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Continuous Quantum Measurements
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Standard Mathematical Description

Quantum diffusion current

Continuously measured 
quantum system

Quantum jump current Multi-time correlations
Full Counting Statistics

Measurement record

Conditional density matrix

Stochastic master equation
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Stochastic part
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Filtered output current
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D(t) =

Z t

0
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Charge Resolved Approach 
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= P (D, t)
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dD ⇢t(D) = ⇢t

Joint state

Detector probability

Reduced state
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Continuous Measurements
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Fokker-Planck Equation
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Feedback LiouvillianFeedback LiouvillianFeedback Liouvillian
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Measurement

Backaction
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Drift
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Diffusion

However, solving Eq. (398) 
[the Fokker-Planck equation] is 
generally challenging

— PRX Quantum 5, 020201 (2024)
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� ! 1 Instantaneous Current
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� ! 0 Integrated Current

Limiting cases

Phys. Rev. A 109, L050202 (2024)
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D(t) =
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0
dt0 �e��(t�t0)z(t0)

Phys. Rev. Lett. 70, 548 (1993)
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⇢t(D) =
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n=0

Mn f
�
n (D)
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~M = (M0 M1 M2 . . .MN�1)
T

Linear Equation
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Efficient Numerical Solutions

S
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L(D) = L0

Forward SubstitutionAssumptions

Steady state

No feedback

S

Block Structure
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�(K) =

Z
dD eiKD⇢(D) = e�K2�/2

MX

m=0

Mm
(iK)m�m/2

p
m!

Reconstruct Characteristic Function
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. . .

. . .
...

0 · · · 0 Yn�1 Xn
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Charge Resolved Approach Applications
Measurement Statistics Metrology
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FI =

Z
dDPµ(D) |@µ lnPµ(D)|2

Feedback Dynamics Growth of Correlations
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D

<latexit sha1_base64="hCmBNHNvFxQxjZO7jIeHUAi9pJo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5sl4pVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5oBjNA=</latexit>

µ

<latexit sha1_base64="VcocTnj16BNQzs21sCszgk0ZXnI=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1cv7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBf9o3e</latexit>



S

Qubit Example

-2 -1 0 1 2
0.0
0.1
0.2
0.3
0.4
0.5
0.6

-2 -1 0 1 2
0.0
0.1
0.2
0.3
0.4

-2 -1 0 1 2
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35

-2 -1 0 1 2
0.0

0.1

0.2

0.3

0.4

Comparison with trajectories
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<latexit sha1_base64="H0Oa1XQcG53vDTpcyOYIRQ4PKJI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSRS0YtQ9OKxgrXFNpTJdtsu3d2E3Y1QQv+FFw8K4tVf481/47bNQVsfDDzem2FmXpRwpo3vfzuFldW19Y3iZmlre2d3r7x/8KDjVBHaIDGPVStCTTmTtGGY4bSVKIoi4rQZjW6mfvOJKs1ieW/GCQ0FDiTrM4LGSo+dAQqBV7533i1XfM+fwV0mQU4qkKPeLX91ejFJBZWGcNS6HfiJCTNUhhFOJ6VOqmmCZIQD2rZUoqA6zGYXT9wTq/TcfqxsSePO1N8TGQqtxyKynQLNUC96U/E/r52a/mWYMZmkhkoyX9RPuWtid/q+22OKEsPHliBRzN7qkiEqJMaGVLIhBIsvL5PmmRdUvSC4q1Zq13keRTiCYziFAC6gBrdQhwYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8A+Z+QRg==</latexit>

� = 0.5
<latexit sha1_base64="r+hGakQN/dVqnxmZPDWxWx58DQs=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tDoNgFW5F0EYI2lhGMCaQHGFus0mW7O6du3tCOPInbCwUxNafY+e/cZNcoYkPBh7vzTAzL0oENzYIvr3Cyura+kZxs7S1vbO7V94/eDBxqilr0FjEuhWhYYIr1rDcCtZKNEMZCdaMRjdTv/nEtOGxurfjhIUSB4r3OUXrpFZngFLiFemWK0E1mMFfJiQnFchR75a/Or2YppIpSwUa0yZBYsMMteVUsEmpkxqWIB3hgLUdVSiZCbPZvRP/xCk9vx9rV8r6M/X3RIbSmLGMXKdEOzSL3lT8z2untn8ZZlwlqWWKzhf1U+Hb2J8+7/e4ZtSKsSNINXe3+nSIGql1EZVcCGTx5WXSPKuS8yohd+eV2nWeRxGO4BhOgcAF1OAW6tAACgKe4RXevEfvxXv3PuatBS+fOYQ/8D5/ABUHj9A=</latexit>

� = 1

Steady state distribution

<latexit sha1_base64="oi/Q0TeBhh3qXV5Xw4NskDb22sc=">AAAB/HicbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoBeh6KU3K1hbaELYbDfp0t0k7G6kpfSvePGgIF79Id78N27bHLT1wcDjvRlm5oUZZ0o7zrdVWlvf2Nwqb1d2dvf2D+zD6qNKc0lom6Q8ld0QK8pZQtuaaU67maRYhJx2wuHtzO88UalYmjzocUZ9geOERYxgbaTArjavkXcnaIyRp1gscDAK7JpTd+ZAq8QtSA0KtAL7y+unJBc00YRjpXquk2l/gqVmhNNpxcsVzTAZ4pj2DE2woMqfzG+folOj9FGUSlOJRnP198QEC6XGIjSdAuuBWvZm4n9eL9fRlT9hSZZrmpDFoijnSKdoFgTqM0mJ5mNDMJHM3IrIAEtMtImrYkJwl19eJZ3zuntRd937i1rjpsijDMdwAmfgwiU0oAktaAOBETzDK7xZU+vFerc+Fq0lq5g5gj+wPn8AeF2T5g==</latexit>

H = ⌦�x

<latexit sha1_base64="WyvjGUk04YncWW9YBkMLf/JU8Ks=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoBeh6sVjBWuL7VKyabYNTbJLkhXq0n/hxYOCePXXePPfmLZ70NYHA4/3ZpiZFyaCG+v7315haXllda24XtrY3NreKe/u3Zs41ZQ1aCxi3QqJYYIr1rDcCtZKNCMyFKwZDq8nfvORacNjdWdHCQsk6SsecUqskx4uLzqG9yXpPnXLFb/qT4EWCc5JBXLUu+WvTi+mqWTKUkGMaWM/sUFGtOVUsHGpkxqWEDokfdZ2VBHJTJBNLx6jI6f0UBRrV8qiqfp7IiPSmJEMXackdmDmvYn4n9dObXQeZFwlqWWKzhZFqUA2RpP3UY9rRq0YOUKo5u5WRAdEE2pdSCUXAp5/eZE0T6r4tIrx7WmldpXnUYQDOIRjwHAGNbiBOjSAgoJneIU3z3gv3rv3MWstePnMPvyB9/kD2vyQ2w==</latexit>

A = �z

Hamiltonian

Observable

<latexit sha1_base64="FbRX5zDyf64KogFG/Az4XsdbHls="></latexit>

heiKDi = e�K2�/2
X

m

cm
(iK)m�m/2

p
m!

Distribution Construction
<latexit sha1_base64="afH5hYc6XD2NlMIhgJsV7ayr0m0=">AAAB/HicbVDLSsNAFJ34rPUV69LNYBHqpiRS0I1QdONGqNDaQhvCZDpph84jzEykJfRX3LhQELd+iDv/xmmbhbYeuHA4517uvSdKGNXG876dtfWNza3twk5xd2//4NA9Kj1qmSpMWlgyqToR0oRRQVqGGkY6iSKIR4y0o9HtzG8/EaWpFE0zSUjA0UDQmGJkrBS6JRzy6x6P5DhrqmnlPuTnoVv2qt4ccJX4OSmDHI3Q/er1JU45EQYzpHXX9xITZEgZihmZFnupJgnCIzQgXUsF4kQH2fz2KTyzSh/GUtkSBs7V3xMZ4lpPeGQ7OTJDvezNxP+8bmriqyCjIkkNEXixKE4ZNBLOgoB9qgg2bGIJworaWyEeIoWwsXEVbQj+8surpH1R9WtV33+oles3eR4FcAJOQQX44BLUwR1ogBbAYAyewSt4c6bOi/PufCxa15x85hj8gfP5AwgzlD4=</latexit>

cm = Tr(Mm)

<latexit sha1_base64="k6xEtBRtE9oNAmmvbsewc9WVv8Y=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6sEykoBuhaBHBTQVrC32RSW/b0ExmSDJCGfodbvwVNy4UxJXgwr8xnXahrQcCh3Pu5eYcLxRcG9f9dhYWl5ZXVlNr6fWNza3tzM7uvQ4ixaDCAhGomkc1CC6hYrgRUAsVUN8TUPUGl2O/+gBK80DemWEITZ/2JO9yRo2V2hlSzpWO8Dlu+NT0GRXx1agVH5MRbggqewIwtGKOb3DJKipR2pmsm3cT4HlCpiSLpii3M5+NTsAiH6RhgmpdJ25omjFVhjMBo3Qj0hBSNqA9qFsqqQ+6GSfRRvjQKh3cDZR90uBE/b0RU1/roe/ZyXECPeuNxf+8emS6Z82YyzAyINnkUDcS2AR43BPucAXMiKEllClu/4pZnyrKjG0zbUsgs5HnSfUkTwp5Qm4L2eLFtI8U2kcHKIcIOkVFdI3KqIIYekTP6BW9OU/Oi/PufExGF5zpzh76A+frB8fBn08=</latexit>

P (D) = F�1heiKDi
9



S

Measurement Statistics

S

Statistical Moments
<latexit sha1_base64="afH5hYc6XD2NlMIhgJsV7ayr0m0=">AAAB/HicbVDLSsNAFJ34rPUV69LNYBHqpiRS0I1QdONGqNDaQhvCZDpph84jzEykJfRX3LhQELd+iDv/xmmbhbYeuHA4517uvSdKGNXG876dtfWNza3twk5xd2//4NA9Kj1qmSpMWlgyqToR0oRRQVqGGkY6iSKIR4y0o9HtzG8/EaWpFE0zSUjA0UDQmGJkrBS6JRzy6x6P5DhrqmnlPuTnoVv2qt4ccJX4OSmDHI3Q/er1JU45EQYzpHXX9xITZEgZihmZFnupJgnCIzQgXUsF4kQH2fz2KTyzSh/GUtkSBs7V3xMZ4lpPeGQ7OTJDvezNxP+8bmriqyCjIkkNEXixKE4ZNBLOgoB9qgg2bGIJworaWyEeIoWwsXEVbQj+8surpH1R9WtV33+oles3eR4FcAJOQQX44BLUwR1ogBbAYAyewSt4c6bOi/PufCxa15x85hj8gfP5AwgzlD4=</latexit>

cm = Tr(Mm)
<latexit sha1_base64="aXxcDT7mwhYYDLLzOz1neOVxRrs=">AAACDnicbZBPS8MwGMZT/875r+rRS3AKnkYjA70IQz14nODcYC0lzdIuLE1rkgqj7At48at48aAgXj1789uYdT3o5gOBH8/7vrx5nyDlTGnH+bYWFpeWV1Yra9X1jc2tbXtn904lmSS0TRKeyG6AFeVM0LZmmtNuKimOA047wfByUu88UKlYIm71KKVejCPBQkawNpZvH7oci4hTeAVdWdA5dNW91LmrWBTjMSQ+8u2aU3cKwXlAJdRAqZZvf7n9hGQxFZpwrFQPOan2ciw1I5yOq26maIrJEEe0Z1DgmCovL64ZwyPj9GGYSPOEhoX7eyLHsVKjODCdMdYDNVubmP/VepkOz7yciTTTVJDpojDjUCdwEg3sM0mJ5iMDmEhm/grJAEtMtAmwakJAsyfPQ+ekjhp1hG4ateZFmUcF7IMDcAwQOAVNcA1aoA0IeATP4BW8WU/Wi/VufUxbF6xyZg/8kfX5Ay0um28=</latexit>

hDi =
p
�c1

<latexit sha1_base64="ydhxBnF3uWinbjyZCuyB7hD00JM=">AAACG3icbZDNSsNAFIUn/tb6F3XpZrAIglCSUNCNUNSFywrWFpoYJtNJOnQyiTMToYQ+hxtfxY0LBXEluPBtnDZZaOuBgY9z7+XOPUHKqFSW9W0sLC4tr6xW1qrrG5tb2+bO7q1MMoFJGycsEd0AScIoJ21FFSPdVBAUB4x0guHFpN55IELShN+oUUq8GEWchhQjpS3ftF2GeMQIvLxzoCsKPoOuvBcqd8YaaBQjCLHvHBfsmzWrbk0F58EuoQZKtXzz0+0nOIsJV5ghKXu2lSovR0JRzMi46maSpAgPUUR6GjmKifTy6WljeKidPgwToR9XcOr+nshRLOUoDnRnjNRAztYm5n+1XqbCUy+nPM0U4bhYFGYMqgROcoJ9KghWbKQBYUH1XyEeIIGw0mlWdQj27Mnz0HHqdqNu29eNWvO8zKMC9sEBOAI2OAFNcAVaoA0weATP4BW8GU/Gi/FufBStC0Y5swf+yPj6AW4Fn6w=</latexit>

hD2i =
p
2�c2 + �

S

Two-Time Correlation function

<latexit sha1_base64="wLn4mWsyJbIDhUUbpWrle2pGHSk="></latexit>

C(⌧) = �e��⌧ +
1

2

X

j 6=0

� (�e⌧⌘j + e��⌧⌘j)

�2 � ⌘2j
Tr(Axj)Tr(y

†
j{A,M0})

<latexit sha1_base64="leTop+SYMJYbZcy3wblGP6ucRvI="></latexit>

C(⌧) = hD(t+ ⌧)D(t)i � hD(t)i2

<latexit sha1_base64="omzQWUTEKBTge2GD3LuYZCdXgE4="></latexit>

Var(D) =
�(� + 2�)

�2 + 2��+ 4⌦2
+

�

8�

<latexit sha1_base64="EYsKdJxaxi1EuLmD9CjiCzYvPpo=">AAAB/nicbZBNSwMxEIZn61etX/Xj5iVYBE9lVwp6EYp68FjB2kJbSjadbUOz2SXJCnUp/hUvHhTEq7/Dm//GtN2Dtr4QeHhnhpm8fiy4Nq777eSWlldW1/LrhY3Nre2d4u7evY4SxbDOIhGppk81Ci6xbrgR2IwV0tAX2PCHV5N64wGV5pG8M6MYOyHtSx5wRo21usWDtqCyL5Bck7aa0YXbLZbcsjsVWQQvgxJkqnWLX+1exJIQpWGCat3y3Nh0UqoMZwLHhXaiMaZsSPvYsihpiLqTTq8fk2Pr9EgQKfukIVP390RKQ61HoW87Q2oGer42Mf+rtRITnHdSLuPEoGSzRUEiiInIJArS4wqZESMLlClubyVsQBVlxgZWsCF4819ehMZp2auUPe+2UqpeZnnk4RCO4AQ8OIMq3EAN6sDgEZ7hFd6cJ+fFeXc+Zq05J5vZhz9yPn8AcnKUYQ==</latexit>

hDi = 0
Driven Qubit
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System-Detector Correlations

11

S

Information Quantities

<latexit sha1_base64="WZIKu4jbgxzoDy3OlD5jS5mz/WI="></latexit>

I = S

Z
dD⇢t(D)

�
+ S [Tr{⇢t(D)}]� S [⇢t(D)]

<latexit sha1_base64="6/xB/kFfXprs46kOrw+lFrZr0AA="></latexit>

cov(B) = Tr

Z
dDBD ⇢(D)� hDihBi

Mutual Information

Covariance
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<latexit sha1_base64="v0ezcd4+XM9ihGDtTU2+u5EWkd0="></latexit>

=
p
� [Tr(M1B)� Tr(M1)Tr(M0B)]

<latexit sha1_base64="avxnsY6riyUZYtZStQ2MoqhvkEs="></latexit>

Cov(�z) =
�(� + 2�)

�2 + 2��+ 4⌦2

M. M. Wolf et al., Phys. Rev. Lett. 100, 070502 (2008)



Quantum Metrology
<latexit sha1_base64="WyvjGUk04YncWW9YBkMLf/JU8Ks=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoBeh6sVjBWuL7VKyabYNTbJLkhXq0n/hxYOCePXXePPfmLZ70NYHA4/3ZpiZFyaCG+v7315haXllda24XtrY3NreKe/u3Zs41ZQ1aCxi3QqJYYIr1rDcCtZKNCMyFKwZDq8nfvORacNjdWdHCQsk6SsecUqskx4uLzqG9yXpPnXLFb/qT4EWCc5JBXLUu+WvTi+mqWTKUkGMaWM/sUFGtOVUsHGpkxqWEDokfdZ2VBHJTJBNLx6jI6f0UBRrV8qiqfp7IiPSmJEMXackdmDmvYn4n9dObXQeZFwlqWWKzhZFqUA2RpP3UY9rRq0YOUKo5u5WRAdEE2pdSCUXAp5/eZE0T6r4tIrx7WmldpXnUYQDOIRjwHAGNbiBOjSAgoJneIU3z3gv3rv3MWstePnMPvyB9/kD2vyQ2w==</latexit>

A = �z

12

Driven qubit

Observable

S

Fisher Information
<latexit sha1_base64="PvQ64CZmmi4bDHBrDwTq+B3NjLs="></latexit>

FI =

Z
dDPµ(D) |@µ lnPµ(D)|2

<latexit sha1_base64="q4F6CbP7Le1qyaHOhhvlb+DMSas="></latexit>

⇤µ(@µM
µ
0 ) = �(@µLµ

0 )M
µ
0

<latexit sha1_base64="KWCL8piEyVH+xNaLws7YLdGc6fw="></latexit>

(⇤µ � �n1d) (@µM
µ
n ) = � (@µLµ

0 )M
µ
n � �

2

r
n

�

�
A, @µM

µ
n�1
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Direction of increasing γ

<latexit sha1_base64="G1KoZ9o32+yCn31VZjz57eCJaU8=">AAACB3icbVDLSgMxFM3UV62vUZciBItQEcqMFHQjFN10ZwVrC51hyKSZaWiSGZKMWIau3PgrblwoiFt/wZ1/Y/pYaPXAhZNz7iX3njBlVGnH+bIKC4tLyyvF1dLa+sbmlr29c6uSTGLSwglLZCdEijAqSEtTzUgnlQTxkJF2OLgc++07IhVNxI0epsTnKBY0ohhpIwX2fiPweHZe8a44idExNA94BD1FY46C+8AuO1VnAviXuDNSBjM0A/vT6yU440RozJBSXddJtZ8jqSlmZFTyMkVShAcoJl1DBeJE+fnkjBE8NEoPRok0JTScqD8ncsSVGvLQdHKk+2reG4v/ed1MR2d+TkWaaSLw9KMoY1AncJwJ7FFJsGZDQxCW1OwKcR9JhLVJrmRCcOdP/kvaJ1W3VnXd61q5fjHLowj2wAGoABecgjpogCZoAQwewBN4Aa/Wo/VsvVnv09aCNZvZBb9gfXwDqp6Xyw==</latexit>

Hµ = (⌦+ µ)�x

Recursion for parameter derivatives
<latexit sha1_base64="SH7UdSsLVQjbQFfLFxHkGvRyx/I=">AAACH3icbZDLSgMxFIYz3q23qitxEyyCqzIjBV2KblwqtFbolHImzbTBXIbkjFqG4qu4catv4VLc9iV8BtPahbcfAh//fw5J/iSTwmEYjoKZ2bn5hcWl5dLK6tr6Rnlz68qZ3DLeYEYae52A41Jo3kCBkl9nloNKJG8mN2fjvHnLrRNG13GQ8baCnhapYIDe6pR34h4oBTS2otdHsNbc0VjoFAedciWshhPRvxBNoUKmuuiUP+KuYbniGpkE51pRmGG7AIuCST4sxbnjGbAb6PGWRw2Ku3Yx+cKQ7nunS1Nj/dFIJ+73jQKUcwOV+EkF2He/s7H5X9bKMT1uF0JnOXLNvi5Kc0nR0HEftCssZygHHoBZ4d9KWR8sMPStlWLN75jxBeluEdftsIhVYu4LT8OSLyj6XcdfaB5Wo1o1ii5rlZPTaVdLZJfskQMSkSNyQs7JBWkQRh7IE3kmL8Fj8Bq8Be9fozPBdGeb/FAw+gQ1EqPB</latexit>

� ! 1 Instantaneous Current

<latexit sha1_base64="eDC8yQRdyE/IMboprzgguzY9bKs=">AAACGnicbZC7TgJBFIZn8YZ4w0tnM5GYWJFdQ6Il0cYSExASlpCzwwAT5rKZmRVxw5PY2OpbWBpbG1/CZ3C4FAr+ySRf/v+czMkfxZwZ6/tfXmZldW19I7uZ29re2d3L7x/cGZVoQmtEcaUbERjKmaQ1yyynjVhTEBGn9WhwPcnr91QbpmTVjmLaEtCTrMsIWGe180dhD4QAHGrW61vQWg2x384X/KI/FV6GYA4FNFelnf8OO4okgkpLOBjTDPzYtlLQlhFOx7kwMTQGMoAebTqUIKhppdPrx/jUOR3cVdo9afHU/b2RgjBmJCI3KcD2zWI2Mf/LmontXrZSJuPEUklmH3UTjq3Ckypwh2lKLB85AKKZuxWTPmgg1hWWCyUdEuW6kZ00rOpxGopIPaSOxjlXULBYxzLUz4tBqRgEt6VC+WreVRYdoxN0hgJ0gcroBlVQDRH0iJ7RC3r1nrw37937mI1mvPnOIfoj7/MHgfGhOQ==</latexit>

� ! 0 Integrated Current

J. Smiga et al., Phys. Rev. Research 5, 033150 



Multi-Qubit Systems
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<latexit sha1_base64="ijzD0rc+5xvFgC7VZt/7XYDfELQ="></latexit>

H = J

L�1X

j=1

�
z
j+1�

z
j + h

LX

i=1

�
x
i

<latexit sha1_base64="LQoYl9RoMWOeqJg9fcs+xIo9iWo=">AAACB3icbZDLSgMxFIYz9VbrbdSlCMEiCGKZlIJuhKKbLlxUtLbQjkMmzbShmQtJRqzDrNz4Km5cKIhbX8Gdb2PazkJbfwh8/OccTs7vRpxJZVnfRm5ufmFxKb9cWFldW98wN7duZBgLQhsk5KFouVhSzgLaUExx2ooExb7LadMdnI/qzTsqJAuDazWMqO3jXsA8RrDSlmPu1k7hEex4ApMEpclFCq+c+9vyIexreHDMolWyxoKzgDIogkx1x/zqdEMS+zRQhGMp28iKlJ1goRjhNC10YkkjTAa4R9saA+xTaSfjM1K4r50u9EKhX6Dg2P09kWBfyqHv6k4fq76cro3M/2rtWHkndsKCKFY0IJNFXsyhCuEoE9hlghLFhxowEUz/FZI+1pEonVxBh4CmT56FZrmEKiWELivF6lmWRx7sgD1wABA4BlVQA3XQAAQ8gmfwCt6MJ+PFeDc+Jq05I5vZBn9kfP4AwCmXNg==</latexit>

H = � 1

L
S
2
x + hSz
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Ising model
 Lipkin-Meskov-Glick model


<latexit sha1_base64="ee4PgRf5uRE56vyQ6fe3vUK4gHU=">AAAB7XicbVBNS8NAEJ2tX7V+VT16WSyCp5JIQS9C1YvHisYW2lA22027dLMJuxshhP4GLx4UxKv/x5v/xm2bg7Y+GHi8N8PMvCARXBvH+UalldW19Y3yZmVre2d3r7p/8KjjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN9M/fYTU5rH8sFkCfMjMpQ85JQYK3lXl/f9rF+tOXVnBrxM3ILUoECrX/3qDWKaRkwaKojWXddJjJ8TZTgVbFLppZolhI7JkHUtlSRi2s9nx07wiVUGOIyVLWnwTP09kZNI6ywKbGdEzEgvelPxP6+bmvDCz7lMUsMknS8KU4FNjKef4wFXjBqRWUKo4vZWTEdEEWpsPhUbgrv48jJpn9XdRt117xq15nWRRxmO4BhOwYVzaMIttMADChye4RXekEQv6B19zFtLqJg5hD9Anz/iTI6O</latexit>

A = Sy

<latexit sha1_base64="w8nK103qGgNXSBIB1GiMlLpEA9s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9eKxorGFNpTNdtou3WzC7kaoob/BiwcF8er/8ea/cdvmoK0PBh7vzTAzL0wE18Z1v53C0vLK6lpxvbSxubW9U97de9Bxqhj6LBaxaoZUo+ASfcONwGaikEahwEY4vJ74jUdUmsfy3owSDCLal7zHGTVW8i8v7jpPnXLFrbpTkEXi5aQCOeqd8le7G7M0QmmYoFq3PDcxQUaV4UzguNRONSaUDWkfW5ZKGqEOsumxY3JklS7pxcqWNGSq/p7IaKT1KAptZ0TNQM97E/E/r5Wa3nmQcZmkBiWbLeqlgpiYTD4nXa6QGTGyhDLF7a2EDaiizNh8SjYEb/7lRdI4qXqnVc+7Pa3UrvI8inAAh3AMHpxBDW6gDj4w4PAMr/DmSOfFeXc+Zq0FJ5/Zhz9wPn8A49GOjw==</latexit>

A = Sz



Feedback Control
<latexit sha1_base64="8Hp9NFwqXd+EiSVvkmrH/gjH/m0="></latexit>

L0 = nBD[�+] + (nB + 1)D[��]

<latexit sha1_base64="UoHwgDwSat7owSK+rLVyicVpPZ4=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoBeh6sVjBWuL7VKyabYNTbJLkhXL0n/hxYOCePXXePPfmLZ70NYHA4/3ZpiZFyaCG+v7315haXllda24XtrY3NreKe/u3Zs41ZQ1aCxi3QqJYYIr1rDcCtZKNCMyFKwZDq8nfvORacNjdWdHCQsk6SsecUqskx4uLzqG9yXpPnXLFb/qT4EWCc5JBXLUu+WvTi+mqWTKUkGMaWM/sUFGtOVUsHGpkxqWEDokfdZ2VBHJTJBNLx6jI6f0UBRrV8qiqfp7IiPSmJEMXackdmDmvYn4n9dObXQeZFwlqWWKzhZFqUA2RpP3UY9rRq0YOUKo5u5WRAdEE2pdSCUXAp5/eZE0T6r4tIrx7WmldpXnUYQDOIRjwHAGNbiBOjSAgoJneIU3z3gv3rv3MWstePnMPvyB9/kD1/KQ2Q==</latexit>

A = �x

<latexit sha1_base64="4OcTwNI1OJ5PK1CMyffHBG8cYR8=">AAACDXicbVDLSsNAFJ34rPVVdelmsAgutGSkoBuh6MaFiwrWFpIQJpNJOnTyYGYihNAPcOOvuHGhIG7du/NvnLRZaOuBgcM55zL3Hi/lTCrT/DYWFpeWV1Zra/X1jc2t7cbO7r1MMkFojyQ8EQMPS8pZTHuKKU4HqaA48jjte6Or0u8/UCFZEt+pPKVOhMOYBYxgpSW30bQjrIYE8+Jm7KILeMKsENqShRF282Ob+IlydMpsmRPAeYIq0gQVum7jy/YTkkU0VoRjKS1kpsopsFCMcDqu25mkKSYjHFJL0xhHVDrF5JgxPNSKD4NE6BcrOFF/TxQ4kjKPPJ0sV5ezXin+51mZCs6dgsVppmhMph8FGYcqgWUz0GeCEsVzTTARTO8KyRALTJTur65LQLMnz5P+aQu1Wwjdtpudy6qPGtgHB+AIIHAGOuAadEEPEPAInsEreDOejBfj3fiYRheMamYP/IHx+QNQWZr1</latexit>

L1 = �i[g�y, ·]
0.6

0.7

0.8

0.9
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Thermal bath

Feedback correction

C. Elouard et. al Phys. Rev. Lett. 118, 260603 (2017)

J. Prech et. al arXiv:2505.16615 (2025)

<latexit sha1_base64="9NSou6mca/NB/G9G1VekfW/Cg+I="></latexit>

P0 = h0|M0 |0i

Ground State Probability

<latexit sha1_base64="WqSruHx/2VMLj42/7K3iHZVhvPk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeiF49VrC20oWy2k3bpZhN2N0IJ/QdePCiIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Np737ZTW1jc2t8rblZ3dvf0D9/DoUSeZYthiiUhUJ6QaBZfYMtwI7KQKaRwKbIfjm5nffkKleSIfzCTFIKZDySPOqLHSfW/ad6tezZuDrBK/IFUo0Oy7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI55dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRVZBzmWYGJVssijJBTEJmb5MBV8iMmFhCmeL2VsJGVFFmbDgVG4K//PIqaV/U/HrN9+/q1cZ1kUcZTuAUzsGHS2jALTShBQwieIZXeHPGzovz7nwsWktOMXMMf+B8/gA1Do2g</latexit>

}
Excitation loss

<latexit sha1_base64="WqSruHx/2VMLj42/7K3iHZVhvPk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeiF49VrC20oWy2k3bpZhN2N0IJ/QdePCiIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Np737ZTW1jc2t8rblZ3dvf0D9/DoUSeZYthiiUhUJ6QaBZfYMtwI7KQKaRwKbIfjm5nffkKleSIfzCTFIKZDySPOqLHSfW/ad6tezZuDrBK/IFUo0Oy7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI55dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRVZBzmWYGJVssijJBTEJmb5MBV8iMmFhCmeL2VsJGVFFmbDgVG4K//PIqaV/U/HrN9+/q1cZ1kUcZTuAUzsGHS2jALTShBQwieIZXeHPGzovz7nwsWktOMXMMf+B8/gA1Do2g</latexit>

}
Excitation gain



Weak Feedback Solution

• Weak feedback 

• Perturbative solution 

• First order solution 

• Higher orders iteratively

<latexit sha1_base64="xjAgNDhFziPcspsRq/pDK/Ze/Ww=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQxDIjBd0IRTcuW7C20BmGTJppQzPJkGSEMsxXuPFX3LhQELe6829M2xG09cDlHs65l+SeMGFUacf5skpLyyura+X1ysbm1vaOvbt3p0QqMWljwYTshkgRRjlpa6oZ6SaSoDhkpBOOrid+555IRQW/1eOE+DEacBpRjLSRAvvUGyKdtfLLogcOPIEeSRRlgsMfMfNkDKMwD+yqU3OmgIvELUgVFGgG9qfXFziNCdeYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoZyFBPlZ9OzcnhklD6MhDTFNZyqvzcyFCs1jkMzGSM9VPPeRPzP66U6uvAzypNUE45nD0Upg1rASUawTyXBmo0NQVhS81eIh0girE2SFROCO3/yIumc1dx6zXVb9WrjqsijDA7AITgGLjgHDXADmqANMHgAT+AFvFqP1rP1Zr3PRktWsbMP/sD6+AaYZ59z</latexit>

Q̂ = Q̂0 + ✏Q̂fb

<latexit sha1_base64="KS6118ci++Ay6I/Cnn9I3Zbd9Bg=">AAACA3icbVBNS8NAEN34WetX1JN4WSxCvZSNFPQiFL14EVqwttDEsNlu26WbTdjdFEoIXvwrXjwoiFf/hDf/jds2B219MPB4b4aZeUHMmdIIfVtLyyura+uFjeLm1vbOrr23f6+iRBLaJBGPZDvAinImaFMzzWk7lhSHAaetYHg98VsjKhWLxJ0ex9QLcV+wHiNYG8m3D90B1mkj8xF0R5Skt9lDWkan2SXy7RKqoCngInFyUgI56r795XYjkoRUaMKxUh0HxdpLsdSMcJoV3UTRGJMh7tOOoQKHVHnp9IUMnhilC3uRNCU0nKq/J1IcKjUOA9MZYj1Q895E/M/rJLp34aVMxImmgswW9RIOdQQnecAuk5RoPjYEE8nMrZAMsMREm9SKJgRn/uVF0jqrONWK4zSqpdpVnkcBHIFjUAYOOAc1cAPqoAkIeATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2C0lpI=</latexit>

Q̂0
~M (0) = 0

<latexit sha1_base64="Cg45i5nrODlajYdbiK67CCHpdJc=">AAACJ3icbVBdSwJBFJ21L7OvrR57GRJBiWQ3hHoRpF56CRQyBXeT2XFWJ2c/mJkVZNlf00t/pZceDKIe+yeNuoRpBy4czrmXe+9xQkaFNIwvLbO2vrG5ld3O7ezu7R/oh0cPIog4Jk0csIC3HSQIoz5pSioZaYecIM9hpOUMb6Z+a0S4oIF/L8chsT3U96lLMZJK6upVaA2QjBtJ14DWiOD4LnmMi09nZimBVXj+68YW96DrJItNpaSr542yMQNcJWZK8iBFvatPrF6AI4/4EjMkRMc0QmnHiEuKGUlyViRIiPAQ9UlHUR95RNjx7M0EFpTSg27AVfkSztTFiRh5Qow9dWTBQ3Iglr2p+J/XiaR7ZcfUDyNJfDxf5EYMygBOM4M9ygmWbKwIwpyqWyEeII6wVMnmVAjm8surpHVRNitl02xU8rXrNI8sOAGnoAhMcAlq4BbUQRNg8AxewQS8ay/am/ahfc5bM1o6cwz+QPv+AaCLpHk=</latexit>

Q̂0
~M (j+1) = �Q̂fb

~M (j)

Comparison with exact solution 
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<latexit sha1_base64="p6FURPh/VXWckho9Qisn024cg/E="></latexit>

~M ⇡
JcX

j=0

✏j ~M (j)



S

• Steady state solutions of charge resolved master equation


• Easily extract signal-detector statistics


• Perturbative solutions for feedback control

Summary

G. Landi

16

Phys. Rev. A 113, 032442 (2026)
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<latexit sha1_base64="GU8gcppxcMhrnZFIn453kjkhQQQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoBeh6MVjC9YW2lA22027dLOJuxOhhP4JLx4UxKs/x5v/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx49GDiVDPeYrGMdSeghkuheAsFSt5JNKdRIHk7GN/O/PYT10bE6h4nCfcjOlQiFIyilTq9EcWsOb3ulytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr93Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz58lAaM5QTiyhTAt7K2EjqilDG1HJhuAtv7xK2hdVr1b1vGatUr/J8yjCCZzCOXhwCXW4gwa0gIGEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH5INkCI=</latexit>

Q̂ =

<latexit sha1_base64="JnmCwRB/9QpZOmAE/z+NanL/FeU="></latexit>

Q̂ =

2

666664

X1 0 0 · · · 0
Y1 X2 0 · · · 0
0 Y2 X3 · · · 0
...

. . .
. . .

. . .
...

0 · · · 0 Yn�1 Xn

3

777775
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