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Modulate

probe intensity

(AOM)
Atom-cavity system

Dynamical noise (friction, momentum diffusion,

influenced by measurement record and probe intensity)

Sensor noise

(includes

fundamental

quantum noise)

Estimator (r,dr/dt)

based on master equation

Cavity transmission T

Target:

r constant
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potential as atom
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potential as atom
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Simulation feedback performance for full dynamics and measurement noise

O1+O2
O3+O4

N
um

be
r 

of
 tr

aj
ec

to
rie

s 

closed loop (C1+C2) 

open loop 

(a) 

(b) 

0 1 2 3 4 5 6 7 8 9 10
0

5

10

Simulation feedback performance with each data set shown separately

0 1 2 3 4 5 6 7 8 9 10
0

5

10

0 1 2 3 4 5 6 7 8 9 10
0

5

10

Figure of merit, M

N
um

be
r 

of
 tr

aj
ec

to
rie

s 

closed loop (C1,C2) 

open loop (O1,O2) 

open loop (O3,O4) 

(c) 

(d) 

(e) 

 �FK[?q7LN6 X�n 3 B� �FK[?q7LN6m< � >J6MLNFG: � <?L � 6M6MU7V`8SB_��FKXWBMdK<?ON6MU�@x8SX7UW<?PQ6MX�@CdK<�<?PyBD8SON6MO�z � q7dKd?UaH�X`8S>JFKBMO � n35476�U`8;:_8k< � z 8aR V � 8SLN6sLN6MU7FKONP7d�8DH?6MUcFKX z{BSR U¢R 6 � \iFG:=4g6D8SB_4cU`8;:_8pON6w:�ON47<�\iXcON6MP`8SL=8;:=6MdGH?n/aCXz{BSR U¢R 6 � R`:=476yON>k8SdKdK6ML]U`8;:_8AON6w:=O�z o � R � � R � �r� 8SLN6yON47<�\iX�\iFG:=4�dKFK[?4r:b@CBM<?dK<?LN6MUpV`8SLNOMn



}��
� 8;:_8�ON6w: Ob\iFG:=B_47FKX7[jP7LN<S:=<�BM<?d �§8;:=<?>¨U7LN<?P7O�� :=LNFK[?[?6MLNO
o � o]dK<?ON6MU�dK<�<?P � �?�?� X � �

'�\iFG:=B_4�<?X7BM6 �PX �¢O^8 � :=6ML5FKX7FG:=F�8Sd :=LNFK[?[?6ML35476MLN6D8 � :=6MLiOb\iFG:=B_4z{P7LN6wE�FK<?q7OiBwH�BMdK6ydK6MX7[S:=4 � @ � � �¢O^8 � :=6MLz��r£ \��?¤ � � ��� BMLN<?ONON6MO^dKFK>JFG:=Oo � 'a8S>J6y8SO^8SVQ<�E?6kz o �T� XS�?�?� � � � X
� � � PQ6MX�dK<�<?P � �?�?� X 3a�

'�\iFG:=B_4�6wE?6MLbH �PX �¢O^8 � :=6ML5FKX7FG:=F�8Sd :=LNFK[?[?6ML
� � 'a8S>J6y8SO^8SVQ<�E?6kz � �T� XS�?�?� � �a� �
� � � PQ6MX�dK<�<?P � �?�?� X�X �

'�\iFG:=B_4�6wE?6MLbH � X �¢O^8 � :=6ML5FKX7FG:=F�8Sd :=LNFK[?[?6ML
� � 'a8S>J6y8SO^8SVQ<�E?6kz � �r� XS�?�?� � �^���
3�8SV7dK6=X�n � B � t78SBw:IBM<?X7U7FG:=FK<?X7O5q7ON6MU � <?L5U`8;:_8A< � :=476 � q7dKd�@CONFK>�q7d�8;:=FK<?Xj47FKOb:=<?[?L=8S>JOMn

<?PQ6MXcdK<�<?P�BM<?q7Xr:=6MLNP`8SLb:=OI\i47FKB_4cONFK>JP7dGH�Ob\iFG:=B_4cPQ<S:=6MXr:=F�8SdKOIFKXg8kP7LN6MU76w:=6MLN>JFKX76MUcON6M��q76MX7BM6
FKX7U76MPQ6MX7U76MXr:J< � LN6D8Sd�@�:=FK>J6jPQ<?ONFG:=FK<?XeFKX � <?LN>k8;:=FK<?X � <?Ls:=476�FKX7U7FGE�FKU7q`8Sd]8;:=<?>�nc35476�BMdK<?ON6MU
dK<�<?P 8SdK[?<?LNFG:=47>1FKO�:=4`8;:j< �  �FK[?q7LN6"X�n X�R9FKX�\i47FKB_4�>J6D8SONq7LN6M>J6MXr:JX7<?FKON6�8SX7U�dK<�<?P�U76Md�8DH�O
8SLN6sU76D8SdG:^\iFG:=4�VrH�\�8SFG:=FKX7[JX76D8SLNdGH�<?X76sBwH�BMdK6s:=<p8SP7P7dGH�:=476���X7<�\idK6MU7[?6s< � >J<S:=FK<?X�[r8SFKX76MU
U7q7LNFKX7[s:=476IP7LN6wE�FK<?q7O�<?ONBMFKdKd�8;:=FK<?X¢n�35476Y<?PQ6MX�dK<�<?Pk8SdK[?<?LNFG:=47>JOMR�FKXkBM<?Xr:=L=8SOb:DRaONFK>JP7dGHjOb\iFG:=B_4
:=476IPQ<S:=6MXr:=F�8Sd VQ6w:C\]6M6MX ���m8SX7U 8:9�8;:9�ata6MU�FKXr:=6MLbES8SdKO � <?dKdK<�\iFKX7[�:=476IFKX7FG:=F�8Sda:=L=8SP7P7FKX7[s6wE?6MXr:D�
:=476Y�ata6MU�FKXr:=6MLbES8SdxFKO�B_47<?ON6MX�:=<jBM<?FKX7BMFKU76I\iFG:=4�8�LN6D8SON<?X`8SV7dK6y8DE?6ML=8S[?6YES8SdKq76 � <?L58SX�8;:=<?>JFKB
<?ONBMFKdKd�8;:=FK<?XkPQ6MLNFK<�U¢n
o]dK<?ON6MUAdK<�<?P¢RS8SBw:=FGE?6 � 6M6MU7V`8SB_�sBMdK6D8SLNdGHyU`8S>JP7O�L=8SU7F�8Sd�<?ONBMFKdKd�8;:=FK<?X7O'>J<?LN696wvx6MBw:=FGE?6MdGHW:=4`8SX

FG:=OI<?PQ6MXgdK<�<?P�BM<?q7Xr:=6MLNP`8SLb:DnY35476 � U7FKOb:=LNFKV7qa:=FK<?X7O^FKX  �FK[?q7LN6�X�n 3 z 8aR B � 4`8DE?6�d�8SLN[?6ML^>J6D8SX
:=4`8SX�:=47<?ON6�FKX  �FK[?q7LN6[X�n 3 z{V¢R U¢R 6 � R?\iFG:=4s:=4765BMdK<?ON6MU�@CdK<�<?Ps47FKOb:=<?[?L=8S>JO�ON47<�\iFKX7[�>k8SXrHW:=L=8� N6MBu@
:=<?LNFK6MO�P7q7ON476MUk<?qa:�:=<y47FK[?476ML�ES8SdKq76MOm< � � VrH�:=476i8SBw:=FGE?6 � 6M6MU7V`8SB_� nm35476MON6^LN6MONq7dG:=OmFKX7U7FKBD8;:=6
:=4`8;:yLN6D8Sd�@�:=FK>J6s>J6D8SONq7LN6M>J6MXr:=Oy< � £Qz�¤ � BD8SX�FKX7U76M6MU�VQ6J8SP7P7dKFK6MUg:=< � 8SBMFKdKFG:_8;:=6WBM<�<?dKFKX7[p< � 8
ONFKX7[?dK6y8;:=<?>"d O�>J<S:=FK<?X�FKX�:=4`8;:iU7FK>J6MX7ONFK<?X¢n

 `q7Lb:=476MLjLN6w�`X76M>J6MXr:=OkON47<?q7dKU�FK>JP7LN<�E?6p:=476�PQ6ML � <?LN>k8SX7BM6�< � :=476�8SdK[?<?LNFG:=47>�n  `<?LAFKX�@
Ob:_8SX7BM6SR9:=476�BwH�BMdK6u@CdK6MX7[S:=4�P7LN6MU7FKBw:=<?LABM<?q7dKU VQ6�B_4`8SX7[?6MU�:=<�8SdKdK<�\�8SObH�>J>J6w:=LNFK6MOAVQ6w:C\]6M6MX
¦£ (-��8SX7U ¦£ ) ��4`8Sd � @CBwH�BMdK6MOMn @ U7U7FG:=FK<?X`8SdKdGH?Rx:=476j�`dG:=6MLNO�:=476M>JON6MdGE?6MOsBM<?q7dKU�VQ6J8SUT Nq7Ob:=6MU
<?L�LN6MP7d�8SBM6MU�\iFG:=4�VQ6w:N:=6ML56MOb:=FK>k8;:=<?LNO]\i47FKB_4�FKX7BM<?LNPQ<?L=8;:=6YFKX � <?LN>k8;:=FK<?Xp8SVQ<?qa:i8SX7[?q7d�8SL]>J<;@
>J6MXr:=q7> e5n



}^X
������� � � ��� �  	� � ��
��0� ��� !�� ��� � ��� "  �!��' 
 � � � ����� � � ���

aCXf8��`X`8Sd^ON6w:p< � ONFK>�q7d�8;:=FK<?X7OMR9\]6�FKXrE?6MOb:=FK[r8;:=6�:=476�PQ6ML � <?LN>k8SX7BM6�< � <?q7LkL=8SU7F�8Sd5BM<�<?dKFKX7[
8SdK[?<?LNFG:=47> FKX�8�ON6w:N:=FKX7[g\i476MLN6p:=476�8TtaF�8Sd]8;:=<?>JFKBJ>J<S:=FK<?X2FKOsFKX7U76MPQ6MX7U76MXr:=dGHeONq7P7P7LN6MONON6MU¢n
_�FG:=42X7< z{<?LWdKFG:N:=dK6 � 8TtaF�8SdZ>J<S:=FK<?X¢R�8TtaF�8SdZ476D8;:=FKX7[�X7<gdK<?X7[?6MLydKFK>JFG:=OY:=L=8SP7P7FKX7[�:=FK>J6MOs8SX7U
:=476^6wvx6MBw:=O]< � L=8SU7F�8Sd � 6M6MU7V`8SB_�jBD8SXkVQ6^ON6M6MXp>J<?LN6iBMdK6D8SLNdGH?n�3�<s8SB_47FK6wE?6^:=47FKOZFKXJONFK>�q7d�8;:=FK<?X7OMR
\]6�FK>JPQ<?ON6�8SX���� ��9���6MdKFK>JFKX`8;:=FK<?X2< � :=476�8TtaF�8Sd�U7FK>J6MX7ONFK<?X¢��47<�\]6wE?6MLMR�:=47FKOABD8SON6�BM<?q7dKU
VQ6�LN6MdK6wES8SXr:�:=<�ON6wE?6ML=8Sd � qa:=q7LN6�6utaPQ6MLNFK>J6MXr:_8SdyONBM6MX`8SLNFK<?OMn  `<?L�6ut78S>JP7dK6SRY:=L=8SP7P7FKX7[l8SX7U
ON6MX7ONFKX7[A>J6MB_4`8SX7FKBMON>JOMRaVQ<S:=4�BMq7LNLN6MXr:=dGHp8SBMBM<?>JP7dKFKON476MUk\iFG:=4k:=476�O=8S>J6IP7LN<?VQ6YVQ6D8S>�R�BM<?q7dKU
VQ6AON6MP`8SL=8;:=6MU�:=<�8SdKdK<�\�8p:=L=8SP7P7FKX7[p�`6MdKUc\iFG:=4�8�dK<�\�ONBD8;:N:=6MLNFKX7[�L=8;:=6j8SX7U�>�q7B_4�@CLN6MU7q7BM6MU
8TtaF�8Sd�U7FGvxq7ONFK<?X¢n @ dG:=6MLNX`8;:=FGE?6MdGH?RQ:=476�ON6MP`8SL=8;:=FK<?Xc< � 8TtaF�8Sd�8SX7U�L=8SU7F�8Sd�:=FK>J6MONBD8SdK6MOIBM<?q7dKUcVQ6
6utaP7dK<?FG:=6MU¢R�6MFG:=476MLy:=<g8SP7P7dGH�8TtaF�8SdmBM<�<?dKFKX7[2| � 3;~ VQ6w:C\]6M6MX BwH�BMdK6MOs< � L=8SU7F�8Sd � 6M6MU7V`8SB_��<?Ly:=<
ONFK>JP7dGHW8DE?<?FKU�6ut�:=L=8Y8TtaF�8Sd�476D8;:=FKX7[IVrHsL=8S>JP7FKX7[^:=476]PQ<S:=6MXr:=F�8SdKO�q7Pj8SX7U�U7<�\iXj8;:m8IL=8;:=69:=4`8;:
8SP7PQ6D8SLNO^8SU7F�8SV`8;:=FKBI:=<A:=476W8TtaF�8Sd¢>J<S:=FK<?Xk\i47FKdK6�Ob:=FKdKdxFK>JP7q7dKONFGE?6YFKX�:=476yL=8SU7F�8SdxU7FK>J6MX7ONFK<?X¢n
�mLN<?ONPQ6MBw:=O � <?L�FK>JP7dK6M>J6MXr:_8;:=FK<?XW8SONFKU76SRSONFK>�q7d�8;:=FK<?X7O¢\iFG:=4sX7<�8TtaF�8Sdr>J<S:=FK<?XWU76M>J<?X7Ob:=L=8;:=6

ON<?>J6y8SONPQ6MBw:=Oi< � :=476yL=8SU7F�8Sd � 6M6MU7V`8SB_�pP7LN<S:=<�BM<?dx:=4`8;:^8SLN6�<S:=476MLb\iFKON6ydK6MONO�:=L=8SX7ONP`8SLN6MXr:Dn _26
6utaP7dK<?LN6�:=47FKOJLN6M[?FK>J6�\iFG:=4l8�ON6w:p< � ONFK>�q7d�8;:=FK<?X7Os:=4`8;:kU7FGvx6MLJFKX :=47LN6M6�\�8DH�O � LN<?> :=47<?ON6
P7LN6MON6MXr:=6MUl8SVQ<�E?6Sn  �FKLNOb:DR�:=476�8TtaF�8Sd9U7FK>J6MX7ONFK<?XeFKOs6MdKFK>JFKX`8;:=6MU26MXr:=FKLN6MdGH28SX7Ue:=476�8;:=<?> FKO
8SLb:=FG�`BMF�8SdKdGH�BM<?X7Ob:=L=8SFKX76MU�:=<�LN6M>k8SFKXg8;:�LN6MOb:y8;:�8SX�8SXr:=FKX7<�U76s< � :=476AOb:_8SX7U7FKX7[;@�\�8DE?6�BD8DE�FG:CH
�`6MdKU¢n '�6MBM<?X7U¢RxONFKX7BM6�8TtaF�8Sd�476D8;:=FKX7[kFKOIX7<kdK<?X7[?6MLI8SXgFKONONq76SRQ\]6�6M>JP7dK<�H�ON<?>J6w\i4`8;:YU76M6MPQ6ML
:=L=8SP7P7FKX7[ PQ<S:=6MXr:=F�8SdKO�:=4`8SX�FKX�:=476�ONFK>�q7d�8;:=FK<?X7O�8SVQ<�E?6Sn¨35476�\]6D8S��P7LN<?VQ6�dK6wE?6MdyFKO�Ob:=FKdKd
- ����� �[��� W �^XAP747<S:=<?X7OIFKX�:=476W6M>JPa:CH�BD8DE�FG:CH?RQV7qa:YX7<�\�\]6W:=q7LNX�<?X�:=476y:=L=8SP�FKX7FG:=F�8SdKdGHk8;:Y8
dK6wE?6Md - ������� � � W 3 P747<S:=<?X7O]FKXj:=476I6M>JPa:CHJBD8DE�FG:CH?R78SX7UJ\]6 � 6M6MUpV`8SB_�jVrHkOb\iFG:=B_47FKX7[sVQ6w:C\]6M6MX
:=47FKOI8SX7U�:=476W\]6D8S�S6MLYdK6wE?6Md�-����.��� W � P747<S:=<?X7OMni35476�6wvx6MBw:=FGE?6sPQ<S:=6MXr:=F�8SdKOi:=4�q7OI[?6MX76ML=8;:=6MU
8SLN6 � XS� � U76M6MPQ6ML�:=4`8SXAFKX�:=476�P7LN6wE�FK<?q7OmONFK>�q7d�8;:=FK<?X7O�q7ONFKX7[ -���� 8SX7U -�� �Mn� �FKX`8SdKdGH?R�\iFG:=47<?qa:
8TtaF�8Sd¢>J<S:=FK<?Xk\]6W6M>JP7dK<�H�8ABM<r8SLNON6MLiBM<?>JP7qa:_8;:=FK<?X`8SdQ:=FK>J6MOb:=6MP�< � z �  � � � �¢OMn

 �FK[?q7LN6=X�n � z 8 � ON47<�\iOi:=476 � 6M6MU7V`8SB_�p�`[?q7LN6y< � >J6MLNFG: � <?L�:=476�BD8SON6MO^< � BMdK<?ON6MU�@CdK<�<?P � 6M6MU�@
V`8SB_� R¢BM<?X7Ob:_8SXr:Y:=L=8SP7P7FKX7[�8;:�-�����<?L - ������� R¢8SX7Uc<?PQ6MX�@CdK<�<?P�Ob\iFG:=B_47FKX7[7nY3�8S��FKX7[�8SUaES8SXr:_8S[?6
< � dK<?X7[?6ML^<�E?6ML=8SdKd�8;:=<?> Ua\]6MdKd�:=FK>J6MOMR`\]6�BD8SXcX7<�\�BM<?X7ONFKU76MLI:=FK>J6�\iFKX7U7<�\iOYON6MP`8SL=8;:=6MUcVrH



} 3
8A[?LN6D8;:=6MLiU76Md�8DH?R`ON<A:=476y��q`8SXr:=FG:CH�U7FKONP7d�8DH?6MU�476MLN6WFKO

����� �

����� ��� 
 ����� � z`¦£�� ��� z�¤ �N�

�

� I ����� ��� � 
 ����� � z ¦£�� ��� z�¤ �N�

zVX�n 3r�

L=8;:=476MLI:=4`8SXg:=476A<?LNFK[?FKX`8Sd � < �  �FK[?q7LN6?X�n 3 ny35476ALN6MONq7dG:�FKOI��q`8SdKFG:_8;:=FGE?6MdGH�ONFK>JFKd�8SL�:=<p:=4`8;:
< � :=476 � q7dKdZONFK>�q7d�8;:=FK<?X¢R'\iFG:=4�:=476pBMdK<?ON6MUedK<�<?P�Ob:=L=8;:=6M[SH�PQ6ML � <?LN>JFKX7[�ONFK[?X7FG�`BD8SXr:=dGH�VQ6w:N:=6ML
:=4`8SX2FG:=Oy<?PQ6MXedK<�<?P�BM<?q7Xr:=6MLNP`8SLb:Dn7aCX�:=47FKOWBD8SON6SR�:=476k>J6D8SX�ES8SdKq76J< � � � � <?LWBMdK<?ON6MU�@CdK<�<?P
� 6M6MU7V`8SB_��FKO � � W Xs:=FK>J6MO�[?LN6D8;:=6ML5:=4`8SX � <?L5<?PQ6MX�@CdK<�<?PpOb\iFG:=B_47FKX7[J<?L � <?L5X7<JOb\iFG:=B_47FKX7[7n
35476�U`8;:_8�< �  �FK[?q7LN6MO"X�n 3 8SX7U X�n � z 8 � FKX7U7FKBD8;:=6g:=4`8;:�<?q7L � 6M6MU7V`8SB_��8SdK[?<?LNFG:=47>�8SBw:=O

:=<cU7LNFGE?6-¦£c:=<c©M6MLN<7RmF n 6SnGR�:=<gBMFKLNBMq7d�8SLNFK©M6p8;:=<?>JFKBJ<?LNV7FG:=O�8;:j8�BM<?X7Ob:_8SXr:AES8SdKq76p< � £`n '�q7B_4
U76M>J<?X7Ob:=L=8;:=FK<?X7OMR747<�\]6wE?6MLMRQdK6D8DE?6�<?PQ6MX�:=476���q76MOb:=FK<?X�< � \i476w:=476ML5:=47FKOi8SdK[?<?LNFG:=47>§8SBw:=q`8SdKdGH
LN6M>J<�E?6MOI:=<S:_8Sd�6MX76MLN[SH � LN<?> :=476sL=8SU7F�8Sd'>J<S:=FK<?X¢n;_�FG:=4g8TtaF�8Sd�>J<S:=FK<?X�6MdKFK>JFKX`8;:=6MU¢Ra\]6�BD8SX
X7<�\ 6utaP7dK<?LN69:=47FKO�FKONONq76]VrH�8SON��FKX7[I47<�\�:=476 � 6M6MU7V`8SB_�s8SdK[?<?LNFG:=47>�8;vx6MBw:=O�:=L=8SP7P7FKX7[^dKF � 6w:=FK>J6MOMn
 �FK[?q7LN6 X�n � z{V � ON47<�\iOm8;:=<?>�Ua\]6MdKd�:=FK>J6MO � <?L�:=476]O=8S>J69:=47LN6M6�BD8SON6MO�< � BMdK<?ON6MU�@CdK<�<?P � 6M6MU7V`8SB_� R
BM<?X7Ob:_8SXr:]U7LNFGE?6idK6wE?6MdKOZ< � - ������� <?L�-�����R�8SX7UJ<?PQ6MX�@CdK<�<?PAOb\iFG:=B_47FKX7[7n�35476^FKX7BMLN6D8SON6^FKXjdKF � 6w:=FK>J6
� <?L'BMdK<?ON6MU�@CdK<�<?P � 6M6MU7V`8SB_��FKO¢FK>J>J6MU7F�8;:=6MdGH^8SP7P`8SLN6MXr:DnJaCX7U76M6MU¢R;:=476mBMdK<?ON6MU�@CdK<�<?PYLN6MONq7dG:=O�8S[?LN6M6
\]6MdKdQ\iFG:=4�8SXp6utaPQ<?X76MXr:=F�8SdQdKF � 6w:=FK>J6i< � }an �s>JOMRa8SO�BM<?Xr:=L=8SOb:=6MUp\iFG:=4 � n 3 >JO � <?L9:=L=8SP7P7FKX7[�8;:
- �������78SdK<?X76SR � n �^>JO � <?L�:=L=8SP7P7FKX7[Y8;:#-����CR?8SX7U � n � >JO � <?L�<?PQ6MX�@CdK<�<?PWOb\iFG:=B_47FKX7[YVQ6w:C\]6M6MXA:=476
U7LNFGE?6^dK6wE?6MdKOMn�3547FKO96wvx6MBw:�ON47<�\iO9:=4`8;:�8SBw:=FGE?6 � 6M6MU7V`8SB_�k8SO]8SP7P7dKFK6MUA:=<W:=476^L=8SU7F�8Sd7U7FK>J6MX7ONFK<?X
U7<�6MO�8SBw:9:=<sLN6M>J<�E?6IL=8SU7F�8Sd`6MX76MLN[SH?RaFKXp8SU7U7FG:=FK<?Xj:=<sONFK>JP7dGH�P7FKX7X7FKX7[s£s:=<�8WBM<?X7Ob:_8SXr:]ES8SdKq76Sn
Y^<S:=6Z:=4`8;:�8SdKdS:=476MON6]dKF � 6w:=FK>J6MO'8SLN6Z6MX74`8SX7BM6MU�LN6Md�8;:=FGE?6m:=<i:=476 � q7dKdS:=47LN6M6u@CU7FK>J6MX7ONFK<?X`8Sd?BD8SON6SR?FKX
\i47FKB_4�VQ<S:=4�6utaPQ6MLNFK>J6MXr:=Oi8SX7U�ONFK>�q7d�8;:=FK<?X7OZ4`8DE?6�>J6D8SXp:=L=8SP7P7FKX7[s:=FK>J6MO]< � <?X7dGH � �r�?���¢OMn
��8SB_�h< � dKF � 6w:=FK>J6�6MX74`8SX7BM6M>J6MXr: � LN<?>�L=8SU7F�8Sd � 6M6MU7V`8SB_�fFKXh:=476 � q7dKdIONFK>�q7d�8;:=FK<?XlFKO�ON<?>J6
FKX7U7FKBD8;:=FK<?X�< � :=476yE?6MLbH�\]6D8S��>JF�taFKX7[jVQ6w:C\]6M6MXc8TtaF�8Sd�8SX7U�L=8SU7F�8Sd'>J<S:=FK<?X¢R7ON<k:=4`8;:^BM<�<?dKFKX7[
FKX�<?X76y< � :=476MON6WU7FK>J6MX7ONFK<?X7O�U7<�6MOidKFG:N:=dK6^:=<JBM<?Xr:=LN<?dx:=6M>JPQ6ML=8;:=q7LN6MOiFKX�:=476y<S:=476MLMn

����� �
� �*+ ����: ����)�����	 �/) !4� �/�(����+	� � 	�+ �/� �/�(���=�*! ���

35476 � 6M6MU7V`8SB_�2ONFK>�q7d�8;:=FK<?X7OyU7FKONBMq7ONON6MU FKX2:=47FKOsB_4`8SPa:=6ML�4`8DE?6�VQ6M6MX�BM<?X7U7q7Bw:=6MU�\iFG:=4�E?6MLbH
BMdK<?ON6�LN6 � 6MLN6MX7BM6�:=<�:=476�BM<?X7U7FG:=FK<?X7O�LN6D8SdKFK©M6MUpFKXp:=476�6utaPQ6MLNFK>J6MXr:i< �Jb 6 � n^| � X ~ R7FKX�P`8SLb:=FKBMq7d�8SL



} �

z 8 �

0 5 10 15
0

50

100
Simulation feedback performance for measurement noise but no axial motion

0 5 10 15
0

50

100

150

200

N
u

m
b

er
 o

f 
tr

aj
ec

to
ri

es

0 5 10 15
0

50

100

Figure of merit, M’

0.6 photons empty cavity
0.3 photons empty cavity

Closed loop 

No switching 

Open loop 

z{V �

0 5 10 15 20 25 30
0

50

100
Simulation atom trap times with no axial motion

0 5 10 15 20 25 30
0

100

200

300

0 5 10 15 20 25 30
0

100

200

300

400

Dwell time (ms)

No switching 

Closed loop 

Open loop 

N
u

m
b

er
 o

f 
tr

aj
ec

to
ri

es

 �FK[?q7LN6?X�n � B� `6M6MU7V`8SB_�gPQ6ML � <?LN>k8SX7BM6�8SX7UcdKF � 6w:=FK>J6y6MX74`8SX7BM6M>J6MXr:yFKXgONFK>�q7d�8;:=FK<?X7Oi\iFG:=4gX7<8TtaF�8Sd¢>J<S:=FK<?X¢n



}?}
� <?LIBD8DE�FG:CH�P7LN<?PQ6MLb:=FK6MOMRQ:=L=8SP7P7FKX7[pOb:_8;:=FKOb:=FKBMOMR¢8SX7UgONFK[?X`8Sd�@�:=<;@CX7<?FKON6yFKX�:=476�V`8Sd�8SX7BM6MUg476w:=6MLN<;@
UaH�X76cU76w:=6MBw:=FK<?X¢n�35476cBMq7LNLN6MXr:�6utaPQ6MLNFK>J6MXr:_8SdY6wvx<?Lb:DR^8SFK>J6MUf8;:�LN6D8SdKFK©MFKX7[�:=476 � 6M6MU7V`8SB_�
Ob:=L=8;:=6M[?FK6MOyU76MONBMLNFKVQ6MU2476MLN6SR�6M>JP7dK<�H�O�E?6MLbH�ONFK>JFKd�8SLIBM<?X7U7FG:=FK<?X7OI\i47FKdK6jFKX7BM<?LNPQ<?L=8;:=FKX7[pON<?>J6
FK>JP7LN<�E?6M>J6MXr:=O�8SOYFKX b 6 � nJ| X � R X ��~ n=Y^<S:_8SV7dK6sB_4`8SX7[?6MO � LN<?> b 6 � nk| � X ~ FKX7BMdKq7U76A8pONdKFK[?4r:=dGH
ON47<?Lb:=6ML�BD8DE�FG:CH?R7FK>JP7LN<�E?6MUkES8SBMq7q7>�P7LN6MONONq7LN6�FKXk:=476YBD8DE�FG:CHkLN6M[?FK<?X�z � t � � M � I :=<?LNL � 6MX`8SV7dK6MU
VrH�8cU7FGvx6MLN6MXr:=F�8SdKdGH2P7q7>JPQ6MU�U7<?q7V7dK6�B_4`8S>�VQ6MLMR�8SX7U�BD8DE�FG:CH�dK6MX7[S:=4 Ob:_8SV7FKdKFK©D8;:=FK<?X2E�F�8�8SX
6MLNLN<?LkONFK[?X`8Sdi[?6MX76ML=8;:=6MUfVrHh8SXhFKX7U76MPQ6MX7U76MXr:�d�8SON6MLk<?X76 � LN6M6�ONPQ6MBw:=L=8SdIL=8SX7[?6g8D\�8DH � LN<?>
:=476pBD8DE�FG:CH ���Z� dKFK[?4r:Dn"aC>JP7dK6M>J6MXr:_8;:=FK<?X�< � :=476 � 6M6MU7V`8SB_�2Ob:=L=8;:=6M[SH2U76MONBMLNFKVQ6MU 8SVQ<�E?6pFKO
BMdK6D8SLNdGH�<?qa:=ONFKU76s:=476�LN6M[?FK>J6W< � 8SX`8SdK<?[J6MdK6MBw:=LN<?X7FKBMOMRxON<�8SXc8SU7U7FG:=FK<?X`8Sd�>J<�U7FG�`BD8;:=FK<?X�FKO^:=476
q7ON6s< � U7FK[?FG:_8Sd¢P7LN<�BM6MONONFKX7[p8SX7U  �� A @ :=6MB_47X7<?dK<?[SH2| � �T~ n _�FG:=4�:=476MON6s:=<�<?dKOMR`6utaPQ6MLNFK>J6MXr:_8Sd
U`8;:_8gONFK>JFKd�8SL�:=<c:=476�ONFK>�q7d�8;:=FK<?X�LN6MONq7dG:=OAP7LN6MON6MXr:=6MUh8SVQ<�E?6�ON6M6M> \]6MdKd]\iFG:=47FKX�LN6D8SB_4¢�]:=476
6utaPQ6MLNFK>J6MXr:_8Sd'6wvx<?Lb:iFKO5U7FKONBMq7ONON6MU�FKX�>J<?LN6�U76w:_8SFKd¢FKX�:=476yX76ut�:^B_4`8SPa:=6MLMn
a�:sON6M6M>JOsLN6D8SON<?X`8SV7dK6A:=<g8SON�c47<�\ >�q7B_4e6utaPQ6MLNFK>J6MXr:_8SdmU`8;:_8�ON47<?q7dKU�VQ6JX76MBM6MONO=8SLbH�:=<

6uta47FKV7FG:�8 U7FKOb:=FKX7Bw:=FK<?X�VQ6w:C\]6M6MX�8SBw:=FGE?6 � 6M6MU7V`8SB_� 8SX7U <?PQ6MX�dK<�<?P�ONB_476M>J6MOMn  `LN<?>�:=476
ONFK>�q7d�8;:=FK<?X7O5< �  �FK[?q7LN6�X�n 3 z{BSR U¢R 6 � z{3�8SV7dK6�X�n �T� R`\]6�ON6M6W:=4`8;:I\iFG:=4�U`8;:_8JON6w:=OY< � 8SVQ<?qa:/XS�?�
:=L=8SP7PQ6MUc8;:=<?>JOi:=476sU7FGvx6MLN6MX7BM6MOYVQ6w:C\]6M6MXc<?PQ6MX�@i8SX7U�BMdK<?ON6MU�@CdK<�<?P�ONB_476M>J6MO�8SdKLN6D8SUaH�VQ6M[?FKX
:=<eVQ6MBM<?>J6g8SP7P`8SLN6MXr:DRi8SX7Uh:=476MON6gU7FGvx6MLN6MX7BM6MO�8SLN6�\]6MdKd^U76M>k8SLNBD8;:=6MUl\iFG:=4l:C\]<�<?Lj:=47LN6M6
:=FK>J6MOW:=4`8;:�>�q7B_4�U`8;:_8an _�FG:=4 � 8SFKLNdGHcBM<?X7ON6MLbES8;:=FGE?6�6MOb:=FK>k8;:=6MOs< � <?X76J:=LNFK[?[?6MLsPQ6ML � � 3
U7LN<?P�8SX7U�<?X76 � � 3�U7LN<?P�6wE?6MLbH XsON6MBM<?X7U7OMR7:=47FKO�>J6D8SX7O�ONFK[?X7FG�`BD8SXr:56wvx6MBw:=O5BM<?q7dKUp\]6MdKd¢VQ6
ON6M6MXA\iFG:=4^ Nq7Ob:Z<?X76]:=<Y:C\]<y47<?q7LNO�< � 6utaPQ6MLNFK>J6MXr:_8SdaU`8;:_8�8;:�6D8SB_4jON6w:N:=FKX7[7n � q7B_4J>J<?LN6]U`8;:_8
BM<?dKdK6MBw:=FK<?X�FKOs6utaPQ6MLNFK>J6MXr:_8SdKdGH�LN6D8SdKFKOb:=FKBSR�8SdKdK<�\iFKX7[�6utaP7dK<?L=8;:=FK<?X2< � 8�\]6D8SdG:=4e< � 8SU7U7FG:=FK<?X`8Sd
��q76MOb:=FK<?X7OMn

����� � ��) )*�/�(��� !4� !#�*& ����� 5*� � ��)*��� !4)*�/3[�*! ����&

35476 � 6M6MU7V`8SB_��8SdK[?<?LNFG:=47> U76wE?6MdK<?PQ6MU28SVQ<�E?6 � <?LY:=476j8;:=<?>JFKB�L=8SU7F�8Sd�PQ<?ONFG:=FK<?Xg£�FKOYONq7V� N6MBw:
:=<kV`8SONFKBWdKFK>JFG:=O58SLNFKONFKX7[ � LN<?> UaH�X`8S>JFKBD8Sd�8SX7U�>J6D8SONq7LN6M>J6MXr:YX7<?FKON6WFKX�<?q7L^ObH�Ob:=6M>�n^35476MON6
dKFK>JFG:=O9BD8SX�VQ6�6utaP7LN6MONON6MUc8SO�dK<�\]6ML5VQ<?q7X7U7Oi<?Xp:=476Jz{<?X76u@CU7FK>J6MX7ONFK<?X`8Sd � :=6M>JPQ6ML=8;:=q7LN6 � <?L�£`n
c]6MBD8Sq7ON6^:=476IOb:=L=8;:=6M[SHjFKO9V`8SON6MUk<?XkU7FKONBMLN6w:=6IOb\iFG:=B_47FKX7[7Rr\iFG:=4 � 6M6MU7V`8SB_�jU76Md�8DH?6MU�8SX7UJ:=FK>J6MU
V`8SON6MU�<?XJ:=476IP7LN6wE�FK<?q7O]Ob\iFG:=B_47FKX7[;@CBwH�BMdK6IdK6MX7[S:=4¢R�:=476IBM<?Xr:=LN<?dQFKO]8SdG\�8DH�O]V`8SON6MU�<?XpFKX � <?LN>k8T@



}?�
:=FK<?XJ[r8;:=476MLN6MUk<�E?6ML9:=476^P7LN6wE�FK<?q7O9>J<S:=FK<?X`8Sd7BwH�BMdK6Sn�354�q7O�UaH�X`8S>JFKBD8Sd`X7<?FKON6i<�E?6ML�8SXp8;:=<?>JFKB
>J<S:=FK<?X`8SdT:=FK>J6MONBD8SdK6�\iFKdKd;ON6w:�85dK<�\]6ML'dKFK>JFG:Q<?XyL=8SU7F�8Sd;:=6M>JPQ6ML=8;:=q7LN6 � O n b 6 � 6MLNLNFKX7[�:=<� �FK[?q7LN6MO
�7n �?� 8SX7U �7n � � R�\]6Y�`X7U�:=4`8;:5>J<?>J6MXr:=q7>§U7FGvxq7ONFK<?X�z{U7q76Y:=<AONPQ<?Xr:_8SX76M<?q7Oi6M>JFKONONFK<?X � [?FGE?6MO
8�:CH�P7FKBD8Sd`6MX76MLN[SHjFKX7BMLN6D8SON6iPQ6ML9L=8SU7F�8Sda<?ONBMFKdKd�8;:=FK<?Xs:=FK>J65< � 
 ��� � � � W � � z DJI �#����� zVXS� ��� � n
 `q7Lb:=476MLN>J<?LN6SRY>J6D8SONq7LN6M>J6MXr:�X7<?FKON6�P7d�8SBM6MO�8 dKFK>JFG:k<?X�:=476�U76w:=6MBw:_8SV7dK628S>JP7dKFG:=q7U76g< � £
ES8SLNF�8;:=FK<?X7OMnp3547FKO�8S>JP7dKFG:=q7U76AU76MPQ6MX7U7O�Ob:=LN<?X7[?dGH�<?X2:=476p8SV7ON<?dKqa:=6jES8SdKq76J< � £gU7q76J:=<�:=476
X7<?X7dKFKX76D8SLNFG:CH�< � :=476 � # £c>k8SP7P7FKX7[7nc¡^<�\]6wE?6MLMR9q7ONFKX7[�:=476p>J6D8SONq7LN6MU�ON6MX7ONFG:=FGE�FG:CHfz{ON6M6
'�6MBw:=FK<?X �7n �r��� LN<?>�:=476I8;:=<?>A@CBD8DE�FG:CH�>JFKBMLN<?ONBM<?PQ6SR?\]6^6MOb:=FK>k8;:=65:=4`8;:9<�E?6ML]8y>J<S:=FK<?X`8SdaBwH�BMdK6
\]6YBD8SXpLN6MON<?dGE?6Y£A<?ONBMFKdKd�8;:=FK<?X7Om< � 8S>JP7dKFG:=q7U76sz � � - � \ ] 	�
 �
� � \ ��� �
	 E � W �?� � � n � Xk:=476
ONFKU76y< � :=476yBD8DE�FG:CH�>J<�U76SRa\i476MLN6y:=476y6wvx6MBw:=FGE?6WPQ<S:=6MXr:=F�8Sd¢FKO5Ob:=6M6MPQ6MOb:DR`:=47FKO5BM<?LNLN6MONPQ<?X7U7Oi:=<
� O E � XS� ���en�_�47FKdK6�:=47FKOydKFK>JFG:YBM<?LNLN6MONPQ<?X7U7OsBMdK<?ON6MdGHg:=<�:=476JONFK>�q7d�8;:=FK<?X7OY< � :=476jP7LN6wE�F�@
<?q7OYON6MBw:=FK<?X¢Rx\i476MLN6j8TtaF�8Sd�>J<S:=FK<?X�FKOIONq7P7P7LN6MONON6MU¢R':=476 � q7dKd�ONFK>�q7d�8;:=FK<?X�X76wE?6ML�LN6D8SB_476MOY:=47FKO
dKFK>JFG:]VQ6MBD8Sq7ON6W8TtaF�8Sd¢476D8;:=FKX7[ABMqa:=Oi<Sv�8;:=<?>JFKBIdKF � 6w:=FK>J6MO9:=<�<A��q7FKB_��dGH?nZ354�q7O^FK>JP7LN<�E?6M>J6MXr:=O
:=<�8SU7U7LN6MONOW8TtaF�8Sd�476D8;:=FKX7[�8SLN6A< � [?LN6D8;:yFKXr:=6MLN6MOb: � <?LYON6M6MFKX7[�:=476 � q7dKd�6wvx6MBw:W6wE?6MX2< � L=8SU7F�8Sd
BM<�<?dKFKX7[7n

c]6wH?<?X7U�:=476y6utaPQ6MLNFK>J6MXr:_8Sd�8SX7U�8SdK[?<?LNFG:=47>JFKBiES8SLNF�8;:=FK<?X7O�8SdKLN6D8SUaH�U7FKONBMq7ONON6MU¢RQ8jX�q7>�VQ6ML
< � V7LN<r8SU76MLy��q76MOb:=FK<?X7Os8SLN6jL=8SFKON6MU�VrHc:=476Jq7ON6J< � 8SBw:=FGE?6 � 6M6MU7V`8SB_�c:=<�UaH�X`8S>JFKBD8SdKdGH�BM<�<?dZ8
BM<?>JPQ<?X76MXr:^< � >J<S:=FK<?X � <?L^8jONFKX7[?dK6y8;:=<?>�n � X76W��q76MOb:=FK<?X�U76D8SdKO5\iFG:=4�:=476Wq7dG:=FK>k8;:=6YdKFK>JFG:=O
< � ONq7B_4 8�BM<�<?dKFKX7[2>J6MB_4`8SX7FKON>�n _�FG:=47FKXl:=476cBMq7LNLN6MXr:�6utaPQ6MLNFK>J6MXr:_8SdYON6w:N:=FKX7[7R^dKFK>JFG:=OA:=<
L=8SU7F�8Sd�BM<�<?dKFKX7[k8SLNFKON6 � LN<?> 8;:=<?>JFKBydKF � 6w:=FK>J6MOsz{U7<?>JFKX`8;:=6MU�VrHg8TtaF�8Sd�>J<S:=FK<?X � R V7qa:y8SLN6�8SdKON<
BM<?X7Ob:=L=8SFKX76MUpVrHj:=476YUaH�X`8S>JFKBD8Sd`X7<?FKON6Y8SX7UpVrHj:=476ION47<S:�X7<?FKON6I< � U76w:=6MBw:=FK<?X¢n '�<?>J6^dKF � 6w:=FK>J6
8SX7U�UaH�X`8S>JFKBD8SdmX7<?FKON6jFKONONq76MOWBM<?q7dKU�VQ6J8SU7U7LN6MONON6MUeVrH�ON6MP`8SL=8;:=FKX7[�:=L=8SP7P7FKX7[�8SX7U�ON6MX7ONFKX7[7R
� <?Li6ut78S>JP7dK6�VrH�q7ONFKX7[k8 � 8SLi<SvcLN6MON<?X`8SX7BM6W:=L=8SP�FKX�BM<?XT Nq7X7Bw:=FK<?X�\iFG:=4�8jONq7V�@CP747<S:=<?X�dK6wE?6Md
BD8DE�FG:CH ���Z� P7LN<?VQ6s| X �T~ n�35476^LN6M>k8SFKX7FKX7[�FKONONq76MOZ\]<?q7dKUj:=476MXkBM6MXr:=6ML9<?XJONFK[?X`8Sd�@�:=<;@CX7<?FKON6 � <?L
:=476�8;:=<?>JFKByPQ<?ONFG:=FK<?X�>J6D8SONq7LN6M>J6MXr:DR¢8SOi\]6MdKd�8SOI<?XgdKFK>JFG:=O5FK>JPQ<?ON6MU�VrH�V`8SB_�;8SBw:=FK<?X�< � :=476
>J6D8SONq7LN6M>J6MXr:^FG:=ON6Md � 8SOiFG:^8SP7P7LN<r8SB_476MO5:=476yOb:_8SX7U`8SLNU���q`8SXr:=q7> dKFK>JFG:�| } � R �?} ~ n
� t�:=6MX7ONFK<?Xj< � 8SBw:=FGE?6 � 6M6MU7V`8SB_��VQ6wH?<?X7UA:=4765£yU7FK>J6MX7ONFK<?X�L=8SFKON6MO�LN6Md�8;:=6MUA��q76MOb:=FK<?X7OMn�35476

��q76MOb:=FK<?X�476MLN6WFKO5<?X76W< � q7ONFKX7[AES8SLNFK<?q7O5:=6MB_47X7FK��q76MO�� � <?L56ut78S>JP7dK6SR 8AObH�>J>J6w:=LbHr@CV7LN6D8S��FKX7[
PQ<S:=6MXr:=F�8Sda<?L � LN6M��q76MX7BwHr@CU7<?>k8SFKXA�`dG:=6MLNFKX7[Y< � :=4765ONFK[?X`8Sd��W:=<�6MOb:=FK>k8;:=658SX7UjBM<?Xr:=LN<?d78Y:=47LN6M6u@
U7FK>J6MX7ONFK<?X`8Sd�E?6MBw:=<?LWq7ONFKX7[�:=476A:=FK>J6�LN6MBM<?LNU�< � 8�ONFKX7[?dK6���q`8SXr:=FG:CH?R�:=476A:=L=8SX7ON>JFG:N:=6MU�dKFK[?4r:



�?�
�`6MdKU¢n��^X7U7<?q7Va:=6MU7dGH?R�U7FGvx6MLN6MXr:sU7LNFGE�FKX7[�P`8SL=8S>J6w:=6MLNOMR�U76w:=6MBw:=FK<?X�>J6w:=47<�U7OMR�8SX7U2U`8;:_8�P7LN<;@
BM6MONONFKX7[j\iFKdKd¢VQ6y8SP7P7LN<?P7LNF�8;:=6�U76MPQ6MX7U7FKX7[J<?X�:=476WLN6Md�8;:=FGE?6YFK>JPQ<?Lb:_8SX7BM6�P7d�8SBM6MU�<?X�FKX � <?LN>k8T@
:=FK<?X28SVQ<?qa:W6D8SB_42U7FK>J6MX7ONFK<?X�< � :=476J>J<S:=FK<?X¢nJ35476MON6k��q76MOb:=FK<?X7O�8SU7U7LN6MONOsFKXcES8SLNFK<?q7O�\�8DH�O
ON<?>J6iV`8SONFKBiFKONONq76MO9< � <?Pa:=FK>k8SdaOb:_8;:=6^6MOb:=FK>k8;:=FK<?Xj8SX7UJBM<?Xr:=LN<?d � <?LZONFKX7[?dK65��q`8SXr:=q7> ObH�Ob:=6M>JOMR
8SX7Uc:=47FKOY6utaPQ6MLNFK>J6MXr:_8Sd�ObH�Ob:=6M> P7LN<?>JFKON6MOI:=<�VQ6j8pLNFKB_4�<?X76 � <?LY6utaP7dK<?LNFKX7[�ONq7B_4�FKONONq76MOyFKX
� q7Lb:=476MLiU76w:_8SFKd n


