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Figure 6.13: Negative log likelihood of the CV characteristic scale height, hcy for
the VSX + ROSAT (blue), VSX + eROSITA (cyan), and our 1000 pc sample (red).
We plot the most likely value as a dotted line and show 95% confidence intervals as
shaded regions. The ROSAT sample likely has a smaller value since it traces X-ray
bright systems (e.g., polars, IPs) which are younger, while the VSX + eROSITA and
our 1000 pc sample are more sensitive to X-ray faint systems farther along in their
evolution. Both the VSX + eROSITA and our 1000 pc sample are consistent with
our fixed value of hcy = 205 pc.
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A LINK BETWEEN WHITE DWARF PULSARS AND POLARS:
MULTIWAVELENGTH OBSERVATIONS OF THE 9.36-MINUTE
PERIOD VARIABLE GAIA22AY]

Antonio C. Rodriguez, Kareem El-Badry, Pasi Hakala, Pablo Rodriguez-Gil, Tong
Bao, Ilkham Galiullin, Jacob A. Kurlander, Casey J. Law, Ingrid Pelisoli,
Matthias R. Schreiber, Kevin Burdge, Ilaria Caiazzo, Jan van Roestel, Paula
Szkody, Andrew J. Drake, David A. H. Buckley, Stephen B. Potter, Boris Gaen-
sicke, Kaya Mori, Eric C. Bellm, Shrinivas R. Kulkarni, Thomas A. Prince,
Matthew Graham, Mansi M. Kasliwal, Sam Rose, Yashvi Sharma, Tomas Ahu-
mada, Shreya Anand, Akke Viitanen, Avery Wold, Tracy X. Chen, Reed Riddle,
and Roger Smith. A Link Between White Dwarf Pulsars and Polars: Multiwave-
length Observations of the 9.36-minute Period Variable Gaia22ayj. Publications
of the Astronomical Society of the Pacific, 137(2):024202, February 2025. doi:
10.1088/1538-3873/adbOf1.
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ABSTRACT

White dwarfs (WDs) are the most abundant compact objects, and recent surveys
have suggested that over a third of WDs in accreting binaries host a strong (B > 1
MG) magnetic field. However, the origin and evolution of WD magnetism remain
under debate. Two WD pulsars, AR Sco and J191213.72-441045.1 (J1912), have
been found, which are non-accreting binaries hosting rapidly spinning (1.97-min
and 5.30-min, respectively) magnetic WDs. The WD in AR Sco is slowing down on
a P/P ~ 5.6 x 10° yr timescale. It is believed they will eventually become polars,
accreting systems in which a magnetic WD (B = 10 — 240 MG) accretes from a
Roche lobe-filling donor spinning in sync with the orbit (> 78 min). Here, we present
multiwavelength data and analysis of Gaia22ayj, which outbursted in March 2022.
We find that Gaia22ayj is a magnetic accreting WD that is rapidly spinning down
(P/ P = 6.1i(())'% x 100 yr) like WD pulsars, but shows clear evidence of accretion,
like polars. Strong linear polarization (40%) is detected in Gaia22ayj; such high
levels have only been seen in the WD pulsar AR Sco and demonstrate the WD is
magnetic. High speed photometry reveals a 9.36-min period accompanying a high
amplitude (~ 2 mag) modulation. We associate this with a WD spin or spin-orbit
beat period, not an orbital period as was previously suggested. Fast (60-s) optical
spectroscopy reveals a broad “hump”, reminiscent of cyclotron emission in polars,
between 4000-8000 A. We find an X-ray luminosity of Lx = 2.7762 x 1032 erg s
in the 0.3-8 keV energy range, while two VLA radio campaigns resulted in a non-
detection with a F,. < 15.8 uJy 30 upper limit. The shared properties of both WD
pulsars and polars suggest that Gaia22ayj is a missing link between the two classes

of magnetic WD binaries.
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7.1 Introduction

Magnetic fields are ubiquitous in the Universe, from planetary scales such as that
of the Earth to extragalactic scales of the intergalactic medium. In both cases,
dynamos have been proposed to be the origin, and the dynamo theory has recently
been invoked as the possible origin of strong magnetic fields in cooling white dwarfs
(WDs) undergoing crystallization (e.g.,, Isern et al., 2017; Schreiber et al., 2021a;
Ginzburg et al., 2022).

It has been observed that over a third of accreting WDs host a magnetic WD (Pala
etal., 2020b; Rodriguez et al., 2024). Such systems, known as magnetic cataclysmic
variables (CVs), consist of a magnetic WD accreting from a Roche-lobe filling donor
star, in the form of intermediate polars (IPs; B = 1 — 10 MG) or, more commonly,
polars (B = 10 — 240 MG). Both polars and IPs channel accreted material through
the WD magnetic poles onto the surface since, in both cases, the magnetospheric
radius extends well past the surface of the WD. In polars, the WD spin is typically
locked with the orbital period', but in IPs, the WD spins ~ 10 — 100 times faster
than the orbital period.

Despite the abundance of magnetic CVs, however, only ~ 2% of their younger
progenitors, detached post-common-envelope binaries (PCEBs), host a magnetic
WD (e.g.,, Rebassa-Mansergas et al., 2012; Parsons et al., 2021). Because CVs are
further evolved and host cooler WDs, this has led to the idea that magnetism arises
as a result of a crystallization-driven dynamo as the WD cools (e.g.,, Schreiber et al.,
2021a). Other channels for WD magnetism, such as 1) the “fossil field" scenario,
where the progenitor was a magnetic Ap/Bp star (Braithwaite and Spruit, 2004), 2)
a dynamo operating during the common envelope phase (CE) (Tout et al., 2008),
and 3) a double WD merger (Garcia-Berro et al., 2012) are also possible, though
the former two scenarios would predict a large number of detached PCEBs hosting
a magnetic WD. In the dynamo scenario, a crystallizing WD accretes from a donor
star, is spun up, and generates a B = 1 — 250 MG magnetic field (Schreiber et al.,
2021a). The WD may then synchronize with the orbit, leading to the creation of a
polar. Recent work has suggested that this idea may well lead to some, but not all
of the polars hosting > 10 MG magnetic fields (Ginzburg et al., 2022; Camisassa
et al., 2024).

! Asynchronous polars are polar-like systems in which there is a < 10% difference between the
WD spin and the orbital period (e.g.,, Littlefield et al., 2023), which in some systems has been
explained by a nova outburst throwing the system out of synchronism (e.g.,, Schmidt and Stockman,
1991).
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Furthermore, two WD “pulsars” have been discovered in the last decade: AR
Sco (Marsh et al., 2016) and J191213.72-441045.1 (henceforth J1912; Pelisoli
et al., 2023b), the first of which motivated a connection from the dynamo theory to
reconcile the role of AR Sco in CV evolution (Schreiber et al., 2021a). Curiously,
it appears that the WD temperature of J1912 is too high for crystallization to have
taken place, potentially calling into question the dynamo origin of magnetic fields
or simply showing that this channel may not lead to all magnetic CVs (Pelisoli
et al., 2024). Nevertheless, the evolutionary picture of Schreiber et al. (2021a) may
still explain the origin of its magnetic field, as the recent work of Camisassa et al.
(2024) suggested that dynamo-generated magnetic fields can break out at higher

temperatures for more massive WDs.

Regardless of the origin of magnetism in WD pulsars, these systems are close
(Porp = 3.5 — 4 h), detached, non-accreting binaries, where fast, pulsed emission
(Pspin ® 2 — 5 min) out to radio frequencies has been detected. This emission
has been attributed to the acceleration of particles in the interaction between the
magnetic field (B ~ 50 — 100 MG) of the WD and that of the M dwarf companion,
though whether the radio pulses are dominated by synchrotron or cyclotron emission
is under debate (e.g.,, Marsh et al., 2016; Stanway et al., 2018). Crucially, both AR
Sco (Pelisoli et al., 2022b) and J1912 (Woudt, P. et al. in prep) have been observed to
be rapidly spinning down, with AR Sco showing P/P = 5.6 x 10° yr. This suggests
that these systems will eventually become polars—the donor star will fill its Roche
lobe in a few Gyr due to gravitational wave radiation and magnetic braking , and the

WD will spin down to synchronize with the orbital period.

Here, we report the characterization of Gaia22ayj as an accreting magnetic WD
which will likely evolve into a polar. Kato (2022) first reported the discovery of
Gaia22ayj after it underwent an optical outburst in March 2022, found a 9.36-
min period in data from the Zwicky Transient Facility (ZTF) and proposed it to
be a WD binary based on the claim that this was the orbital period. We present
multiwavelength data to show that the 9.36-min period in Gaia22ayj is not the
orbital period of a binary system, rather it is likely the WD spin (or spin-orbit
beat) period of an accreting magnetic WD. In this sense, Gaia22ayj is like an IP,
but its large photometric amplitude and spectroscopic modulation are reminiscent
of polars, therefore suggesting this is, at the very minimum, a new empirically-
defined subclass of magnetic CVs. The extreme levels of optical linear polarization

reaching 40%, as presented in this work, are seen only in AR Sco (Buckley et al.,
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2017), further hinting at Gaia22ayj being a possible connection between WD pulsars

and polars.

Recently, WD pulsars have gained traction as possible explanations for “long-period
radio transients" (LPTs), which are radio sources pulsing on the timescales of
minutes to hours (Hurley-Walker et al., 2023b). In two systems, M dwarfs have been
seen in optical spectra, though at the time of writing, spectroscopic confirmation
of WDs in these systems remains to be obtained (Hurley-Walker et al., 2024b; de
Ruiter et al., 2024). The possible connection of Gaia22ayj to WD pulsars that we
present here brings to light the likely diversity that exists in WD pulsars and related
systems.

In Section 8.2, we present optical photometry and spectroscopy, including polarime-
try, that show that Gaia22ayj is an accreting magnetic WD in a close binary. In
Section 7.3, we present all multiwavelength data collected on Gaia22ayj in the ra-
dio, infrared, X-ray, and (false) y-ray association. In Section 8.3, we show that the
9.36-min period likely represents the spin of the magnetic WD, and that it is rapidly
slowing. In Section 8.4, we argue for a possible interpretation of Gaia22ayj as a
link between WD pulsars and polars. We also present estimates of the population
of such objects and projections for the discovery of Gaia22ayj-like systems in the

upcoming Rubin Observatory Legacy Survey of Space and Time (LSST).

7.2 Optical Photometry and Spectroscopy
A summary of all data is summarized in Table 7.1, with additional details sur-
rounding the optical and multiwavelength data presented in Sections 8.2 and 7.3,

respectively.
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Archival Photometry

Gaia22ayj was first discovered by Kato (2022) using the Gaia alerts stream. In
Data Release 3 (DR3), Gaia22ayj has ID 5697000580270393088 and an associated
distance of 2.5‘_”11"'% kpc as estimated by Bailer-Jones et al. (2021b) from its parallax
of w = 0.34 £ 0.22 mas. Upon querying the Zwicky Transient Facility (ZTF)
photometric database, Gaia22ayj was shown to be periodic, at 9.36 min (Kato,
2022). ZTF is a photometric survey which uses a 47 deg? field-of-view camera
mounted on the Samuel Oschin 48-inch telescope at Palomar Observatory (Bellm
et al., 2019b; Graham et al., 2019; Dekany et al., 2020; Masci et al., 2019). It uses
custom g, r, and i filters, taking most of its data in the r filter at 30-s exposure times.
Crucial to our characterization of Gaia22ayj was the following: in its first year of
operations, ZTF carried out a nightly public Galactic Plane Survey in g and r-band
(Bellm et al., 2019a) as well as a partnership survey which obtained continuous (30
sec + 10 sec of read-out time) photometry of a Galactic Plane field for 1.5 hours,
though some fields have up to 6 hours of continuous coverage (Kupfer et al., 2021).
Since entering Phase II, the public Northern Sky Survey is at a 2-day cadence. The
pixel size of the ZTF camera is 1 and the median delivered image quality is 2.0 at
FWHM.

We use ZTF forced photometry extracted at the position reported by Gaia Data Re-
lease 3 (DR3, and corrected to J2000; Gaia Collaboration et al., 2023a) of Gaia22ayj,
including proprietary data to be made publicly available in upcoming data releases,
taken through 01 Nov, 2024, processed by IPAC at Caltech’. This allows one to
obtain flux estimates below the detection threshold as well as more realistic error

bars on the data.

We also query the forced photometry database of the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al., 2018a) at the Gaia position of Gaia22ayj
in both ATLAS c (cyan) and o (orange) bands. Stringent quality cuts were applied
to the data, ensuring So- flux measurements, a maximum sky brightness of 20.5 mag

arcsec2, and a well-sampled PSF (3.5 pixels in each spatial direction).

We performed a Lomb-Scargle period analysis (Lomb, 1976; Scargle, 1982) of ZTF
data using gatspy (VanderPlas, 2016b). The strongest peak is at 4.68 minutes,
which we confirm as half of the period; folding the light curve on twice that period
(9.36 min) reveals two different minima. We show the ZTF light curve of Gaia22ayj
(excluding outbursting epochs) in Figure 7.1, and compare the ZTF r light curve

2https ://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_forced_photometry.pdf
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Figure 7.1: Left: ZTF light curve of Gaia22ayj in r and g bands folded on the
9.36-min period. Right: Comparison of the Gaia22ayj ZTF r band light curve (red)
to that of an archetypal polar, GG Leo (top; black points; Pgyin = Poy = 1.3 h)
and an archetypal IP, V418 Gem (bottom; black points; Pgpj, = 8.0 min). The light
curves of GG Leo and V418 are offset to match with the minimum of Gaia22ayj.
Gaia22ayj pulsates at the short period of an IP, but at the high amplitude of a polar.

to that of an archetypal polar, GG Leo, as well as to that of an archetypal IP,
V418 Gem®. Both GG Leo and V418 Gem show double-peaked light curves like
Gaia22ayj over a single WD spin period, as do many pre-polars (van Roestel et al.,
2024). In brief, Gaia22ayj has the amplitude of a polar, but the rapid spin period of
an IP.

Long Term Photometry

In Figure 7.2, we show the long term behavior of Gaia22ayj in both Gaia, ZTF
photometry, and ATLAS photometry which spans ten years from 2014 to 2024. The
ZTF photometric coverage is sparser than average (excluding deep drilling, ~ 50
r-band epochs, whereas the ZTF average across the sky is ~ 850 r-band points)
due to the source’s low declination. ATLAS photometry firmly establishes that the
outburst lasted ~2 days. In Figure 7.2, Gaia coverage shows that Gaia22ayj takes
~ 0.75 day to rise to a peak brightness of ~ 16 mag (starting from ~ 19 mag),
at which point the light curve is roughly constant for ~ 1 day. ATLAS ¢ and o

band photometry shows a rapid decline back to ~ 19 mag two days after outburst.

3V418 Gem is one of the IPs with the highest amplitude optical light curve, with some IPs
showing little to no detectable variation in the optical on their spin periods (though in some cases
they must be seen in the X-ray to confirm their IP nature).
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Figure 7.2: Gaia coverage from 20142024 shows consistent high amplitude mod-
ulation, while both ZTF (2018-onwards) and Gaia show a ~ 3-mag outburst begin-
ning on 3 April 2022. ATLAS coverage demonstrates that the outburst lasts two
days, during which the high amplitude modulation seen in quiescence disappears.
The low amplitude and short duration of the outburst more closely resembles those
seen in IPs than those in non-magnetic dwarf novae. In either case, this outburst
suggests ongoing accretion in Gaia22ayj.

Approximately 30 days after the outburst, the ZTF and ATLAS data show Gaia22ayj
still in quiescence. These outbursts are on the lower amplitude end of dwarf nova
outbursts, which typically range between 2—4 mag (though low-accretion rate WZ

Sge-like systems can reach 8 mag outbursts; e.g.,, Warner, 1995b).

Instead of typical dwarf nova outbursts, the 2022 outburst of Gaia22ayj more closely
resembles very short outbursts seen in IPs, notably in the famous systems V1223
Sgr (Hameury and Lasota, 2017a; Hameury et al., 2022) and TV Col (Hellier and
Buckley, 1993). However, those outbursts last less than a day and do not show rapid
fading like that of Gaia22ayj. Scaringi et al. (2022) recently suggested that such
bursts, increases in brightness by a factor of three over a few hours, are “micronovae"
which are localized thermonuclear events associated with magnetic WDs. It is
unclear if the 2022 outburst of Gaia22ayj is related to such phenomena. During
outburst, Gaia22ayj does not show the characteristic high amplitude modulation it
does in quiescence, or the modulation seen in other IPs during outburst, though the
Gaia temporal cadence may not be high enough to reveal fast variability. There is
some evidence of additional outburst-like behavior from the ATLAS light curve in
2019 and 2022, but aside from the outburst of 3 March 2022, no other such events

were covered by multiple photometric surveys.

Finally, in Figure 7.3, we show the Lomb-Scargle periodogram constructed from

the ZTF r and g light curves, showing clear peaks at 9.36 min (true period) and
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Figure 7.3: A Lomb-Scargle periodogram constructed from ZTF r and g photometry
only reveals peaks at 9.36 min (true period) and 4.68 min (half of that). No other
peaks, including one corresponding to a possible orbital period, pass the typical
ZTF detection threshold of 25 in these units (see text for details).

4.68 min (half of that). In Figure 7.3, we calculate a Lomb-Scargle periodogram
using gatspy (VanderPlas, 2016b), evenly sampling fifty thousand trial periods in
frequency space between four minutes and eleven hours (in order to avoid strong
harmonics of the sidereal day around twelve hours). We define the significance
as the number of median absolute deviations above the median power. In samples
of ~10,000 ZTF light curves, we have found that a value of 25 in these units
corresponds to approximately the 95" quantile. This means only five percent of
ZTF light curves have a significance this high, which typically contain a true periodic
signal. There are no significant peaks aside from the 4.68 and 9.36 min ones that
pass this threshold, suggesting that long term photometry alone is unsuitable for

detecting an orbital period.

High Speed Photometry

We obtained high speed photometry of Gaia22ayj on seven separate occasions: 25
April 2022 with ULTRACAM (Dhillon et al., 2007b) on the 3.58-m New Technol-
ogy Telescope at La Silla (u, g,i filters simultaneously at 10-s cadence), 18 May
2023 with the Sutherland High Speed Optical Cameras (SHOC) on the Im SAAO
telescope (clear filter), 13 November 2023 and 6 January 2024 with the Caltech
HIgh-speed Multi-color camERA (CHIMERA; Harding et al., 2016) on the 5-m
Hale Telescope at Palomar Observatory (g, r and g, filters simultaneously at 10-
s cadence), 6 March 2024 and 16 April 2024 with HIPERCAM (Dhillon et al.,
2021) on the 10.4-m Gran Telescopio Canarias at the Observatorio del Roque de los
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Muchachos on La Palma (u, g, r, 1, z filters simultaneously at 3.77-s cadence). All
data were acquired along with GPS timestamps to ensure sub-millisecond timing
precision, and corrected to a barycentric Julian date in barycentric dynamical time
(BJD1pp). All data were extracted using aperture photometry pipelines* which
computed the flux relative to the same star, Gaia DR3 5697012365660670720.

In Figure 7.4, we show the 5-band simultaneous light curve acquired by HIPERCAM
on 16 April 2024. Two maxima per spin period are clearly seen, as in the ZTF light
curve, but the multi-band coverage shows that one peak is higher than the other at
bluer bands. We show that the amplitude of the higher peak is variable in the full
optical high speed light curves taken with P200/CHIMERA and NTT/ULTRACAM
in Appendix 7.8.

Optical Polarimetry

Linear optical polarimetry was taken with the Alhambra Faint Object Spectrograph
and Camera (ALFOSC) on the 2.56-m Nordic Optical Telescope (NOT), La Palma,
on three occasions: 1 May 2022, 2 May 2022, and 13 April 2024. ALFOSC was
equipped with WeDoWO, a four-beam polarimetric unit, capable of obtaining a
full linear polarimetric observation from a single exposure using a wedged double
Wollaston prism. A red pass (OG570) filter was used to select the red part of the
spectrum, where the photometric modulation is strongest. This setup produced a
bandpass ranging from 5500A to ~10000A, where the CCD response effectively
tapers off. On all occasions, a comparison star was simultaneously monitored which
showed no > 1o changes in linear polarization percentage (< 1%) or angle. In
Figure 7.4, we show the linear polarization (percentage and angle) of Gaia22ayj
folded on the spin period. Data are taken from the third observing run, which lasted
one hour and took place in excellent conditions. The entire dataset is folded on the
9.36-minute period (light blue) and averaged over twenty phase bins (dark blue).
Two distinct peaks are seen, with one reaching ~ 20 % polarization and the other
~ 40 % polarization, each coincident with the two minima in total flux. The same
behavior is seen two years apart, in the 2022 as well as the 2024 observations of
Gaia22ayj. The full light polarimetric light curve is shown in the Appendix Figure
7.20.

4https ://github.com/HiPERCAM/hipercam
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Figure 7.4: All optical and NIR photometry of Gaia22ayj. Left: Quintuple-band
simultaneous high speed (3.77 s) photometry of Gaia22ayj acquired over 20 min
with HIPERCAM on the GTC shows that Gaia22ayj can increase in brightness by a
factor of ~ 10 in 2.5 minutes, and that the variability amplitude varies significantly
with wavelength, being lowest in the u band. Gaia22ayj also shows high levels of
linear polarization (upper right), with two peaks (~ 20 % and ~ 40 %) anticorrelated
with the peaks of the ZTF light curve (black, arbitrarily scaled). Such high levels
of linear polarization are only rivaled by AR Sco. The double-peaked nature of the
linear polarization curve, along with the polarization angle swing (middle right),
may suggest two-pole accretion. Triple-band near-infrared photometry (lower right)
reveals similar extreme behavior as in the optical (black; arbitrarily scaled).
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Spectroscopy

We obtained optical spectroscopy of Gaia22ayj on various occasions. The first
spectrum was taken with the Low Resolution Imaging Spectrometer (LRIS; Oke
etal., 1995b) on the Keck I telescope on 3 April 2022 through some cloud coverage,
but showed emission lines, ruling out a detached WD binary nature. The next set
of spectra, acquired on 10 April 2022 with the Magellan Echellete Spectrograph
(MagE; Marshall et al., 2008) on the Magellan Clay Telescope in April 2022 con-
firmed that emission lines were present in Gaia22ayj and showed that an overall
modulation across the entire optical band was responsible for the high amplitude

photometric modulation.

Most notably, we acquired low-resolution (A1 ~ 0.8 A) spectra with Keck I/LRIS
on 8 November 2023 (for a total time of 1.6 h) and on 19 November 2023 (for a total
time of 1.96 h) at high speed 60-s exposures on the blue channel, 90 s on the red
with 2x2 and 2x1 binning (spatial vs spectral), respectively to sample the 9.36-min
spin period. The first run had strong winds and some light clouds with 0.9" seeing,
while the second run had more favorable conditions with 0.8" seeing that led to
higher signal-to-noise ratio. All LRIS data were wavelength calibrated with internal
lamps, flat fielded, and cleaned for cosmic rays using lpipe, a pipeline for LRIS

optimized for long slit spectroscopy (Perley, 2019).

In Figure 7.5, we show phase-resolved and averaged spectra from the second run,
which confirm the initial MagE findings, though with higher temporal and spectral
resolution. The slightly double-peaked nature of the Balmer, He I, and He ii emission
lines suggests either the presence of a disk or face-on viewing of two accretion
poles. Metal lines in emission (Mg I and Ca II) are seen only in the phase-averaged
spectrum, though even then with just a marginal detection. If indeed present, these
lines likely trace the irradiated face of the donor star (e.g.,, Rodriguez et al., 2023d).
The Na I doublet at 8183 and 8195 A in late-type stars is not seen.

In Figure 7.6, we show the trailed Keck I/LRIS spectra of the second run, acquired
over 1.96 h. No radial velocity (RV) shifts of the Balmer, He I, or He ii emission lines
or suspected donor lines (Mg I and Ca II) are seen. We experimented by binning a
different number of individual spectra and using different smoothing levels to probe
RV shifts, but none are seen down to the limiting resolution of our LRIS setup
(0.8 =30kms™).
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Figure 7.5: Phase-resolved spectroscopy of Gaia22ayj shows that overall modulation
between 4000-8000A leads to the observed high-amplitude photometric variability.
Gray shaded areas are telluric features. Upper left: Two hours of Keck I/LRIS
spectra, stacked into ten bins folded on the 9.36-min period show two distinct
maxima that resemble “cyclotron humps", peaking at phases 0.25 and 0.75 (third and
eighth sub-panels from the bottom, respectively). Upper right: The Heii 4686 and
Ha emission lines remain flat or double-peaked (broadened with v ~ 1200 km s7h
and show no amplitude or RV modulation on the spin phase. Bottom: The phase-
averaged, stacked spectrum of Gaia22ayj reveals prominent H and He (slightly
double-peaked) emission lines and a Balmer jump in emission, commonly seen in
CVs. The high concentration of hydrogen rules out an ultracompact nature. Strong
Heii 4686 (He II/HB =~ 1) is suggestive of a magnetic WD. Ca Il and Mg I emission
lines are marginally detected, which could trace the irradiated face of the donor star.
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Figure 7.6: Trailed Keck I/LRIS continuum-normalized spectra acquired over = 2
h do not reveal any RV shifts in emission lines down to the limiting resolution of
~30kms~!.

Spectropolarimetry

We obtained spectropolarimetry of Gaia22ayj on 28 April 2022 using the Robert
Stobie Spectrograph (RSS; Burgh et al., 2003; Kobulnicky et al., 2003) in circular
spectropolarimetry mode (Brink et al., 2010) on the 10-m Southern African Large
Telescope (SALT; Buckley et al., 2006). The observations consisted of two exposures
of 600 sec for each of two positions of a 1/4 waveplate retarder, which was repeated
once. In Figure 7.7, we show the resulting data: total flux (black) and circularly
polarized spectrum (original in light red; smoothed in red). We detect circularly
polarized flux, reaching up to ~5% level at ~6800A, with a > 1o significance. A
nearby comparison star on the slit showed polarisation consistent with zero percent.
Due to the long exposure times, these observations are unable to resolve the 9.3
min spin period. Further data are needed to confirm this detection and search for

variability on longer time scales.

7.3 Multiwavelength Observations

Near-Infrared Photometry

We observed Gaia22ayj on 7 November 2023 in J, H, and K; bands with the
Wide field InfraRed Camera (WIRC) on the 200-inch Hale Telescope at Palomar
Observatory. A 9-dither observing pattern, tiling the field by shifting 10 in a 3x3

square, was used. We acquired single 45-s J-band exposures, co-added six 9-s
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Figure 7.7: Low-resolution spectropolarimetry acquired with SALT reveals a pos-
sible (> 107) detection of a circularly polarized continuum, peaking around 6800 A.
The height of the feature corresponds to a five percent level of circular polarization,
consistent with magnetic CVs.
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Figure 7.8: X-ray spectra and light curves of Gaia22ayj. Left: The combined X-ray
spectrum of Gaia22ayj from all 11 Swift/XRT observations (from June 21, 2005 to
December 6, 2005). The red line shows the best-fit thabs X pc fabs X mkc flow
model. The bottom panel shows the ratio of the data divided by the model spectrum.
Right: The X-ray light curve folded on the X-ray derived period (fop) and on the
optically derived period (bottom) is shown. Due to overlap with harmonics of the
Swift good time interval (GTI) of the observation, the X-ray period of 9.64 min is
tentative and should be tested with further observations.

H-band exposures, and co-added ten 3-s K -band exposures, with exposures taken
in each filter for a total of forty minutes. Data were dark-subtracted and flat fielded
using standard techniques implemented in a custom wirc_pipe pipeline (De, K.

and Karambelkar, V. in prep.).

In Figure 7.4, we show the WIRC light curves folded on the 9.36-min optical period.
Because we had to bin multiple exposures, we could not independently solve for a
period using the near infrared data alone. All light curves appear to have a similar

behavior as in the optical, peaking twice per spin period.
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Table 7.2: The best-fit spectral parameters and their errors for the different models
applied to analyze the combined Swift/XRT X-ray spectrum of Gaia22ayj.

Model: thabs x powerlaw

Parameters:
Npg (X102 cm™2) 0.09
r 1274913
X7, (dof) 0.99(62)
Model: tbabs x mekal
Parameters:
Ny (x10%2 cm™2) 0.03*9.04
kT (keV) 15
X2, (dof) 0.98(62)
Model: tbabs X mkc flow
Parameters:
Ny (x102 cm™) 0.07*%%,
kTmin (keV) 0.1 (fixed)
kTmax (keV) 64
M (10712 Mg yr~1) 28.2731
X2, (dof) 1.12(62)
Model: thabs x pcfabs X mkc flow
Ng (x102 cm™2) 0.02+0.05
Nu.pe (x102 cm™2) 1.96t‘?~'§‘§
pcf (per cent) 383%;
kTpmin (keV) 0.1 (fixed)
kTpax (keV) 13
M (x10712 Mg yr=1) 38.1%1%92
X2,y (dof) 1.01(60)
Fobs (X107 B erg s Tem™2) 3.3+0.3
Fun (x107B erg s7lem™2) 3.9+0.9
Fpor (x10713 erg s lem™2) 53+1.0
Lun (X102 erg s71) 2.7%3
Lpor (X102 erg s™1) 37’:52%1

Notes: Upper and lower limits are computed for a 90% confidence level. Observed (F, ) and absorption-corrected (Fy,;;)
fluxes in the 0.3-8 keV energy band. Bolometric flux (Fp;) in the 0.001-100 keV energy band. Fy,,, and Fp,; are
computed for the mkcflow component of the tbabs X pc fabs x mkc flow model.

X-ray Detection

Gaia22ayj is listed in the Second Swift-XRT Point Source Catalog (2SXPS) as
2SXPS J082526.4-223212 (Evans et al., 2020a). The angular separation between
the ZTF optical and Swift X-ray centroids is 1.2, and the Swift X-ray 90% error
circle is 2.2, strongly suggesting this as the true X-ray counterpart. Swift/XRT
serendipitously observed this source for a total of 86-ks exposure (at the location of
the source on the detector), separated into 11 different observations. This was due
to a bright and well-studied BL Lac, QSO B0823-223, 8.25 away, which was the
target of the Swift/XRT observations.
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X-ray Spectral Analysis

We used the online web tool” to build Swift-XRT products (Goad et al., 2007; Evans
etal., 2009, 2020a) and extract a single combined spectrum from all 11 observations
of Swift/XRT (PC mode). To analyze X-ray spectra, we used the XSPEC v12.13
spectral modeling package (Arnaud, 1996). We grouped spectral channels using
the grppha tool from FTOOLS (Nasa High Energy Astrophysics Science Archive
Research Center (Heasarc), 2014) to have a minimum of 10 counts per channel. We
used the y? test statistic and performed spectral analysis in the 0.3-8 keV energy
band. To compute 90% confidence intervals for the best-fit parameters, we used the
error tool in XSPEC. We used the Tuebingen-Boulder ISM absorption model ( tbabs
in XSPEC, the solar elemental abundances from Wilms et al. 2000) to account for
interstellar absorption. The unabsorbed fluxes were computed by using the cflux

convolution model in XSPEC.

We initially approximated the X-ray spectrum with power-law ( powerlaw) and
optically thin thermal emission models ( mekal with fixed metal abundance at solar
value). Both power-law (I' = 1.27) and mekal (kT > 15 keV) models give an
acceptable fit to our spectrum, resulting in reduced chi-square ( sze ;) values of
0.99 and 0.98, respectively (see Table 7.2). We used an isobaric cooling flow
model ( mkcflow; Mushotzky and Szymkowiak 1988) to fit the X-ray spectrum of
Gaia22ayj. The mkcflow® provides a good approximation of the X-ray spectrum of
non-magnetic CVs (e.g.,,, Mukai, 2017). The single fit with the mkcflow results in
an unacceptable fit ( sze 4 = 1.12) and gives only the lower limit for the temperature
(kT64 keV). Along with the resulting photon index of the power-law model (I' =
1.27), this indicates that the X-ray spectrum of Gaia22ayj is hard. X-ray spectra of
some magnetic CVs cannot be fitted well with the single mkcflow model, showing a
steep photon index (I" ~ 1) for a power-law model (e.g.,,, Mukai, 2017; Galiullin and
Gilfanov, 2021). The X-ray spectrum of magnetic CVs might be affected by local
absorbers, so we added the partial covering absorption component ( pcfabs) to the
mkcflow model (e.g.,, Mukai, 2017). The final model thabs X pc fabs X mkc flow
approximates well the observed spectrum of Gaia22ayj and gives an acceptable fit

Q(rzed = 1.01; see Figure 7.8).

The X-ray spectrum of some polars shows a soft component along with the thermal

Shttps://www.swift.ac.uk/user\_objects/

To properly use the mkcflow model, the redshift parameter can not be set at zero value (see
for more details Mukai 2017). We fixed the redshift parameter at 5.84 x 10~ (equal to the 2,500 pc
distance) using the cosmological Hubble constant of 70 km s~' Mpc~'.
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plasma emission model (e.g.,, Mukai, 2017). We approximated the X-ray spectrum
by including the black-body component ( bbody) in the final model, having tbabs
pcfabs* (mkcflow + bbody). However, the fit gives no meaningful result for the
black-body temperature.

Table 7.2 shows the best-fit spectral parameters for different models. The hydrogen
column density, Ny, from our fit is consistent with the Galactic value for Gaia22ayj
from the Bayestar dust map (~ 2 X 1020 cm‘z;E(g—r) = 0.03;Green et al. 2019Db).
To compute the bolometric flux in the 0.001-100 keV energy band, we used the
cflux model for the mkcflow component. We converted the fluxes into luminosities
by assuming the 2.5 kpc Gaia-estimated distance to the object. Gaia22ayj shows
an observed X-ray luminosity of ~ 2.5 x 10°? erg s~!' and a bolometric X-ray
luminosity of ~ 4 x 102 erg s~'. We extracted the X-ray spectrum for 11 Swift/XRT
observations to find possible X-ray variability. The current analysis shows no change
of spectral parameters between six months of the observation with Swift/XRT (from
June 21, 2005 to December 6, 2005).

X-ray Timing Analysis

Finally, we performed a timing analysis on the combined Swift data. This required
downloading the raw data and performing a barycentric correction, converting all
photon arrival times to BJDtpg. We used the Gregory-Loredo algorithm (GL; Gre-
gory and Loredo, 1992), which is a phase-folding Bayesian algorithm that performs
well in the regime of low to moderate counts, which is common in X-ray data like that
which we present here. For a full explanation of the implementation and application
of this algorithm to other sources, we refer the reader to Bao et al. (2023, 2024). In
Figure 7.8, we show the folded light curve at the best X-ray period obtained with the
GL algorithm: 9.635(2) min. We also show the X-ray light curve folded on the op-
tical period (9.36 min), which shows that modulation is still detected on that period,
though not as clear and significant as on the 9.64-min period. However, we strongly
emphasize that the period we obtain has significant overlap with harmonics of the
“Good Time Interval” (GTI) of the Swift observation, meaning that this analysis is
subject to scrutiny and further X-ray observations and timing analyses should be

done to confirm this period.
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Radio Observation

We observed Gaia22ayj with the Very Large Array (VLA) for 3 h on two separate
occasions: 13 and 15 Jan, 2024 (UT), both in X-band (8-12 GHz) with the VLA
in the “D" array configuration. Weather conditions were good (at most 20% cloud
cover) on both occasions. We used the flux calibrator 3C138 and the gain calibrator
J0826-2230. Data were calibrated using the Common Astronomy Software Appli-
cations software (CASA; McMullin et al., 2007) and deconvolved using the clean
algorithm with the tclean command. We measured the flux density using the
Cube Analysis and Rendering Tool for Astronomy (CARTA; Comrie et al., 2021)
and found no detection in either the dirty or deconvolved image. To deconvolve
the image, we used the clean algorithm (Clark, 1980) within CASA. The rms at
the source position was 5.0 uJy, which corresponds to a 30 upper limit of 15 pulJy.
We show the cleaned image in Figure 7.9, which shows no significant source in
the vicinity of Gaia22ayj, but reveals an unassociated radio source (likely a radio
galaxy) 1.45° to the south west and another 1.5’ to the north. The apparent fringes
in the radio image are due to the nearby (7.91”) bright quasar, J0826-2230.

In Figure 7.9, we show that we expected Gaia22ayj to have a radio flux of F, =
3038 1Jy. This was calculated based on a least-squares fit to the radio fluxes of AR
Sco (Marsh et al., 2016) and J1912 (Pelisoli et al., 2023b), assuming that Gaia22ayj
was powered by the same physical mechanism. The uncertainties on our estimates
of the radio flux of Gaia22ayj are large due to the distance uncertainty from Gaia.
Figure 7.9 shows that the radio non-detection of Gaia22ayj is inconsistent with it
having a similar radio luminosity as the known WD pulsars at the 30 (20) level,

assuming a distance of 2.5 kpc (4 kpc).

Near-Infrared Spectroscopy

We observed Gaia22ayj on 30 April 2023 with the Near-Infrared Echellette Spec-
trometer (NIRES) on the Keck II telescope on Mauna Kea. We obtained an ABBA
dither sequence of four 180-s exposures. Spectra were reduced using standard tech-
niques with the NSX pipeline’. We find a significant detection of the He i emission

line at 1.083 pm, but no other discernible lines above the sky background.

Gamma-Ray False Association
Gaia22ayj is located 7.91 away from the well-studied BL Lacertae source PKS
0823-223 (Allen et al., 1982), also known as 4FGL J0825.9-2230 in the Fermi

Thttps://sites.astro.caltech.edu/~tb/nsx/
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Figure 7.9: Radio data of Gaia22ayj. 7Top: VLA non-detection (30 upper limit of
15 ply) of Gaia22ayj (a 15 arcsec radius white circle is shown around the optical
position). A bright, unassociated radio source is located approximately 1.45 arcmin
to the south west of the field center, with the synthesized beam shown on the lower
left. Bottom: 1If the same radio emission mechanism were present as in the known
WD pulsars, AR Sco and J1912, we should have seen a radio flux of F, = 303% uly
from Gaia22ayj. VLA observations rule this out.

4FGL catalog (Ballet et al., 2023). Gaia22ayj is within the 27.5 X 26.6 Fermi
error ellipse (68% confidence intervals). However, Gaia22ayj can be confidently
discarded as being associated with the gamma-ray source since the 4FGL catalog
reports a >99.9% likelihood of PKS 0823-223 being associated with the gamma-ray
source. A search for gamma-ray pulsations on the 9.36-min period could still be

conducted, but is beyond the scope of this work.

7.4 Results and Interpretation

An Accreting Binary System

Kato (2022) first suggested Gaia22ayj to be an eclipsing double WD system, but the
optical spectrum in Figure 7.5 shows clear emission lines. No absorption lines are
seen anywhere in the spectrum at any orbital phase, which provides clear evidence
against a detached double WD system. Furthermore, Figure 7.5 shows that the
Heii 4686 and He lines are double-peaked, and have a characteristic broadening
of v ~ 1200 km s~!. This discards the possibility of a chromospheric origin of the

emission lines (which would be broadened at the 10-20 km s~! level), meaning that
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accretion must be taking place in a semi-detached binary system (i.e., one star fills
its Roche lobe).

The 9.36-min Period: Not an Ultracompact System

In the absence of additional information, the observed 9.36-min period could either
be attributed to the binary orbit or to the spin of the accreting star. However, there
is also the possibility that this is the beat period between the spin and the orbit (i.e.,
1/Pveat = 1/Pspin = 1/Porip). The spectrum in Figure 7.5 shows that this cannot
be an orbital period because the spectrum is dominated by hydrogen emission lines

and a clear Balmer jump in emission (inverse Balmer jump) at 3645 A.

CVs have an observed orbital period minimum of approximately 78—82 minutes
(Ginsicke et al., 2009), which has been explained by calculating the minimum
orbital period that a hydrogen-rich donor star can remain in thermal equilibrium
and continue hydrogen burning while filling its Roche lobe (e.g.,, Paczynski and
Sienkiewicz, 1983). However, this orbital period minimum can reach ~ 51 minutes
for the smallest, lowest metallicity stars (Stehle et al., 1997). Even more generally,
a degenerate companion object (i.e., a gas giant planet or a brown dwarf) can reach

orbital periods as low as 37 minutes (Rappaport et al., 2021).

Gaia22ayj, with a photometric period of 9.36 min, is well below this limit and shows
no evidence of helium-rich accretion that would suggest a high-density donor®, so
the observed period must be related to the spin period of the WD. The overall
modulation of the spectrum on this period and the lack of emission-line RV shifts

(Figure 7.5) also support this claim.

Spectral Energy Distribution and Upper Limits on the Donor Star

In Figure 7.10, we show the interstellar extinction-corrected spectral energy distri-
bution (SED) of Gaia22ayj. We use the E(g — r) value of 0.03 from Green et al.
(2019b), which, given the Galactic coordinates of Gaia22ayj (£: 243.93762°, b :
8.80238°) where interstellar extinction is low, should be a reliable estimate. UV
(GALEX GR6/7; upper limits), optical (PanSTARRS PS1), near-IR (VISTA), and
mid-IR (WISE) points are shown, along with the phase-averaged Keck I/LRIS spec-

trum. ZTF photometry is plotted at the light curve maximum and minimum. The

81t is worth nothing that though hydrogen has been seen in ultraviolet spectra of ultracompact
(AM CVn) WD binaries (such as the 5.4-min orbital period HM Cnc; Munday et al., 2023), the
amount of hydrogen is estimated to be very low, meaning optical spectra are still dominated by
helium lines.
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Figure 7.10: A 3900-K donor, with Rgonor = 0.62 R, best fits the optical light curve
minimum of Gaia22ayj. This is consistent with near-IR and mid-IR photometry
from VISTA and WISE, respectively, and allows us to place upper limits on the
orbital period of Gaia22ayj (Figure 8.8). The ZTF minima and maxima represent
the limits of the variable light curve in quiescence (i.e., not the 2022 outburst), and
the average optical spectrum is the Keck I/LRIS spectrum presented in Figure 7.5.

minimum of the ZTF photometry allows us to place an upper limit on the tempera-
ture of the donor star. We take a grid of stellar atmospheres at a given temperature (at
solar metallicity) from the BT-Settl library (Allard et al., 2011c) and corresponding
stellar radii from the models of Knigge et al. (2011), and compare to the ZTF g
and r points at light curve minimum. Assuming a donor behaving according to the
Knigge et al. (2011) tracks (i.e., not evolved), we find that a donor with T = 3900
K, Rgonor = 0.62 R, best fits the observed limits, given the median Gaia distance
of d = 2500 pc. In Section 7.5, we elaborate on how this finding could inform the

potential orbital period of the system and its evolutionary stage.

Polarization Confirms a Magnetic White Dwarf

Linear polarization in Gaia22ayj confirms the magnetic nature of the object. Most
interestingly, the only system to date that has shown such high levels (40%) of linear
polarization is AR Sco, the prototypical WD pulsar, which also showed up to 40%
linear polarization (Buckley et al., 2017). In AR Sco, the linear polarization is in
phase with the total optical modulation, whereas in Gaia22ayj (Figure 7.4), the two

are clearly in antiphase.

Polars are typically polarized to at most a few percent in linear polarization, and can
only reach high levels of circular polarization (e.g.,, Schaich et al., 1992). No IP is

known to exhibit linear polarization at the level observed in Gaia22ayj (e.g.,, Ferrario
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et al., 2020), suggesting that this system has a high magnetic field and could have at
most a small truncated disk. Two distinct peaks in linear polarization percentage and
a swing in polarization angle across spin phase, however, may suggest the presence
of two accretion poles, as famously seen in the prototypical polar CV, AM Her,

though circular polarization will tell for certain (Wickramasinghe et al., 1991).

This may also be supported by the nearly double-peaked nature of the Heii 4686
and Ha emission lines, that remain constant throughout the spin phase (Figure 7.5)
and even during ~ 2-h long integrations (Figure 7.6). This suggests that either
1) a disk is present or 2) that we are always viewing down one accretion pole in
a two-pole system, with the second pole behind the WD also contributing to the
observed emission. The high velocity of each peak (v ~ 1200 km s~! broadening)
suggests that in the former scenario, those lines trace matter in a disk in Keplerian
rotation at r =~ 0.1 Ry around a 0.8 My WD, or in the latter scenario, material in
free-fall down the accretion stream traveling at that speed. The absence of RV shifts
in the emission lines slightly favors the two-pole scenario, as the disk around the
WD in the first scenario would display some motion relative to the center of mass.
In the two-pole accretion stream scenario, if a pole is viewed head-on, the emission

region would exhibit minimal motion as the WD rotates.

Optical Spectroscopy Suggests a High Magnetic Field Strength
The high-amplitude optical modulation seen in the spectrum (see Figure 7.5, upper
left panel) is reminiscent of cyclotron “humps" in polar CVs. Setting the magnetic

force equal to the centripetal force leads to the derivation of cyclotron harmonics:

10710 A {100 MG
A= ( )sin@, (7.1)

n

where 7 is the cyclotron harmonic number, B the WD magnetic field strength, and

0 the angle of the magnetic pole with respect to our line of sight.

The following two observations are critical for determining the magnetic field
strength of the WD: 1) individual cyclotron humps are not observed, and 2) there
is high-amplitude optical modulation, with two distinct “humps" spanning nearly
the entire optical spectrum peaking at spin phases 0.25 and 0.75 (Figure 7.5). The
former provides a clue that the magnetic field should be weak enough such that only
high harmonics should be present at optical wavelengths. Cyclotron modeling and
observations reveal that n > 7 harmonics are difficult to discern as single features

(e.g.,, Campbell et al., 2008). The latter suggests that the viewing angle must be
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high enough for high amplitude modulation to be seen (e.g.,, Campbell et al., 2008).

Therefore, we set 6 = 60° in Equation 7.1 as a lower limit for the viewing angle.
Because the n = 7 feature is not seen at 4 < 8800, we infer an upper limit on the
WD magnetic field strength of B < 15 MG (Equation 7.1).

In order to place a lower limit on B, we assume that n > 20 harmonics must be
present at optical wavelengths, which implies B > 5 MG. The lowest measured
magnetic field of a polar CV showing Zeeman splitting has been 7 MG in V2301
Oph (Ferrario et al., 1995), though its optical variability (out of eclipse) does not
exceed 0.5 mag in ZTF. This shows that our 5 MG lower limit is quite conservative,

and that Gaia22ayj likely has a stronger magnetic field.

Is the Accretion Stable?

The magnetospheric radius is the point where the ram pressure of infalling material
equals the magnetic pressure due to the WD. At this point, accreted matter is forced
to follow the magnetic field lines of the WD, and is channeled onto its surface. The

magnetospheric radius is:

B4R12 /7
ra= (m) 7.2

4/7 12/7
B R
= 0.62R
© (10 MG) (0.0105 R@) %

M -1/7 M =2/7
0.8 Mg, 107° Mg yr! ’

where M is the WD mass, M is the accretion rate, B is the WD field strength,

and R is the WD radius. As matter makes its way to the magnetospheric radius,
two possible scenarios can occur. If the centrifugal force on a piece of matter
exceeds the gravitational force from the WD, then it will be flung out, removing
angular momentum from the system (i.e., a “propeller" phase). Otherwise, it will
be accreted onto the WD, transferring angular momentum to the WD. This leads to

a condition of “spin equilibrium" (e.g.,, Patterson, 1994), and involves finding the
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Figure 7.11: Equilibrium spin period as a function of magnetic field strength, for
different accretion rates (Equation 7.3). Limits on magnetic field strength from
Equation 7.1 are shown as vertical blue lines, and the 9.36-min spin period as a
horizontal red line. Given the magnetic field constraints, M > 5x10710 Mo yr'1 is
required for Peq < Pgpin, the condition required for stable accretion.

orbital period of material at the magnetospheric radius:

(7.3)

an’r}  an? ( B*R"2 )3/7

P2 = = :
‘4 GM  GM \2GMM?

6/7 R 18/7
= Pe¢q = 11.7 min
10 MG 0.0105 Rg

M -17/14 M -3/7
0.8 M@ 10_9 M@ yr_l '

We plot the result of this analysis in Figure 7.11. In order to sustain accretion in such

a fast-spinning WD, either the magnetic field must be weak or the accretion rate
must be high. In IPs, the 1-10 MG magnetic field allows for stability across a wide
range of accretion rates: low-luminosity IPs (LLIPs; Pretorius and Mukai, 2014) are
below the CV orbital period gap, and are thought to have M < 10710 M yr~!, while
typical IPs are above the gap and accrete at M 2 107 My yr~! (e.g.,, Suleimanov
et al., 2019).

We proceed with the assumption that Gaia22ayj is indeed accreting (i.e., not in
a propeller phase). This is justified by the following: 1) the X-ray luminosity
exceeds that of AE Aqr, the prototypical propeller, by at least an order of magnitude
(Patterson et al., 1980); 2) there is no clear optical flaring in the light curve, unlike
AE Aqgr and LAMOST J0240, the two known WD propellers (Thorstensen, 2020);
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and 3) the spin period of Gaia22ayj is twenty times longer than that of the two known
propellers (33 and 24 seconds; Patterson, 1979; Pelisoli et al., 2022a).

In the case of Gaia22ayj, we know that B > 5 MG in order for such strong cyclotron
emission and polarization to be observed. In order for stable mass transfer to be

taking place, Figure 7.11 suggests that M = 5 x 10710 Mg yr!.

Since this is a
conservative lower limit, it is likely that M 2 107 Mg yr~!, placing Gaia22ayj

above the CV orbital period gap, as explored further in Section 7.5.

A White Dwarf Rapidly Spinning Down

We folded the entire ZTF light curve of Gaia22ayj, with data between 2018 and
2024, and obtained the best period using a Lomb-Scargle analysis (Lomb, 1976;
Scargle, 1982). Based on that, we then computed an “observed minus calculated"
(O — C) value for each high-speed light curve obtained between 2018 and 2024. We
fit a two-component sinusoid to the ZTF r-band light curve and fit the same model
to all other high-speed light curves. We computed the deviation of the light curve
minimum (phase 1.0 in Figure 7.1) from the original ZTF template, and created
the O — C diagram in Figure 7.12. We also show all high-speed light curves along
with their best-fit two-component sinusoid, and show how one light curve minimum
(phase 0.5) drifts from the original ZTF fixed phase in Figure 7.12.

We then measure P by obtaining the best-fit (least squares) quadratic function (red
line) to the data in Figure 7.12. f is given (e.g.,,, Equation 1 in Burdge et al. 2019)
by:

1 /(1. 1.
Atoc = % Efo(t —10)* + gfo(t —t0)*+--- ], (7.4)

where 7 is an epoch of observation, f( the initial epoch, Ato_c the measured deviation
in the light curve, fy is the frequency at 7o, fo its first derivative, and fo its second
derivative. Since f is consistent with zero, we only fit a parabola to the observed
data. We calculate f; directly, assume that it remains constant throughout the entire
span and estimate errors based on the covariance matrix of the best-fit parameters:
f = (2.57 £0.11) x 10" Hzs™!. Propagating errors to measure P, we obtain
P=(2.89+0.12) x 10712 s 571,

In Figure 7.13, we compare the measured characteristic spin-down timescale of
Gaia22ayj (P/P ~ 6.1t%3 x 106 yr) to that of other IPs, the propeller system AE
Agr, and the WD pulsar AR Sco. The IPs used as reference are systems that have
a consistent spin up/down as determined by Patterson et al. (2020): DQ Her, FO
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Figure 7.12: The “observed" minus “expected" (O—C) diagram of Gaia22ayj (top)
shows that the expected time of the light curve minimum has drifted over six years.
A multiyear, high-speed optical photometry campaign demonstrated that Gaia22ayj
is spinning down at P = (2.89 + 0.12) x 10712 s s~!, about four times higher than
AR Sco, though with a similar characteristic timescale P/P ~ 5 x 10° yr.
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Gaia22ayj are related in having the longest characteristic spin-down times of known
systems.

Quantity Value Source
RA (hms) 08:25:26.52 Gaia DR3
DEC (dms) -22:32:12.34 Gaia DR3
Distance (kpc) 2.5ﬂ% Gaia DR3
G (mag) 19.2 Gaia DR3
BP — RP (mag) 1.11 Gaia DR3
Gaia DR3 ID 5697000580270393088 | Gaia DR3
Fx (ergs”'em™) | (3.9+0.9)x 10713 Swift/XRT?
F, (uly) < 15.8 (30 upper lim.) VLA!0
Popt (min) 9.3587(1) ZTF
Px.ray (min) 9.635(2) Swift/XRT!!
Pop(ssh) (2.89 £0.12) x 1072 ZTF
P/P (yr) 6.1193 x 10° ZTF

Table 7.3: Summary of observed properties of Gaia22ayj.

Aqr, V1223 Sgr, BG CMi, and GK Per. AE Aqr and AR Sco have separately
measured period derivatives, determined by de Jager et al. (1994) and Pelisoli et al.
(2022b), respectively. Figure 7.13 shows that no IPs have as high a characteristic
spin-down timescale (7 = P/P) as AR Sco (5.6 x 106 yr) and Gaia22ayj (6.1 X 10°
yr). Curiously, the spin-down timescale of AE Aqr is comparable to that of other
IPs.

Finally, in Table 7.3, we summarize all observed and inferred parameters of Gaia22ayj,

the latter of which are obtained from arguments and analysis presented above.
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7.5 Discussion

Gaia22ayj is observationally a new class of object. It occupies a new region in
the phase space of photometric period (spin period) vs. optical amplitude. To
empirically show that Gaia22ayj represents a new subclass of CVs, Figure 7.14
situates it in the phase space of WD spin period vs. peak-to-peak optical amplitude
for various magnetic WD subtypes. The vertical axis shows the amplitude in ZTF r
magnitudes for both known WD propellers, both known WD pulsars, a representative
sample of IPs taken from the “ironclad list" compiled by Koji Mukai'?, and a
representative sample of polar CVs from the Ritter and Kolb catalog (Ritter and
Kolb, 2003b). Finally, we show Gaia22ayj on a Gaia HR diagram (100-pc sample)
compared to polars and IPs from the catalog of Abril et al. (2020), with only systems
that have a three o measurement of parallax shown. Gaia22ayj appears to fit right
between IPs and polars, owing to its likely long (but still unknown) orbital period

and high accretion luminosity.

Gaia22ayj: A Link Between White Dwarf Pulsars and Polars

The evidence presented thus far suggests that Gaia22ayj is an accreting analog of
WD pulsars, since 1) Gaia22ayj is rapidly spinning down, being the only system
with a P/P comparable to that of AR Sco, 2) has high levels of linear polarization
matched only by AR Sco, and 3) is accreting, with a WD spin period slightly longer
than that of the known WD pulsars, but not yet synchronized with the orbital period
as would be the case in polar CVs.

In considering the radiation mechanisms driving the optical modulations, it is notable
thatin AR Sco-type systems, the optical and polarimetric signals are largely powered
by synchrotron processes (Buckley et al., 2017), whereas in polars and intermediate
polars (IPs), cyclotron emission from the white dwarf’s accretion shock is dominant
(e.g.,, Mukai, 2017). The high levels of linear polarization in Gaia22ayj appear
more consistent with AR Sco-type behavior; however, one important caveat is the
observed anti-correlation between the linearly polarized pulse and the photometric
pulse, which contrasts with the behavior typically seen in AR Sco-type systems
(Buckley etal.,2017). Circular polarization and further examination of the polarized
flux in Gaia22ayj would help clarify how much of its polarized variability might be

driven by unpolarized variability.

Based on our measured value of P, the WD in Gaia22ayj will slow down to match

12https ://asd.gsfc.nasa.gov/Koji.Mukai/iphome/catalog/alpha.html
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Figure 7.14: Broader context of Gaia22ayj. Top: Gaia22ayj occupies a new region
in the phase space of WD spin period vs. optical amplitude, suggesting that, at
least empirically, it represents a new class of magnetic CVs. Bottom: Gaia22ayj is
roughly located between IPs and polar CVs in the Gaia HR diagram.

the 1.3—4 h orbital periods of polars in ~ 40 Myr, assuming a constant P, though it
may do so more rapidly if higher order derivatives of the spin period are measured.
Curiously, this timescale appears to agree with predictions made by Schreiber et al.
(2021a), as seen in Supplementary Material Figure 2, where accretion commences

as the WD spins down.

In a similar style to the evolutionary model put forth by Schreiber et al. (2021a), in
Figure 8.8, we present a cartoon of the evolution of Gaia22ayj. First, a WD + M
dwarf system emerges out of a common envelope phase with an unknown orbital
period, presumably longer than 6 h (Knigge et al., 2011). Then, the WD is spun
up to 2-5 min through accretion until the binary system reaches orbital periods of

3.5-4 h. At this point, the binary is detached, and a strong WD magnetic field is
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Figure 7.15: Cartoon of the possible evolution of WD pulsars into Gaia22ayj and
then into polars. WD pulsars must be products of common envelope evolution,
and WDs are likely spun up by an early accretion phase. WD pulsars are detached
(non-accreting) systems, which are spinning down. Along the spin-down phase, the
donor fills its Roche lobe and accretion begins, resembling Gaia22ayj. In = 40 Myr,
Gaia22ayj will spin down to the point where the WD spin is synchronized with the
orbit, leading to the creation of a polar CV.

present, which interacts with that of the donor star, leading to pulsed radio emission.
Because of the lack of accretion, X-rays are weak. As the WD spins down to =~
10 min, the donor star fills its Roche lobe and accretion commences. This leads to
no radio emission (or at least much weaker emission than that of WD pulsars), and
X-rays two orders of magnitude stronger than in the detached phase, over the course
of = 40 Myr.

Is Gaia22ayj an Intermediate Polar?

The arguments put forth above suggest that Gaia22ayj is a new class of accreting
magnetic WDs, but which could also be considered a new subtype of intermediate
polars (IPs). The WD spin period, X-ray luminosity, and possible orbital period
are all similar to the majority of IPs (e.g.,, Suleimanov et al., 2019). However, the
extreme levels of linear polarization (Figure 7.4), high amplitude optical modulation
(Figure 7.14), and rapid spin-down rate (Figure 7.13), are completely unlike any
known IP. As more analogous systems are discovered, we suggest usage of the term
“Gaia22ayj-like” systems. When an indisputable link between WD pulsars and
polars is found, “post-pulsar” could be a suitable term since “pre-polars” already

exist.

The Biggest Unknowns: Orbital Period and Magnetic Field Strength of Gaia22ayj
At this point, the biggest question surrounding Gaia22ayj is: what is its orbital
period? The known WD pulsars have orbital periods of 3.5 — 4 h, while the majority
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of polars have orbital periods between 1.3 — 4 h. Therefore, for Gaia22ayj to be a
possible link between the two, it should have an orbital period in the ~ 3—4 h range.
In Figure 7.16, we show the CV evolutionary tracks by Knigge et al. (2011) as a
function of orbital period. In the upper panel, we plot the upper limit of the donor
luminosity derived from fitting the SED at light curve minimum (Figure 7.10). If a
donor star exceeded this luminosity, it would definitely be seen in the optical spectra
of Gaia22ayj. This allows us to place an upper limit on the orbital period of ~ 5.2
h. In the middle panel of that figure, we place a lower limit based on the assumption
that the WD in Gaia22ayj is in spin equilibrium. Because we know the WD spin
period and have a sense of the magnetic field strength, we place lower limits on the
accretion rate (Figure 7.11). Plotting this value of M = 5 x 1071°M, yr~! on the
CV evolutionary tracks, we obtain an orbital period lower limit of ~ 3.5 h. We infer
that Gaia22ayj could have an orbital period in the range 3.5-5.2 h, though it could
be in the CV orbital period gap with an even lower orbital period. Because there
is overlap with the periods of the known WD pulsars, we conclude that given the
current data, it is likely that Gaia22ayj could indeed be a link between WD pulsars

and polars.

In the lower panel of Figure 7.16, we show the absolute value of the derivative of
angular momentum, |J/|, as a function of orbital period, assuming the Knigge et al.
(2011) CV evolutionary tracks. The black and cyan curves represent the contribution
to angular momentum loss from magnetic braking and gravitational wave radiation,
respectively. We show a weakened magnetic braking prescription, simply reduced
by a factor of ten, since it has been suggested that magnetic braking models in the past
have been too strong (e.g.,, Belloni et al., 2020; El-Badry et al., 2022). As Gaia22ayj
spins down to match the orbital period of polars, the angular momentum should be
transferred to the orbit, which could lead to the system becoming detached. We plot
horizontal lines which represent the change in angular momentum transferred to the
orbit over 40 Myr timescales, starting from the spin periods of AR Sco (1.97 min,
blue) and Gaia22ayj (9.36 min, red), and ending at 2 h. Effectively for all plausible
orbital periods of Gaia22ayj (3.5 — 5.2 h), the red line is below both the black and
dotted black lines, which suggests that the angular momentum transferred to the orbit
during the spin-down phase will not lead to the binary detaching. However, weaker
magnetic braking prescriptions could lead to detachment and should be explored in
further detail.

Returning to the main question here—how can the orbital period of Gaia22ayj be
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Figure 7.16: The evolutionary models of Knigge et al. (2011) illustrate the possible
orbital period of Gaia22ayj. The SED at light curve minimum (Figure 7.10) places
upper limits on the donor luminosity (fop). The fact that Gaia22ayj is accreting
and not flinging material out as a “propeller” sets a lower limit on the accretion rate
(middle). Combined, they constrain Py, = 3.5 — 5.2 h, though future observations
that detect donor lines and measure RVs are needed to test this. Bottom: Even
assuming weakened (10%) magnetic braking compared to the Knigge et al. (2011)
models, the angular momentum transferred by Gaia22ayj back to the orbit (assuming
constant spin-down) will not detach the binary.

detected? We have shown that ~ 2 h on 10-m class telescope time, unfortunately,
is inadequate. Near-infrared spectroscopy with similar class telescopes is another
possible option, and should be undertaken in upcoming years. Clearer, low harmonic
cyclotron humps should be present in that regime, and it is possible that donor lines
(either emission or absorption) will stand out more clearly. Ultraviolet spectroscopy
with HST may detect the RV shift of the WD with respect to the center of mass,
though since this is a long period (few hours) system, this effect is likely to be
minimal. The discovery of Gaia22ayj analogs that may exhibit clearer donor lines

is likely the best prospect.

X-ray timing of Gaia22ayj, if it confirms a different period than that measured in
the optical, may also help solve this mystery. Assuming that the 9.36-min optical
period is the WD spin-orbit beat and the 9.64-min X-ray period is the WD spin,
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we find that Py, = 5.37 h, in rough agreement with the limits we outline in Figure
7.16. Because of the limitations of the Swift GTI in our analysis, however, we can
at best report this as a candidate orbital period. An analogy can be drawn to the
prototypical diskless IP, V2400 Oph, where an orbital period has never been directly
measured, but instead inferred from the WD spin (seen in circular polarization) and

spin-orbit beat (seen in optical photometry) (Buckley et al., 1995).

Finally, we emphasize that we have not provided a true measurement of the magnetic
field strength of Gaia22ayj due to the lack of visible cyclotron harmonics. Future
work modeling the optical light curve and/or optical polarimetry, as well as near-
infrared spectroscopy to find lower order (stronger) harmonics could shed light on

the true value of the magnetic field strength.

Spin-down Rate of Gaia22ayj, Duration of Evolutionary Phase, and Rarity of
Similar Systems

Another big question remains: if Gaia22ayj represents an evolutionary phase be-
tween WD pulsars and polar CVs, why is it so much more distant (2.5 kpc) than the
two known WD pulsars (116 and 237 pc)? This means that Gaia22ayj-like systems
are 1) either rare outcomes or 2) represent very short-lived phases of CV evolution.
To address the first point, the main evolutionary model of Schreiber et al. (2021a)
argued that WD pulsars first spin down to synchronicity with the orbit, commence
wind accretion as low accretion rate polars, and then become true, accreting polars.
This would mean that Gaia22ayj systems would just represent rare cases in which
Roche-lobe filling occurs before WD spin-orbit synchronicity. Nevertheless, Figure
2 in the Supplementary Material of Schreiber et al. (2021a) did predict a similar
synchronization timescale with ongoing accretion, exactly as is seen in Gaia22ayj.
To address the second point, it could be that P keeps increasing until WD-spin orbit
synchronicity is nearly reached. This is supported by the fact that P is a factor of ~ 4
higher in Gaia22ayj than in AR Sco. Ongoing high-speed photometric campaigns
of the known WD pulsars and Gaia22ayj are highly encouraged to find evidence for

higher order spin period derivatives which could probe this idea.

Gaia22ayj-like Systems in the Rubin Legacy Survey of Space and Time (LSST)
The LSST is expected to reach ~ 24 mag, a factor of 16 deeper than ZTF in flux
(Ivezic et al., 2019b). This means that the LSST will be able to detect a system of
a given luminosity four times farther away than the farthest system detectable by

ZTF. Assuming that Gaia22ayj-like systems are young and concentrated in the disk,
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at the very minimum, the LSST will detect dozens more. Based on its extraordinary
optical light curve amplitude, we expect that Gaia22ayj-like systems will stand out
in LSST, even early on in the 10-year survey. Polars also have high amplitudes, but
period searches of LSST data will distinguish them from Gaia22ayj as we have done
here with ZTF data.

Taking the simulated ten-year LSST baseline cadence (v3.4) described in Bianco
et al. (2022), which is based on the OpSim'? tool outlined by Delgado and Reuter
(2016) (available from the following URL: https://s3df.slac.stanford.edu/
data/rubin/sim-data/sims_featureScheduler_runs3.4/baseline/), we
injected a Gaia22ayj-like signal at the actual position of Gaia22ayj, but * 3 mag
fainter than was observed by ZTF, with error bars scaled from typical ZTF values
near the detection limit. In Figure 7.17, we show the simulated r-band LSST light
curve of such a system. We also show the period significance as a function of time
elapsed since the start of the LSST, calculated by taking the peak of the Lomb-Scargle
periodogram divided by the median absolute deviation. We find that after ~ 3 years
into the LSST, such a signal could be detected above a significance threshold of
25. Given the significance defined above, 25 is the typical 95% percentile for ZTF
light curves (i.e., only 95 percent of ZTF light curves have such a high periodicity
significance). We conclude that while Gaia22ayj-like signals could be reliably
detected in the r band in LSST within three years of survey start, it could be possible
that through combining multiple filters, such objects could be discovered earlier. A
similar claim was made and alternative observing strategies were proposed for other
rapidly evolving astronomical phenomena in Bellm et al. (2022), suggesting that a

higher LSST cadence could be beneficial for a multitide of science cases.

7.6 Conclusion

Gaia22ayj is a remarkable accreting magnetic WD that empirically represents a new
class of magnetic CVs, and could be the missing link between WD pulsars and polar
CVs. At the very minimum, Gaia22ayj:

em Pulses at optical and near-IR wavelengths on a 9.36-min period. High-
speed optical photometry over six years reveals that it is slowing down, with
P =(289+0.12) x 107'? ss7!' and P/P ~ 6.1*3 x 10° yr. em Pulses
at extreme levels, changing in brightness by a factor of 7.5-10 at optical

wavelengths within the span of 2.5 minutes. Broadband spectral modulation,

Bhttps://github.com/lsst/rubin_sim
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Figure 7.17: Simulated r-band light curve by injecting a Gaia22ayj-like signal
into the simulated cadence of the LSST (top). Given typical periodicity detection
thresholds, tested on real data with ZTF, Gaia22ayj-like systems should be detectable
~ 3 yr after the start of the LSST, though combining data in multiple filters, such a
signal could be detected earlier.

reminiscent of cyclotron emission in polars, is responsible for this. em Likely
hosts a magnetic WD accreting from a Roche-lobe-filling donor. Linear
polarization levels reaching 40% are a clear sign of magnetism. An outburst
seen by ZTF, ATLAS, and Gaia resembling outbursts from IPs, as well as
broad (v sini ~ 1200 km s™1) double-peaked Balmer, He i, and He ii emission
lines indicate ongoing accretion. em Is a luminous X-ray source, with Ly =
2.7ig'_§ % 10°? erg s~! in the 0.3—8 keV band, comparable to most IPs and the
most luminous polars. It is not detected in the radio with a 30~ upper limit
of 15 uJy. em Does not show any emission-line RV shifts over the course
of ~ 2 h of observations with Keck I/LRIS. Donor lines are only marginally
detected after averaging multiple spectra and do not shift on these timescales,

impeding a measurement of the orbital period.

Based on these properties, we argued that Gaia22ayj could be a link between WD

pulsars and polars, for the following reasons:

em Gaia22ayj is spinning down at nearly the same characteristic timescale
as AR Sco, ~ 5 x 10°yr. em Gaia22ayj shows extreme levels of linear
polarization (40%) only seen in AR Sco, and not in either IPs or polars. em

The possible spin period of Gaia22ayj (9.36 min) is longer than that of AR
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Sco (1.97 min) and J1912 (5.3 min). Because accretion is ongoing, and the
WD in Gaia22ayj is spinning down, in ~ 40 Myr it will evolve into a polar,
where the WD spin is locked with the orbit (assuming constant spin-down).
em The orbital period is indirectly constrained, through the nondetection of
the donor star and spin equilibrium arguments, to be in the 3.5-5.2 h range,
overlapping with the orbital periods of AR Sco (3.6 h) and J1912 (4.0 h).

Other candidates (high brightness amplitude variables with ~ 10-min periods) are
emerging from current releases of SRG/eROSITA and ZTF, compiled using the
methods outlined in Rodriguez (2024a) and surveys presented in Rodriguez et al.
(2024). Future, deeper releases from SRG/eROSITA (Predehl et al., 2021a; Sunyaev
etal., 2021) will likely reveal several more systems, though the Rubin LSST (Tyson,
2002; Ivezic et al., 2019b) will enable the optical discovery of at least dozens more

systems within the first few years of the start of the survey.

The detailed characterization of Gaia22ayj demonstrates that there were previously
missing details regarding the true diversity of magnetic WD binaries. This shows
that rare systems could represent short-lived intermediate stages of binary evolution
and lead to an improved understanding of magnetic field generation in WD binaries.
The discovery of exotic systems like Gaia22ayj could hint at other intermediate
stages of magnetic WD systems, which have been proposed to be responsible for
the emerging class of long-period radio transients (LPTs). Multiwavelength (radio,
X-ray, optical) surveys and follow-up efforts show promise in revealing such systems

over the next decade.
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7.8 Full High-speed Optical Photometry

In Figures 7.18 and 7.19, we show the full high-speed light curves of Gaia22ayj
from CHIMERA and ULTRACAM, respectively. Pulsations are stable in time, but
not in amplitude, most noticeably in the g band. The higher of the two peaks in
a given spin period is particularly variable. For example, the peak near minute 7
in the CHIMERA light curve reaches a relative flux of 4, while the peak at minute
42 only reaches a relative flux of 2.5. Similar behavior is seen in the ULTRACAM
light curve, where the relative flux in the higher peak reaches a relative flux of 3 at
minute 40, but never does so again. In Figure 7.20, we show the full polarimetry
light curve, showing that Gaia22ayj regularly reaches 30% polarization and exceeds
40% in four data points. In Figure 7.21, we show high speed photometry from a
several-hour campaign carried out with the Sutherland High Speed Optical Cameras
(SHOC) on the Im SAAO telescope.
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Figure 7.18: P200/CHIMERA light curve from 13 Nov 2023. In g band, the second
peak of the spin phase (higher of the two peaks) steadily decreases over the course
of the observing window, from a relative flux of 4 at minute 7 to a relative flux of
2.5 at minute 42. Similar behavior is seen in the ULTRACAM light curve (Figure

7.19).
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NTT/ULTRACAM 25 April 2022
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Figure 7.19: NTT/ULTRACAM light curve from 25 Apr 2022. In g band, the
second peak of the spin phase (higher of the two peaks) is variable throughout the
observing window, reaching its highest value at the 40 minute mark.
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Figure 7.20: NOT/ALFOSC light curve from 13 Apr 2024. The dotted black
line in the top panel denotes 15,000 counts, demonstrating that even at light curve
minimum, a significant measurement is recorded. Linear polarization percentage
regularly reaches 30%, and exceeds 40% in four data points. Variability in Stokes Q
and U confirm that the variability in polarization percentage and angle are real and
not due to noise bias.
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Figure 7.21: High speed photometry carried out with the Sutherland High Speed
Optical Cameras (SHOC) on the 1m SAAO telescope reveals consistent modulation
similar to that seen in other photometric runs.



249
Chapter 8

SPECTROSCOPIC DETECTION OF A 2.9-HOUR ORBIT IN A
LONG-PERIOD RADIO TRANSIENT

Antonio C. Rodriguez. Spectroscopic detection of a 2.9-hour orbit in a long-
period radio transient. Astronomy & Astrophysics, 695:L8, March 2025. doi:
10.1051/0004-6361/202553684.
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ABSTRACT

Long-period radio transients (LPTs) are a mysterious new class of radio transients
pulsating on periods of minutes to hours. To date, nine LPTs have been discovered
predominantly at low Galactic latitudes, and yet their nature remains unknown. Here
I present the first phase-resolved optical spectroscopy of the 2.9 h LPT GLEAM-X
J0704-37, acquired with the 10 m Keck I telescope. Radial velocity (RV) shifts of
189 +3 km s~! of an M5-type star in a binary system are detected on a period nearly
equal to the radio period. Weak Ha emission is also present, with some of it possibly
originating from outside of the M dwarf. Based on the RV amplitude, and assuming
a typical M dwarf mass, the companion mass must be M > 0.22M. Calibrating
the spectra with space-based Gaia photometry reveals that the system is nearly four
times closer than previously reported, at d ~ 400 pc, suggesting that more systems
could be nearby and amenable to optical characterization. The optical spectrum
between 3500—10,000 A is well modeled by a binary comprised of a massive white
dwarf (WD; Teg 27,300 K, M ~ 0.8 — 1.0My) and an M dwarf (T, =3,000 K,
M =~ 0.14My). Radio pulses arrive when the WD is at nearly maximum blueshift
and the M dwarf at nearly maximum redshift, in contrast to what has been reported
for a similar LPT, ILT J1101+5521. GLEAM-X J0704-37 is now the second LPT
with an orbital period nearly equal to the radio period, establishing a class of LPTs
associated with WD + M dwarf binaries; other LPTs are likely related to WD and/or
neutron star spins. This work demonstrates that the precise localization of LPTs,
which enables optical follow-up, will be key in uncovering the mechanism(s) that

power this new class of phenomena.

8.1 Introduction

Long-period radio transients (LPTs) represent a new era in radio astronomy. Pulsars
were the first radio sources discovered to be stably pulsating at ~1 sec timescales
(Hewish et al., 1968), and attributed to rotating neutron stars (NSs; Gold, 1968;
Pacini, 1968). Exploring a new range of periodicity has historically proven to be
revolutionary in the field. For instance, the discovery of a millisecond pulsar (MSP;
Backer et al., 1982) and subsequent studies established the importance of binary
interaction in the formation of such rapid rotators (e.g.,, Phinney and Kulkarni,
1994).

Crucially, the association of optical (and other multiwavelength) counterparts with
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radio sources has proven to be vital for their characterization. Kulkarni (1986)
optically identified white dwarf (WD) binary companions to MSPs, establishing
both the old age of MSPs and demonstrating that NS magnetic fields do not strictly
decay exponentially. In addition, optical spectroscopy of the faint companions to
black widow MSPs (Fruchter et al., 1988) with 10 m class telescopes has revealed
what may be the most massive NS known to date, placing useful constraints on the
NS equation of state (~ 2.35M; Romani et al., 2022).

At the time of writing, nine LPTs have been reported! (in published form or as a
preprint), and are summarized in Table 8.1. Hurley-Walker et al. (2024a) reported
the discovery of the 2.915 h LPT known as GLEAM-X J0704-37. The radio source
was localized using MeerKAT and is associated with a faint (Gaia G = 20.78)
optical counterpart at that position. An optical spectrum in that work revealed an M
dwarf counterpart, similar to the one seen in the LPT ILT J1101+5521 (de Ruiter
et al., 2024). Hurley-Walker et al. (2024a) also found a =6 yr period in radio timing
residuals, and suggested it to be the binary period of a WD + M dwarf system, with
the 2.9 h period being the WD spin.

PSR J0901-4046 is an ultra-long-period pulsar (not considered here to be an LPT) that has been
established to be a neutron star with a 76 s period (Caleb et al., 2022).
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Here I show that GLEAM-X J0704-37 is in fact a compact WD + M dwarf binary,
with the 2.9 h radio period matching the orbital period and located only ~400 pc
away. Based on the orbital solution, radio pulses arrive when the WD is nearly at

maximum blueshift and M dwarf nearly at maximum redshift.

8.2 Data

GLEAM-X J0704-37 was observed on two occasions using the Low Resolution
Imaging Spectrometer (LRIS; Oke et al., 1995b) on the 10 m Keck I telescope
on Mauna Kea in Hawai’i. An observing log is provided in Table 8.3. All LRIS
data were wavelength calibrated with internal lamps, flat-fielded, and cleaned for
cosmic rays using 1pipe, a pipeline for LRIS optimized for long-slit spectroscopy
(Perley, 2019). To calculate radial velocities (RVs), the mid-exposure time of all

observations was corrected to the barycentric Julian date (BJDtpg).

The spectrum shown in Figure 3 of Hurley-Walker et al. (2024a), at 1 ~ 6000,
(Fy =~ 3 x 107 8erg s~'em™2~!) appears to be nearly four times lower than the value
derived from the average Gaia G photometry, F; ~ 1.5x10"7erg s"'em™2~!. Here,
Gaia Data Release 3 (DR3; Gaia Collaboration et al., 2023b) average photometry
of the source (Gaia DR3 5566254014771398912) was used to calibrate the overall
flux level obtained by spectroscopy. The pyphot package® was used to calculate
synthetic photometry from the average spectrum of Night 2 in the Gaia BP, G, and
RP bandpasses. The average spectrum was then multiplied by a correction factor
in order to match the synthetic photometry to the Gaia photometry, leading to a
smaller inferred distance (=400 pc) compared to that presented in the discovery

paper (1,500 pc).?

8.3 Analysis

RYV fitting and mass constraints on companion star

The radial velocity (RV) measurements traced by the Na I doublet (8183 and 8195
) absorption lines in the left panel are shown in the left panel of Figure 8.1. The
full sets of spectra are shown in Figure 8.5, and all RV measurements are reported
in Table 8.4. The orbital phase is set to coincide with the start of observations on
Night 2. The gray vertical lines indicate the observed radio pulses (2018-02-04
at 14:57:02, 2023-10-04 at 02:33:02, and 2023-10-04 at 05:29:59 UT) reported

Zhttps://mfouesneau.github.io/pyphot/index.html
3Curiously, the nearer distance agrees with that derived from the radio dispersion measure using
the electron density model of Yao et al. (2017), as reported in the discovery paper.
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Figure 8.1: Binary nature of GLEAM-X J0704-37Left: RVs measured using the
Na I absorption doublet from Night 1 (blue) and Night 2 (red) folded on a period
of 2.915(1) h and plotted with the best RV model (black; Kyp = 189 + 3 km s™1).
This shows that the binary orbital period matches the radio pulse period to within
0.05 percent. Radio pulses (gray) occur just after the maximum redshift of the M
dwarf, when it is at the ascending node as viewed from Earth. Right: Trailed spectra
(Night 2) of the Na I doublet show good agreement with the RV model (black). Two
orbital periods are shown for visual aid.

by Hurley-Walker et al. (2024a), folded on the 10496 s period, and barycentric-
corrected to BJDpg. Orbital period constraints of 10496 + 5 s (resp. 10500 + 500

s) based on RVs from two nights (resp. one night) of data are outlined in Section
8.6.

Equation 8.1 yields a minimum mass constraint on the companion star:

(Mcompanion sin i)3 _ PorbKI%/ID @)
(Mcompanion + IWMD)2 2nG

Assuming an edge-on inclination (i = 90°) and an M dwarf of zero mass, the

minimum companion mass i Mcompanion = 0.087M. Assuming a realistic M dwarf

mass of 0.14M, based on the spectral analysis below, yields Mcompanion = O.22M@.4

“It has been found in M dwarfs in close binaries that the Na I doublet may trace the back of
the star, leading to the need for a correction to the RV amplitude of at most ~ —15 kms™' (e.g..,
Wade and Horne, 1988). This would imply a minimum companion mass of 0.068 M and 0.20M,
assuming an M dwarf mass of zero and 0.14 M, respectively.
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Figure 8.2: Mapping the Ha emission of GLEAM-X J0407-37. Left: Doppler
tomogram of the He line revealing > 30 (red) emission associated with the orbital
phase of the M dwarf (Roche potential shown by the solid black teardrop shape).
The majority of the emission may originate from outside the M dwarf, with a higher
observed velocity. Right: Trailed spectra of the Ha emission line shown alongside
the M dwarf RV model (black solid line), and the higher velocity component (black
dotted line; K ~ 330 km s™).

Ha emission associated with the M dwarf

The origin of the Ha emission is explored by creating a Doppler tomogram® (Marsh
and Horne, 1988) in Figure 8.2 with the doptomog IDL-based code® (Kotze et al.,
2015a). The systemic offset of ¥ = —98.9 kms~! was applied, and the orbital
phases were shifted such that inferior conjunction corresponds to a phase of 90° on
the resulting map (e.g.,, Kotze et al., 2015a; Rodriguez et al., 2023d). The Roche
potentials derived from the inferred masses and system inclination (Table 8.2) are
overlaid, showing the Roche potential of the M dwarf as a solid black teardrop.’
The dotted black teardrop is the Roche potential of the companion star. Other
markings are related to accreting systems and can be ignored here. The physical
geometry mapped onto these coordinates is illustrated in Figures 1 and 3 of Kotze
et al. (2015a).

Figure 8.2 shows that some Ha emission is coincident with the orbital phase and RV
of the donor star (inside the Roche potential), but that the bulk of the He emission

may originate from a higher velocity region outside of the M dwarf. However,

3> A Doppler tomogram, in polar coordinates, shows RV shift as the radial coordinate and orbital
phase as the azimuthal coordinate. Doppler maps are commonly used in the cataclysmic variable
(CV) literature to disentangle emission from the donor star and accretion-related components, though
they are also useful for detached binaries; see Marsh (2001) for a review of the method of Doppler
tomography.

6https ://www.saao.ac.za/~ejk/doptomog/main.html

"Typically, in the CV literature, this also represents the actual shape of the star since it fills its
Roche lobe in such systems. That is, however, not the case here since the M dwarf in GLEAM-X
J0704-37 does not fill its Roche lobe.
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this is only seen in the single orbit of spectra presented here, so further data are
needed to confirm the presence of this feature. It may very well turn out that all Ha
emission is associated with chromospheric activity of the rapidly rotating M dwarf
(e.g.,, Delfosse et al., 1998). If this higher velocity feature is indeed present, then

its velocity corresponds to ~ 330 km s~

, as represented by the black dashed curve
in the right panel of Figure 8.2. Details regarding the possible spatial origin of
that emission region and resemblance to the post common envelope WD + M dwarf

binary QS Vir are discussed in Section 8.9.

Binary parameters

The spectra of GLEAM-X J0704-37 do not reveal any strong emission lines that
could be indicative of accretion, suggesting that this system is a detached binary (M
dwarf + companion). Because there is a detection of a blue continuum (shortward
of 5500 A) above the noise, I proceeded with the assumption that the companion
star is a white dwarf (WD), also adopted by Hurley-Walker et al. (2024a) based on
radio pulse arguments. Further arguments against a NS + M dwarf binary are put
forth in Section 8.6.

Proceeding with this assumption, the average spectrum can be described by six
parameters, only four of which are independent: the WD effective temperature and
radius, Twp and Rwp; the M dwarf effective temperature and radius, Typ and Ryp;
the distance to the system, d; and the reddening to the system, E(B — V). Twp
and Ryp are related though the M dwarf isochrones (assuming an age of 10 Gyr)
of Baraffe et al. (2015); d and E(B — V) are related through the 3D dust map of
Edenhofer et al. (2024). Other dust maps infer slightly different levels of extinction,
explored further in Section 8.10. The four independent parameters were constrained
using a Markov chain Monte Carlo (MCMC) parameter exploration, described in
complete detail in Section 8.6. The resulting parameters are credible intervals, and

are shown in Table 8.2.

In Figure 8.3 the average spectrum (rectified using Gaia photometry), both Gaia and
synthetic photometry, and the model obtained from the parameters in Table 8.2 are
shown. The residuals do not show any obvious systematic biases across the entire
3500—10,000A range, aside from features related to telluric subtraction and the Ha

emission feature at 6563A.

The largest uncertainty in the above analysis is the extinction to the system; assuming

higher extinction values leads to a larger WD radius (meaning lower mass). The
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Parameter Value
Kyp (km s71) 189.4 +2.7
b0 1.3074 + 0.0021
y (kms™) -98.9%1%
Post, (S) 10496 + 5
E(B-V) 0.119 + 0.001
Twp (K) 7320%800
Rwp (Ro) 0.0079?33%11‘;
Tavp (K) 3010 + 20
Rvp (Ro) 0.165+):003
d (pc) 380 + 10
Mwp (Mo) 1027013
Mup (Mg) 0.136 + 0.003
a (Ry) 1.07 £ 0.04
q 0.133°901%
Rvip/RL 0.680 + 0.001
i(°) 28+

Table 8.2: All parameters for the GLEAM-X J0704-37 WD + MD binary system.
The first level of parameters are just based on the RV shifts of the MD, while the
next level is based on a MCMC parameter exploration of the average spectrum. The
final level represents parameters derived from those used in the MCMC analysis.

WD in this system, however, is clearly massive, since it is unlikely for the extinction
to exceed E(B — V) = 0.3 (see Appendix 8.10). Assuming this leads to a WD mass
of 0.82M, lower than that presented in Table 8.2, but still more massive compared
to typical single WDs in the field (0.6 Mg, 0.7M¢ for DA and DB WDs; Kepler
etal., 2007b) or WDs in post common envelope binaries (0.67 £0.21 Mg; Zorotovic
et al., 2011).

8.4 Discussion

A detached WD + M dwarf close binary

I have shown that the optical spectrum of GLEAM-X J0704-37 is well modeled
by that of a detached (non-accreting) WD + MD binary with an orbital period of
10496+5 s (2.915 h), which agrees with the radio period (10496.5522) to within
0.05 percent (to within 5 percent at worst if only fitting RVs from Night 2). This
allows us to discard a scenario put forth by Hurley-Walker et al. (2024a), where the
2.9 h period was attributed to a NS or WD spin period in a ~ 6 yr orbital period
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Figure 8.3: Spectral modeling of the binary. 7op: Average spectrum of GLEAM-
X J0704-37 (black) well fit by a WD + MD binary model (red; parameters in
Table 8.2). The overall flux level was calibrated by matching synthetic photometry
(squares), generated from the spectrum, with Gaia average photometry (circles).
Middle: Each binary component provides a good fit to the data when the other
is subtracted. Bottom: Residuals show no obvious systematic disagreement, aside
from the He emission and telluric features (gray bands).

with an M dwarf.

Connections to ILT J1101+5521, WD pulsars, and cataclysmic variables

GLEAM-X J0704-37 bears a strong similarly to another LPT, ILT J1101+5521 (de
Ruiter et al., 2024). They both host a cool massive WD (=7,300 K and =5,500 K;
~ 1.02My and ~ 0.77Mg, respectively). They are both WD + M dwarf binaries,
pulsing in the radio on a similar nearly equal to the orbit. WD pulsars (which are also
radio emitting detached WD + M dwarf systems, but host a magnetic WD spinning
and radio pulsing on 2-5 min timescales, but in a 3.5—4 h orbit) are another class of
similar radio sources, though over an order of magnitude less radio luminous than
LPTs Marsh et al. (2016); Pelisoli et al. (2022a). All of these systems highlight

the unexpected diversity of radio activity and emission processes associated with

8 A faint third body could still be present in the system orbiting on a 6 yr period. Recent
discoveries in close compact object binaries have revealed the presence and evolutionary impact
of distant triples (Burdge et al., 2024; Shariat et al., 2024). At the same time timing residuals of
approximately a few years seen in CVs have been attributed to magnetic activity in the low-mass
companion star (Souza and Baptista, 2024). Both scenarios warrant further investigation to explain
the radio timing residuals.
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otherwise common detached WD + M dwarf binaries. These systems, including
GLEAM-X J0704-37, will eventually begin mass transfer and become cataclysmic
variables (CVs; Warner, 1995a; Hellier, 2001a). Magnetic braking in some form
(e.g.,, Rappaport et al., 1983; El-Badry et al., 2022) and gravitational wave radiation
will drive the binary closer together, with accretion commencing in a few gigayears
(e.g.,, Knigge et al., 2011). An extended discussion on the above points is presented
in Appendix 8.7.

8.5 Conclusions
I conducted the first phase-resolved spectroscopic observations of GLEAM-X J0704—

37, an LPT pulsing on a 2.915 h period. The main conclusions are as follows:

1. RV shifts (189 + 3 km s™!) of the Na I doublet show that the binary orbital
period (1049645 s) agrees with the 10496.5522 s radio pulse period to within
5 (0.05) percent, fitting spectra from one (both) night(s) (Figure 8.1).

2. Radio pulses nearly coincide with the ascending node of the orbit when the
M dwarf is at maximum redshift and WD at maximum blueshift (Figure 8.1).
This differs from what has been reported in ILT J1101+5521, where radio

pulses arrive near binary conjunction.

3. The average spectrum is well fit by the sum of a 3,000 K, ~0.14My M dwarf
and a massive 7,300 K, ~0.8—-1.0M white dwarf (Figure 8.3; Table 8.2).

4. Weak Ha emission is seen; some is attributed to the M dwarf, though some
appears to be localized to a region outside the M dwarf that coincides with it

in orbital phase, but orbits at a higher velocity of ~ 330 km s~! (Figure 8.2).

5. GLEAM-X J0704-37 (=400 pc) is nearly four times closer than previously
thought (1500 pc), suggesting that such systems may be relatively common.

6. I propose that GLEAM-X J0704-37, along with ILT J1101+5521, are part of
a class of LPTs that are associated with WD binary orbits, while other LPTs
are likely associated with WD or NS spins.

This work demonstrates the importance of multiwavelength follow-up in character-
izing LPTs: optical spectroscopy has now revealed a class of LPTs associated with
WD + M dwarf close binaries (this work; Hurley-Walker et al., 2024a; de Ruiter

et al., 2024), and X-ray pulsations along with a spatial association with a supernova
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remnant has tentatively connected another LPT to NS or WD spins (Wang et al.,
2024; Liet al., 2024). Optical follow-up remains difficult, requiring the biggest tele-
scopes in the world (10 m class) to adequately characterize the optical counterparts.
Ongoing searches for new LPTs may discover closer sources or reveal them to be an

intrinsically distant rare class of objects, in either case shining light on this exciting
new phenomenon.
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8.6 Extended analysis: Parameter constraints

Orbital solution

Radial velocities are obtained by cross-correlating a 50 A window around the Na
I doublet with an M5 template from the BT-DUSTY library of theoretical spectral
atmospheres (Allard et al., 2011a). The RVs are fit to Equation 8.2 using data from

both Night 1 and 2 simultaneously, assuming a circular orbit (e = 0):
RVmp = Kvp sin(271(¢ — ¢o)) + 7. (8.2)

Here MD stands for M dwarf, RV is an individual RV, K is the RV curve amplitude,
¢ is the orbital phase, ¢ sets the zero-point of the orbit (inferior conjunction), and
v is the systemic velocity. To constrain the parameter values, a Markov chain Monte
Carlo (MCMC) parameter exploration (Hastings, 1970) was performed using the
emcee package (Foreman-Mackey et al., 2019); the ensemble sampler was run with
twelve walkers for 10,000 runs, taking the first half as the burn-in period. Table
8.2 shows the credible intervals of all parameters, with the most relevant being
Kump = 189 + 3km s™".

To calculate orbital phases, the period was first fixed to be equal to the radio period
reported by Hurley-Walker et al. (2024a) of 10496.5522 s°. Phases were recalculated
based on different candidate orbital periods in the range of 2.8 to 3 h and evaluated
the fit to the RV solution derived above. This Monte Carlo trial constrained the
orbital period to be P = 10496 + 5 s. However, since the total number of orbital
cycles that transpired between Night 1 and 2 are unknown, performing the above
analysis on the Night 2 data lone yields a more conservative error of P = 10500+500

s. Both analyses are consistent with the radio period to within one sigma.

Binary parameters

To create an M dwarf model, Typ is specified, interpolating through the BT-DUSTY
library of theoretical stellar atmospheres (Allard et al., 2011a), assuming solar
metallicity and logg = 5.0. An inflation factor of 10% is adopted for the radius
of the M dwarf, as it has been shown that for binaries this close, fast rotation
leads to increased magnetic activity and thus inflation (Parsons et al., 2018). The
stellar atmosphere is multiplied by (Ryvip/d)? to obtain a flux as viewed from Earth.
The same process is used for the WD, taking the theoretical (DA; H-rich) WD
atmospheres of (Koester, 2010) and assuming log g = 8.0.

Other periods were reported by Hurley-Walker et al. (2024a), differing by at most 0.002 s.
The current observing baseline yields a level of precision (5 s) which is consistent with all possible
periods in Hurley-Walker et al. (2024a).
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A Markov chain Monte Carlo (MCMC) parameter exploration was performed using
the emcee package (Foreman-Mackey et al., 2019) to explore all four simultaneously,
adopting uniform priors on all parameters: 5000 < Twp (K) < 12000, 2500 <
Tvp (K) < 4000, 0.008 < Rwp (Rs) < 0.02, 250 < d (pc) < 1000. The
MCMC sampler was run for 2000 steps, taking half as the burn-in period. The
parameter exploration converged, with a Gelman-Rubin statistic (R; Gelman and
Rubin, 1992) of 1.08 averaged over all chains. Gelman and Rubin (1992) argue
that values close to 1, with R < 1.1 being a typical threshold, indicate convergence
for typical multivariate distributions. The corner plot and marginalized posterior

distributions are shown in Figure 8.9.

In Table 8.2, the inferred binary parameters (median values and credible intervals:
16™ and 84™ percentiles of the posterior distributions) resulting from the MCMC
analysis are shown. Mwp is obtained from the mass-radius relation of Bédard
et al. (2020); Mmp, from the M dwarf isochrones (assuming an age of 10 Gyr)
of Baraffe et al. (2015), assuming solar metallicity. The binary separation, a, and
inclination, Z, are solved for using Kepler’s laws, and the M dwarf Roche lobe filling
factor, Rmp/Ry, (i.e.,, how much of its Roche lobe is filled), is solved for using the
Eggleton (1983b) relation

R, 0.49¢°/3
a  0.6¢23+In(1+q¢'3)

(8.3)
where ¢ = Myp/Mwp is the mass ratio of the two objects.

GLEAM-X J0704-37: WD or NS?

It is unlikely that the primary companion star to the M dwarf could be anything other
than a WD. No main sequence star could fit in so compact an orbit. I speculate that
in order to produce strong radio emission, the WD must be magnetic. Two known
WD pulsars indeed host magnetic WDs in a 3—4 h orbits with an M dwarf (Marsh
et al., 2016; Pelisoli et al., 2023a) and are discussed further in Section 8.7. A NS
is disfavored, since the blue excess (shortward of ~6500 A) in the average optical
spectrum would require a exceptionally young and nearby NS to be so optically
bright (e.g.,, Walter and Matthews, 1997). Being so nearby, such a NS would also
be detectable in X-rays, which has been ruled out (Hurley-Walker et al., 2024a).
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8.7 Extended discussion: Connections to cataclysmic variables and white
dwarf pulsars

Comparison to ILT J1101+5521: Cool and massive WDs

The discovery of ILT J1101+5521 was reported by de Ruiter et al. (2024) as an
LPT with a radio pulse period of 125.5195 min (2.0912 h). Optical spectroscopy of
ILT J1101+5521 revealed an M dwarf with RV variability on a very similar period
(127.4 min). It is likely that ILT J1101+5521 is indeed a detached WD + MD
binary, as suggested by de Ruiter et al. (2024), though absolute confirmation of this
model requires spectroscopic observations over the entire period. Furthermore, both
systems host rather cool, massive WDs: =7,300 K and ~5,500 K; ~ 1.02M and
~ 0.77TMg for GLEAM-XJ0704-37 and ILT J1101+5521, respectively. The WD in
both systems appears to be more massive than the average isolated DA (hydrogen-
atmosphere) and DB (helium-atmosphere) WDs: 0.6M and 0.7M, respectively
(Kepler et al., 2007b).

At the time of writing, the origin of radio pulses in LPTs has not been established,
though a scenario for ILT J1101+5521 has been put forth (Qu and Zhang, 2024). In
that model, electron cyclotron maser emission is responsible for the radio emission,
requiring that the WD be strongly magnetic (B ~ MG) and the M dwarf only mildly
so (B = kG). A similar situation could be the case for GLEAM-X J0704-37, though
direct evidence for the magnetic nature of the WD (in either system) has not been
established.

Connection to CVs and the period gap

Cataclysmic variables are mass-transferring systems in which a WD accretes from
a Roche lobe-filling donor, typically a late-type star (e.g.,, Warner, 1995a; Hellier,
2001a). Magnetic CVs host a WD with a magnetic field strong enough so that the
magnetosphere extends well past the WD surface and affects the accretion flow;
recently, optical and X-ray surveys have revealed that 35-36% of CVs are magnetic
Pala et al. (2020a); Rodriguez et al. (2025b).

CVs typically have orbital periods in the range of ~78 min—10 h, with an observed
(though highly debated) period gap between 2.2-3.2 h (e.g.,, Spruit and Ritter, 1983b;
Schreiber et al., 2024b). It is believed that changes in the convective nature of the
M dwarf donor star cause magnetic braking to become less efficient and accretion
to temporarily stop (Spruit and Ritter, 1983b). This has been supported by a higher

observed rate of detached WD + M dwarf binaries in this period range (Zorotovic
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et al., 2016b). The overlap of both GLEAM-X J0704-37 and ILT J1101+5521 with
the CV period gap is exciting (Figure 8.4), and may indicate that detached magnetic
WD + M dwarf binaries in this orbital period range can exhibit a rich variety of
radio activity. However, it may very well be the case that GLEAM-X J0704-37
has never undergone accretion, and is instead a post common envelope binary that
will eventually become a CV (pre-CV). This is supported by the extremely low WD
temperature, which may not have enough time to cool while crossing the gap (~ 1

Gyr), but would after emerging from common envelope (~ several Gyr).

LPTs, WD pulsars, and evolutionary links

A connection between LPTs and so-called WD “pulsars” has been made by both
Hurley-Walker et al. (2024a) and de Ruiter et al. (2024) regarding GLEAM-X J0704—
37 and ILT J110145521. The two known WD pulsars, AR Sco and J191213.72—
441045.1 (henceforth J1912), show pulsed emission at radio frequencies at 1.97 and
5.30 min, respectively (Marsh et al., 2016; Pelisoli et al., 2023a). Those periods are
not the binary orbital period of the system, which are instead 3.56 and 4.03 h for AR
Sco and J1912, respectively (Marsh et al., 2016; Pelisoli et al., 2023a). The emission
mechanism in WD pulsars is unclear, with it currently being debated whether
synchrotron or cyclotron dominates (Buckley et al., 2017; Stanway et al., 2018).
Unlike typical NS pulsars, it is thought that radio emission is generated through
particle acceleration in the interaction between the WD and M dwarf magnetospheres
(Marsh et al., 2016; Pelisoli et al., 2023a). Phenomenologically, there are two major
differences between WD pulsars and long LPTs:

1. Pulse periodsin WD pulsars are shorter, and associated with WD spin periods.
In WD pulsars, radio pulses are associated with the spin-orbit beat between

the WD spinning at min-long timescales and several hour-long orbits.

2. Pulses in WD pulsars are 10-100 times fainter. AR Sco and J1912 have peak
radio luminosities of ~ 2 x 10%%erg s~! at ~1 GHz. GLEAM-X J0704-37 has
a radio luminosity of ~ 1.5 x 10?8erg s! (at 1 GHz, adopting a distance of
400 pc in Equation 1 of Hurley-Walker et al. (2024a)), and ILT J1101+5521
has a typical peak radio luminosity of 2 x 10*’erg s~! with the highest peak
reaching 1 x 10?8erg s~! (both at 100 MHz).

I put forth the possibility that long LPTs represent a phase between WD pulsars

and polars. Polars are the most abundant magnetic CVs (e.g.,, Pala et al., 2020a;
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Rodriguez et al., 2025b), and typically have orbital periods below the period gap,
in the 1.3-2.2 h regime (e.g.,, Warner, 1995a; Hellier, 2001a). WD pulsars are
detached, with the Roche lobe filling factor (Ryp/Rz) in AR Sco having been
measured to be ~0.8 Pelisoli et al. (2022a). Since (Pelisoli et al., 2022a) also
detected that the WD in AR Sco is spinning down (to longer spin periods), WD
pulsars may evolve into long LPTs. Magnetic braking in some form (e.g.,, Rappaport
et al., 1983; Knigge et al., 2011; El-Badry et al., 2022) by the M dwarf will then
lead it to fill its Roche lobe. At this point, accretion will commence and the system
will be a polar Alternatively, accretion could commence before the WD fully spins
down, which is consistent with the recent finding of a magnetic CV with a polar-like

magnetic field, though with a WD spinning at 9.36 min (Rodriguez et al., 2025a).

This is qualitatively similar to the picture put forth by Schreiber et al. (2021a),
further explored by Ginzburg et al. (2022), where WD pulsars are thought to evolve
into polars. The WD magnetic field in this evolutionary model is thought to emerge
as a result of crystallization in the WD core, which is more easily achieved in cool,
massive WDs. Comparing to Figure 2 of Schreiber et al. (2021a), it is clear that
both the WD in in GLEAM-X J0704-37 and that in ILT J1101+5521 are cool
and massive enough to be at least somewhat crystallized. Optical polarimetry of
GLEAM-X J0704-37 should be undertaken in order to assess the magnetic nature
of the WD.

Finally, it could be that GLEAM-X J0704-37 and ILT J11014+5521 may be progeni-
tors to magnetic CVs (post common envelope binaries) that have not yet experienced
mass transfer. Their unusually cool WD temperatures are significantly cooler than
those of WDs in a sample of detached WD + M dwarf binaries in this period range
(Tesr: wp 2 10,000 K; Zorotovic et al., 2016b), and may favor this scenario.

An emerging picture: Two classes of LPTs

I amplify the idea that there are two classes of LPTs: short (P < 78 min) and long’
(P 2 78 min).!” The dividing line between the two types in Figure 8.4 is the CV
orbital period minimum of ~78 min (e.g.,, Hellier, 2001a). Samples of CVs and AM
CVns are shown in Figure 8.4, drawn from the catalogs of Ritter and Kolb (2003a)
and Ramsay et al. (2018), respectively. However, there are two major caveats: 1)
it is obvious that GCRT J1745-3009 is effectively on that line, and 2) the recent
discovery of ASKAP J183950.5-075635.0 and its likely association with a NS spin

190ther works have also noted this distinction, though the relation to the CV period minimum
has not been put forth.
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reveals that long LPTs are not exclusively WD binaries. I primarily argue that long

LPTs can be plausibly associated with orbital periods, but not short LPTs.

For any mass-transferring system with a main-sequence star as the donor, ~78 min
is the minimum orbital period at which hydrogen burning on the donor star can
be sustained (Faulkner, 1971; Paczynski, 1981; Génsicke et al., 2009). In other
words, any binary system with an orbital period lower than this value cannot have
a hydrogen-rich donor star.'!
braking and gravitational wave radiation), long LPTs such as GLEAM-X J0704-37

will commence accretion near the orbital period minimum, and then “bounce” back

Due to angular momentum losses (from magnetic

to longer periods as CVs do (e.g.,, Knigge et al., 2011), meaning they will not overlap
with the population of short LPTs.

Based on this, I suggest that in general, long LPTs are associated with WD binary
orbital periods, and short LPTs with compact object (WD or NS) spin periods. Short
LPTs may still be associated with orbital periods of binary systems, but unlikely with
those in which the lower mass component is hydrogen rich.!?> The lack of optical
counterparts in short LPTs would instead point to a spin period of an optically faint
WD or NS.

8.8 Full spectra and RVs

Individual spectra from Night 1 and 2 are shown in Figure 8.5 with observing logs
in Table 8.3. All spectra are dominated by TiO molecular bandheads, characteristic
of M dwarfs, as first revealed in the discovery paper by Hurley-Walker et al. (2024a).
I detect a clear Na I doublet (8183 and 8195 ) in absorption in all spectra, not seen
in the original discovery paper due to wavelength constraints of the spectroscopic
setup. [ also detect weak He, which was not reported in the discovery paper,
demonstrating the advatage of spectroscopy from 10 m class telescopes. The K I
doublet (7665 and 7699A) is also seen in the spectrum, and yield an RV solution
that is consistent with that of fitting the Na I doublet alone. However, the K I doublet
is excluded from this analysis since it overlaps significantly with airmass-dependent
telluric features that can alter the wavelength solution. No other obvious emission

or absorption features are present.

I An interesting exception to this are hydrogen-rich donor stars with low metallicities, which can
reach even shorter orbital periods (Stehle et al., 1997).

12AM CVn binaries and ultra-compact X-ray binaries (UCXBs) are examples of systems where
donor stars dominated by helium and heavier elements orbit WDs and NSs, respectively, at periods
below this minimum (e.g.,, Nelemans et al., 2010).
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Figure 8.4: Two of the three “long LPTs” (P > 78 min) are associated with orbital
periods of WD + MD binaries, while “short LPTs” (P < 78 min) generally lack
optical counterparts. The ~78 min division (black line) corresponds to the orbital
period minimum of any binary containing a Roche lobe-filling H-rich donor star,
seen in the observed period distribution of CVs. The recent discovery of ASKAP
J183950.5-075635.0 and its likely association with an NS spin suggests that “long
LPTs” are not exclusively associated with WD orbits. Two of the three known “long
LPTs” nearly coincide with the CV “period gap”, where accretion is thought to
temporarily shut off (blue band).

Even in the 1.3 h total observation from Night 1, radial velocity (RV) variations of
the Na I doublet from the M dwarf are clearly seen. The measured RVs and ensuring
MCMC parameter exploration of the RV model (Equation 8.2) are presented in
Table 8.4 and Figure 8.6, respectively. The 3 h total observation from Night 2 shows
the entire RV curve filled out, although by shallower Na I absorption lines, likely
due to the presence of high clouds on that night. Some features in the red spectra
of the second night could be attributed to cosmic rays or poor telluric subtraction,
but are shown here for full transparency, namely the apparent emission feature at
~6650-6670A in the first and seventh spectra of Night 2. Follow-up observations

should confirm or refute the presence of such features.

8.9 Origin of the Ha emission, frame shifting, and cartoons of the geometry
Doppler tomography reveals the Ha emission to be coincident with the orbital
phase of the donor star, though with a higher RV. This means that the bulk of the
Ha emission originates from outside the M dwarf. Figure 8.2, however, is not a

spatial representation of the system — rather, I explore two possible scenarios that
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Date ExposurgsTotal| Conditions Airmass
Time
(h)
Night 1: | 5x900 | 1.3 | Light cirrus; | 1.8—
08 Nov | s 1.1" seeing 2.0
2024
Night 2: | 11x900 | 3.0 | Moderate 1.8-
30 Nov |s cirrus; 0.9" | 2.5
2024 seeing

Table 8.3: Keck I/LRIS observation log of GLEAM-X J0704-37. The blue (red)
side was binned at 2x2 (2x1) (spatial vs spectral axis). The 600/4000 grism was
used on the blue side, and 400/8500 grating on the red side, leading to a resolution
of approximately 1.2 and 1.1A , respectively. Total time includes read-out between
consecutive exposures.
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Figure 8.5: Keck I/LRIS 900-s exposures (top: Night 1, bottom: Night 2) of
GLEAM-X J0704-37 reveal 2.9 h RV variability of an M dwarf star in the binary
system. Gray bands indicate telluric features.



271

MJD (BJDpg) | RV (km s™!) | ory (kms™)
60622.579392 -161 10
60622.590561 -80 8
60622.601730 40 11
60622.612899 80 15
60622.624067 80 13
60644.432526 322 11
60644.443907 201 13
60644.455099 - -
60644.466292 0 3
60644.477483 80 3
60644.488663 0 10
60644.499879 40 30
60644.511071 -40 5
60644.522264 -161 5
60644.533444 241 6
60644.544625 282 6

Table 8.4: RV measurements and errors of each exposure from Night 1 and Night
2. Times shown are the mid-exposure times (of 900s exposures in all cases), and
have been barycentric-corrected.
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vup (km/s) = 189.43+2:¢7
T T T T T

il
Eiis

o =1314388
T[T T T T

T
N
G\'(be = B! - F
€ o ‘
Qb;
\(’DQ m -1 —_ +1.70
o e, e ey (ki) = 988555
NS L
)
e i
~ | ,
E /z (f Q /@N
=7 J \/
Nl 1
/\ .
\Q(’) 1 1 L 1 1 1 1
QO O O OO > ® O H VO L D
RO {19&0 '\,',)Q o &x /@ /\Q o9
Vi (km/s) o y (em/s)

Corner plot of the MCMC analysis used to constrain RV parameters.
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could lead to the observed ~ 330 km s™! Ha emission (which is higher than the
189 + 3 km s~' RV amplitude of the M dwarf):

1. A compact emission region co-rotating with the M dwarf, but at higher orbital

separation.

2. Emission from material falling onto the M dwarf.

The geometry of both scenarios is visually outlined below. It is unlikely that the
emission region would be located between the WD and M dwarf. The Doppler
tomogram shows that the emission region is locked with the M dwarf at the same
orbital phase, meaning that they have the same angular velocity, w. Since v = ro,
where r is the distance from the center of mass, this means that in order to see a
higher velocity, the material would have to be located farther from the center of
mass than the M dwarf. A way around this would be for the emission region to be
in Keplerian orbit (i.e.,, not locked with the M dwarf) around the WD. However,
this would mean that the material is localized to a small region (i.e.,, not a disk),
and it is highly unlikely that we would see the orbital phase of the emission region
coincide with that of the M dwarf in one, much less both observing runs. It could
also be possible that the Na I absorption line could emerge from the side of the M
dwarf facing the WD while He emission originates from the center of mass of the M
dwarf; however, this is unlikely given the large difference in velocities and previous
findings in the CV literature (e.g.,, Wade and Horne, 1988; Schwope et al., 2011).

In Figure 8.7, I show the average spectrum around the Ha line in the frame of the
binary system (adding all spectra without any shifts; black), frame of the M dwarf
(adding all spectra by shifting each one by the corresponding M dwarf RV; blue),
and frame of the M dwarf but with an RV amplitude of 330km s~! (adding all spectra
by shifting each one by 1.7 times the corresponding M dwarf RV; red). This shows
that the strongest, sharpest emission is resolved when shifting into the 330km s
frame, though signal-to-noise also builds up in the frame of the M dwarf. This
exercise demonstrates that, independent of any model assumptions made, other than
the measurement of the M dwarf RV curve with the Na I doublet, that Ha emission

comes from outside of the M dwarf.

In Figure 8.8, I show cartoons of two possible scenarios that could lead to the
observed Ha emission. The two criteria to be met are: 1) the emission region must

coincide with the orbital phase of the M dwarf and 2) must be seen to have an RV
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Figure 8.7: Average Ha line profile after shifting into the reference frame of the
binary (black), M dwarf (blue), and 1.7 times the velocity of the M dwarf (red). This
demonstrates that Ha is strongest and sharpest when shifting into the latter frame.
This result only depends on the measured RV curve of the M dwarf from the Na I
doublet, and is independent of any M dwarf parameter estimation.

of 330 km s™', around 1.7 times that of the M dwarf. I speculate that the same
phenomenon which powers the radio pulses also powers the Ha emission, and I
draw the cartoons in Figure 8.8 in the orbital configuration (ascending node) where

the radio pulses are observed (Figure 8.1).

In the first scenario, material would be locked with the M dwarf, but located at
a higher orbital separation, demission = 1.7amp. Taking a = 0.99R; = amp =
0.85Rg, This corresponds to d@emission = 1.9Re and confirms that the emission
must originate from outside of the M dwarf. In the second scenario, the material
would be falling in toward the M dwarf, potentially magnetically channeled. At that
velocity, the free-fall height from the M dwarf center of mass would be \/m,
corresponding to & ~ 0.45R, also well outside the surface of the M dwarf.

Connection to the 3.6 h post common envelope WD + M dwarf QS Vir

As a final note, the resemblance of this Ha Doppler tomogram to at least one of QS
Vir, a post common envelope WD + M dwarf in a 3.6 h binary only = 50 pc away, is
intriguing. Figure 7 of Ribeiro et al. (2010) shows a similar picture to Figure 8.2 in
this work — some Ha emission is associated with the M dwarf, yet a large fraction
of it spills past the Roche lobe and originates from higher velocity. Ribeiro et al.
(2010) argued that this was evidence of magnetic confinement in a prominence-like
magnetic loop. However, this is not the case in Figure 5 of Parsons et al. (2016),

where spectra obtained at a later date revealed no Ha emission at higher velocity,
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Figure 8.8: I propose two possible scenarios in which Ha emission could be gener-
ated: 1) an emission region locked with M dwarf, co-orbiting the WD, though 1.7
times farther away from the WD; 2) an emission region originating from material
falling into the WD, either through free-fall or by being magnetically channeled.
Both diagrams are shown at the ascending node, where the radio pulses occur.

but instead some emission localized to different orbital phases. Recently, QS Vir
was identified as a radio source in the VLA Sky Survey (VLASS) by Ridder et al.
(2023). Follow-up of that source revealed a variable circularly polarized component
in addition to a constant low-polarization component (Ridder et al., 2023). However,
it appears that QS Vir has not been observed for an entire orbital period in the radio,
which is necessary to search for pulsations. Upcoming radio campaigns should
target post common envelope-binaries to investigate the occurrence rate of LPTs
among them. Curiously, a survey of WD candidates in a crossmatch between Gaia
and VLASS has revealed at most one candidate, suggesting that such systems may
be rare, or radio-faint (Pelisoli et al., 2024).

8.10 MCMC corner plots

Prior information on distance and extinction

GLEAM-X J0704-37 is located at Galactic coordinates of £ = 247.912298°,b =
—13.62183°. The low Galactic latitude corresponds to low, but non-negligible
extinction: the 2D map of Schlafly and Finkbeiner (2011b) estimates a value of
E(B —V) = 0.25 while the 3D map of Lallement et al. (2022) estimates a value of
Assonm = 0.821 at its maximum reach of 800 pc, which corresponds to E(B —V) =
0.28. The map of Edenhofer et al. (2024) is ultimately used, as described in the
main text, which leads to E(B —V) ~ 0.12..

Notably, the distance to the system is poorly constrained a priori. Its Gaia DR3
(DR2) parallax of —0.22+0.98 (0.4 + 1.1) mas implies a distance of 3.9*3-2 (1.8*{7)
kpc as estimated by Bailer-Jones et al. (2021c) (Bailer-Jones et al. (2018)). Hurley-



Parameter Value
E(B-V) 0.3 (fixed)
Twp (K) 7460*860
Rwp (Ro) 0.0103t§~%%11;
Tvp (K) 3050 + 20
Ry (Ro) 0.172+09%
d (pc) 3641
Mwp (M) | 0.82%015
Myp (M) | 0.143 +0.005
a (R 1.01+0:05

q o 0.174%0 0%
Ruvp/R. | 0.698 +0.001
i(°) 32%3
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Table 8.5: Same as Table 8.2, but fixing E(B —V) = 0.3. The parameter that is most
strongly affected is the inferred WD mass, reducing the median value from 1.02 to
0.82Mg. Since higher values of extinction are unlikely, it appears that the WD must
be above the mean WD mass of single WDs (0.6 M,; Kepler et al., 2007b).

Walker et al. (2024a) report that electron density models of the Milky Way report
lead to modest distance estimates of 0.4 + 0.1 (Yao et al., 2017) and 1.8 + 0.5 kpc
(Cordes, 2004). Since Gaia does not detect a significant parallax, I favor an a priori
assumption that the distances implied by electron density models are favored, and
expect the system to be located within 2 kpc, with the extinction to be at most
E(B-V)=0.3.

In addition to the MCMC analysis described in the main text, I ran another routine
identical to the one adopted in the main text, but fixing E(B — V) = 0.3. This
was done in order to produce the lowest possible mass WD (since higher extinction
values lead to higher WD radii). The table of parameters and ensuing corner plot
are shown in Table 8.10 and Figure 8.9, respectively. Even assuming extreme values
of extinction, it appears that the WD in the system is massive, taking on a value of
0.82M with E(B - V) =0.3.
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Figure 8.9: Corner plots resulting from the MCMC analysis. Left: Letting E(B—V)
depend on the distance according to the 3D map of Edenhofer et al. (2024). Right:
Fixing E(B — V) = 0.3, which is likely the highest possible value. This leads to a
lower inferred WD mass, though which still exceeds that of the mean single WD in
the field (0.6 M, for a DA WD; Kepler et al., 2007b).
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Chapter 9

CONCLUSION
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Thus we arrive at the end of this PhD thesis. I will conclude with what some of the
main takeaways and contributions to the field were, along with some predictions as
to how the fields of time-domain optical, X-ray, and radio astronomy will progress

over the next decade.

9.1 Novel Contributions

The main contributions of this thesis are the following:

1. The X-ray Main Sequence. 1 rejuvenated this discovery tool and generated
the most uniformly created catalog of CVs and AM CVns to date. It takes
advantage of the treasure trove of X-ray and optical data available in today’s
era of “big data” astronomy and allows for efficient discovery. In the next
few years, the pipeline is simple: 1) Use the X-ray Main Sequence to make
discoveries in (Rubin LSST/ZTF) + SRG/eROSITA, and assign important
targets for follow-up spectroscopy with multiplexed spectrographs (SDSS-
V/DESI/WEAVE/4MOST) or classical large telescope follow-up.

2. CVs come in even more flavors than seen before. My discovery of SRGeJ0411
— the first eclipsing magnetic period bouncer — showed that such systems
do exist, but just need to be discovered via X-rays. My characterization of
Gaia22ayj as a link between WD pulsars and polars showed that magnetic
CVs can undergo rapid changes in their evolution, since such systems are rare.
Population synthesis work in the future must account for the formation and

evolution of such systems in order to form a holistic view of CV evolution.

3. On average, CVs are less X-ray luminous than previously observed, but just
as elusive. 1 showed this through the volume-limited survey and updated
X-ray luminosity function that I generated from the SRG/eROSITA eRASS1
survey. This demonstrates that there are no “missing period bouncers” or
other low-accretion rate CVs, as had been previously suggested. Instead, the
higher numbers of CVs predicted by population synthesis could be explained
by mergers, loss of orbital contact, or simply a slower evolution in the latest

stages of a CV’s life.

4. Symbiotic BHs must exist, and isolated BHs are nearly impossible to discover
with X-rays alone. My investigations into the nature of accretion in Gaia
BH1 and BH2 showed that symbiotic BH XRBs must exist, although rare.

They could be masquerading in all-sky surveys as red giants with very weak
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signatures of mass transfer. Finally, I showed that reduced accretion rates and
efficiencies characterized of hot accretion flows (not Bondi accretion) onto
stellar-mass BHs reduces the amount of detectable ISM-accreting systems to
nearly zero. Isolated BHs may still be detectable by photometric/astrometric
microlensing, or creative X-ray/radio/infrared targeting of the nearest molec-

ular clouds.

5. Some long period radio transients (LPTs) are WD + M dwarf systems, and
harbor massive, crystallized WDs. 1 conducted the first optical spectroscopy
of an LPT that had been associated with an M dwarf and showed that a binary
system was indeed present. This discovery opens up investigations into the
evolution and history of such systems, as well as the radiation mechanisms
responsible for sharply pulsed radio emission repeating once per orbit. I look
forward to upcoming radio surveys that will discover dozens more of these

objects in the coming years.

9.2 The Future

Next year, in 2026, the first release of the largest time-domain survey ever conducted,
the Rubin Observatory Legacy Survey of Space and Time (LSST), will take place
(Tyson, 2002; Ivezic et al., 2019a). It will go about 3 magnitudes deeper than
ZTF, though mostly covering the Southern sky. Given the amount of novel ZTF
discoveries that are still emerging, it is likely that LSST will provide a large amount

of new and exciting sources to study.

In the X-ray sky, SRG/eROSITA will have its second release in mid 2026, presumably
of the eRASS2 and stacked eRASS:2 all-sky surveys (Merloni et al., 2024). The
final SRG/eROSITA release is scheduled for late 2028, and will include all 4.4
surveys, including the stacked survey, which should reach a depth of Fx ~ 1 X
10~ erg s~!em=2. AXIS will likely be lauched in the mid 2030s, and will conduct
deep surveys of the Galactic Plane and clusters with unprecedented localization
(Reynolds et al., 2023). However, given the existing amount of such sources from
Chandra, it seems that the advent of 30m-class telescopes for optical characterization
of faint sources in crowded fields will be more important than the initial detection

of X-ray emitters.

Most exciting will probably be the radio sky. Surveys with the DSA-110 are in full
force, with funding for DSA-2000 secured and construction proceeding (Ravi et al.,

2023). Since Galactic radio sources tend to be faint, it is likely that deeper radio
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Figure 9.1: The field of LPTs is rapidly growing, showing exponential growth since
2022. An exponential fit to the data starting in 2023 (2022) suggests that 30 (15)
LPTs will be be known by the end of 2025, with dozens more over the following
years.

surveys hold the key to systematic discovery of stellar radio sources (Ayala et al.,
2024). Supplementing radio catalogs with time-domain ZTF data and Gaia proper
motions and parallaxes, as has been done in the X-ray in this thesis, is an attractive
future pursuit. The field of LPTs is also just gearing up. A simple extrapolation of
expected LPTs by the end of 2026 predicts that two to three dozen will be known,
likely leading to an explosion of understanding in that field. Figure 9.1 presents

estimates of the discovered population LPTs in the coming year.

Finally, in the mid- to late-2030s, the Laser Interferometer Space Antenna (LISA)
will provide a gravitational wave window into ultracompact binaries, with AM CVns
making up over half of the current “verification” sources (Kupfer et al., 2024). That
will finally lead to a multiwavelength, time-domain, and multimessenger picture of
AM CVns, and any remaining very nearby CVs that have not been discovered may

additionally show up as new sources (Scaringi et al., 2023).

Given all of these, I hope to conduct the following investigations:

1. A crossmatch of upcoming SRG/eROSITA releases with ZTF and Rubin
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Figure 9.2: The full eERASS:4 catalog will reveal thousands of new CVs and accreting
compact binaries. Current SDSS-V spectroscopy of those within 1 kpc will inform
the full picture of such systems.

LSST data. Hundreds to thousands of more CVs will be revealed, along with
possible quiescent NS and BH systems in close binaries. Figure 9.2 shows the

expected number of such systems, which I am already targeting with SDSS-V.

2. Optical follow-up of LPTs and localization of LPTs discovered with large posi-
tional uncertainties. Currently, there are CHIME-discovered sources that are
localized to arcminutes, not arcseconds, hindering the potential for multiwave-
length follow-up. Multiplexed spectrographs and/or high-speed photometry

are the most promising tools for localization.

3. Something completely different. New tools and datasets are quickly emerging
in astronomy. The world of artificial intelligence (AI) has begun to influence
research directions across science, and it could be that deep learning tools are
even more powerful for detecting rare and interesting binaries. Within the
next ten years, the Roman survey will have taken place, Rubin LSST will be
in full force, and early releases of UVEX (ultraviolet) and DSA-2000 (radio)
will continue to open up the multiwavelength sky. I hope to continue my mix
of large surveys and targeted studies to advance our understanding of stellar

and high-energy astrophysics.

Every time a new window is opened into the Universe, it is clear that exciting new
discoveries and new understanding will lie ahead. The present time is the best time
to be doing astronomy, and for the foreseeable future, astronomy as a field is poised

to become more fruitful and exciting than ever.
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