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Particles in near-critical media
Why do we care?

• Fluctuation-induced (Casimir) forces


• Effective (attractive/repulsive) interactions


• Retardation effects on the particle dynamics

[Magazzù et al. 2018]



Particle in a complex medium
From Brownian motion to non-linear memory

• Brownian motion

<latexit sha1_base64="OEhInoHA3pYHW88TBhH4xDfeTtI="></latexit>

h⇣(t)⇣(t0)i = 2 kBT � �(t� t0)

[e.g. Caldeira&Leggett ’83]

• GLE

Medium-induced forces? Energy flows?

Separation of timescales…



Universality
and how it can help us

• Close to a continuous PT, different 
systems may exhibit same critical 
properties


• Trade a complex system for a simpler 
one within the same universality class 

• Replace the medium by a suitable 
(dynamical) field-theory



The model

 extends within  
the size R of the particle
V(x − X)

 sets the range of spatial correlations of ξ = r−1/2 ϕ(x, t)



Dynamics

(x,t) and (t) influence each other 
along their stochastic evolution,

ϕ X

in contact with a thermal bath @T,



Effective particle dynamics

• Equilibrium is trivial  
(locality + translational invariance) 

 fun things happen out of 
equilibrium.
→

Two possible approximations: 

1. Weak-coupling approximation 
(or MSR path integral + perturbation theory)


2. Adiabatic approximation
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Relaxation towards equilibrium
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⇠ = r�1/2

@ long times,

[DV, F. Ferraro, A. Gambassi, PRE 105 (5), 054125]  

tc = τ−1
ϕ (q ∼ 1/X0)
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Two particles
Model

2 (independent) particles in a the field,

One of them is driven periodically,


 how does  respond?→ Y(t)



Two particles
Adiabatic approximation:

Weak-coupling approximation:

cumulant gen. 

func. of Y(t)

[DV, A. Gambassi, 2206.01664 (2022)]



Two particles
Non-adiabatic response
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Choosing q ∼ r1/2 = 1/ξ

Competing timescales



Two particles
Frequency-dependent response

When , the non-equilibrium  
response is peaked around

ξ ≫ Δ

Retardation effects:



Particle + field in confinement
Dynamics & steady-state

∂tP(R, t) ≃ − ∂Rμ(R)P(R) + ∂2
RD(R)P(R)

Effective F-P description in the adiabatic limit:

BCs-dependent stationary distributions

[DV, M. Gross, 2209.10834 (2022)]



Stochastic thermodynamics

[DV, S.M.Loos, B.Walter, E.Roldan, A.Gambassi (in preparation)]

• Framework for field+particle work/energy flows


• Full CGF of the dissipated power
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To sum up

Perspectives
• Active field theories


• Self-interacting  field


• Hydrodynamics (model H)

ϕ4 Thank you!

• Relaxation to equilibrium (quench)


• 2-particles nonequilibrium periodic states


• Steady-state in confinement


• Stochastic thermodynamics in NESS


• Memory-induced oscillating modes



Backup slides
:)



Motivation 1/3
Fluctuation-induced forces

 What happens in the presence of randomly fluctuating surfaces?→

1. A fluctuating medium


• QM: path weight 


• StatPhys: weight 


2. External objects affecting the fluctuations


• Entropic or energetic origin


• Examples: QED, CCF, Van Der Waals & dispersion forces, Goldstone modes…


Strength  energy of fluctuations , range  range of correlations.


∼ exp(i/ℏ𝒮)

∼ exp(−β𝒰(x))

∝ (ℏ, kBT) ∝



Motivation 2/3
Particle as a probe

• Thermal fluctuations, small forces 
 

 can affect the motion of colloids! 
 Infer properties of soft-matter 

materials (microrheology)


• Back-reaction of the particle on the 
medium 


• How does a particle behave in a 
medium close to a phase 
transition?

( ∼ 10−7N)
→
→



Motivation 3/3
From Brownian motion to non-linear memory

• Brownian motion

<latexit sha1_base64="OEhInoHA3pYHW88TBhH4xDfeTtI="></latexit>

h⇣(t)⇣(t0)i = 2 kBT � �(t� t0)

meaningful if  is independent of the details of  
- not always true! 

Γ(t) V(x) [Daldrop et al., PRX 2017]

[Müller et al., New J. Phys. 2020]

[e.g. Caldeira&Leggett ’83]

• GLE



Motivation 3/3
From Brownian motion to non-linear memory

<latexit sha1_base64="C8lvBBC9w9rGnR0snHwynWu0l1s="></latexit>

mẌ(t) = ��1Ẋ(t) + rXH(t) + ⇣(t)

<latexit sha1_base64="ahSqk0sNFc749Phot4CwHqcdw5o="></latexit>

�X(t) +

Z t

�1
dt0 F (t� t0, X(t)�X(t0)) + ⌅(X(t), t)
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+ O(�3)
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/ Ẋ non-linear friction!

<latexit sha1_base64="rAzXBYTm+sB2R6vv+X9PQ6AElmI="></latexit>

h⌅(x, t)⌅(x0, t0)i = T ⇥

2�1 �(t� t0) +G(x� x0, t� t0)

�
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Fl(t, x) = i�2D

Z
ddq

(2⇡)d
ql q

2|Uq|2 eiq·x�Dq2(q2+r)t
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@xF (t, x) = �@tG(t, x)

[Basu, Dèmery, Gambassi ’22]



Motivation 3/3
From Brownian motion to non-linear memory

[Basu, Dèmery, Gambassi ’22]



Effective particle dynamics

• Equilibrium is trivial  
(locality + translational invariance) 

 fun things happen out of 
equilibrium.
→

Two possible approximations: 

1. Weak-coupling approximation 
(or MSR path integral + perturbation theory)


2. Adiabatic approximation
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Relaxation towards equilibrium
Adiabatic approximation
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0
<latexit sha1_base64="TsvpRdlM+0k4UvERQ6axqyRGdwg=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBItQN2VGFF0W3bisYB/QDiWTZtrQTBKSjFiGfoQbF4q49Xvc+TemD6G+Dlw4nHMv994TKc6M9f0PL7e0vLK6ll8vbGxube8Ud/caRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4NfGbd1QbJsWtHSkaJrgvWMwItk5qdtSAle+Pu8VSUPGnQP4v8mWVYI5at/je6UmSJlRYwrEx7cBXNsywtoxwOi50UkMVJkPcp21HBU6oCbPpuWN05JQeiqV2JSyaqosTGU6MGSWR60ywHZif3kT8y2unNr4IMyZUaqkgs0VxypGVaPI76jFNieUjRzDRzN2KyABrTKxLqLAYwv+kcVIJzir+zWmpejmPIw8HcAhlCOAcqnANNagDgSE8wBM8e8p79F6811lrzpvP7MM3eG+fu3CPKw==</latexit>

�(x)

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x<latexit sha1_base64="mdraP+jKDHA+8LJczlFRNa/6OhY=">AAAB9XicdVDLSgMxFL3xWeur6tJNsAhurDNF0Y1QdOOygn1AOy2ZNNOGZjJDklHL0P9w40IRt/6LO//G9CHU14ELh3Pu5R6OHwuujeN8oLn5hcWl5cxKdnVtfWMzt7Vd1VGiKKvQSESq7hPNBJesYrgRrB4rRkJfsJrfvxz5tVumNI/kjRnEzAtJV/KAU2Ks1Grec3yOVSs9dI+Kw3Yu7xacMbDzi3xZeZii3M69NzsRTUImDRVE64brxMZLiTKcCjbMNhPNYkL7pMsalkoSMu2l49RDvG+VDg4iZUcaPFZnL1ISaj0IfbsZEtPTP72R+JfXSExw5qVcxolhkk4eBYnAJsKjCnCHK0aNGFhCqOI2K6Y9ogg1tqjsbAn/k2qx4J4UnOvjfOliWkcGdmEPDsCFUyjBFZShAhQUPMATPKM79Ihe0OtkdQ5Nb3bgG9DbJ6MbkUw=</latexit>

⇠ = r�1/2

From Langevin equations

to the Fokker-Planck equation
gq

We want to marginalize over the eigenfunctions



Relaxation towards equilibrium
Adiabatic approximation

Solutions decay to X=0 exponentially

Effective F-P equation:

[DV, Ferraro, Gambassi ’22]



Relaxation towards equilibrium
Weak-coupling approximation

<latexit sha1_base64="NFst67Qgd75Y4uc4Mt2SsZoGLO0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtwuM4A==</latexit>

X
<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0
<latexit sha1_base64="TsvpRdlM+0k4UvERQ6axqyRGdwg=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBItQN2VGFF0W3bisYB/QDiWTZtrQTBKSjFiGfoQbF4q49Xvc+TemD6G+Dlw4nHMv994TKc6M9f0PL7e0vLK6ll8vbGxube8Ud/caRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4NfGbd1QbJsWtHSkaJrgvWMwItk5qdtSAle+Pu8VSUPGnQP4v8mWVYI5at/je6UmSJlRYwrEx7cBXNsywtoxwOi50UkMVJkPcp21HBU6oCbPpuWN05JQeiqV2JSyaqosTGU6MGSWR60ywHZif3kT8y2unNr4IMyZUaqkgs0VxypGVaPI76jFNieUjRzDRzN2KyABrTKxLqLAYwv+kcVIJzir+zWmpejmPIw8HcAhlCOAcqnANNagDgSE8wBM8e8p79F6811lrzpvP7MM3eG+fu3CPKw==</latexit>

�(x)

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x<latexit sha1_base64="mdraP+jKDHA+8LJczlFRNa/6OhY=">AAAB9XicdVDLSgMxFL3xWeur6tJNsAhurDNF0Y1QdOOygn1AOy2ZNNOGZjJDklHL0P9w40IRt/6LO//G9CHU14ELh3Pu5R6OHwuujeN8oLn5hcWl5cxKdnVtfWMzt7Vd1VGiKKvQSESq7hPNBJesYrgRrB4rRkJfsJrfvxz5tVumNI/kjRnEzAtJV/KAU2Ks1Grec3yOVSs9dI+Kw3Yu7xacMbDzi3xZeZii3M69NzsRTUImDRVE64brxMZLiTKcCjbMNhPNYkL7pMsalkoSMu2l49RDvG+VDg4iZUcaPFZnL1ISaj0IfbsZEtPTP72R+JfXSExw5qVcxolhkk4eBYnAJsKjCnCHK0aNGFhCqOI2K6Y9ogg1tqjsbAn/k2qx4J4UnOvjfOliWkcGdmEPDsCFUyjBFZShAhQUPMATPKM79Ihe0OtkdQ5Nb3bgG9DbJ6MbkUw=</latexit>

⇠ = r�1/2

X(t) = X(0)(t) + λ2X(2)(t) + 𝒪(λ4)

@ long times,

A matter of timescales:



Relaxation towards equilibrium
Weak-coupling approximation

<latexit sha1_base64="NFst67Qgd75Y4uc4Mt2SsZoGLO0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtwuM4A==</latexit>

X
<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0
<latexit sha1_base64="TsvpRdlM+0k4UvERQ6axqyRGdwg=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBItQN2VGFF0W3bisYB/QDiWTZtrQTBKSjFiGfoQbF4q49Xvc+TemD6G+Dlw4nHMv994TKc6M9f0PL7e0vLK6ll8vbGxube8Ud/caRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4NfGbd1QbJsWtHSkaJrgvWMwItk5qdtSAle+Pu8VSUPGnQP4v8mWVYI5at/je6UmSJlRYwrEx7cBXNsywtoxwOi50UkMVJkPcp21HBU6oCbPpuWN05JQeiqV2JSyaqosTGU6MGSWR60ywHZif3kT8y2unNr4IMyZUaqkgs0VxypGVaPI76jFNieUjRzDRzN2KyABrTKxLqLAYwv+kcVIJzir+zWmpejmPIw8HcAhlCOAcqnANNagDgSE8wBM8e8p79F6811lrzpvP7MM3eG+fu3CPKw==</latexit>

�(x)

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x<latexit sha1_base64="mdraP+jKDHA+8LJczlFRNa/6OhY=">AAAB9XicdVDLSgMxFL3xWeur6tJNsAhurDNF0Y1QdOOygn1AOy2ZNNOGZjJDklHL0P9w40IRt/6LO//G9CHU14ELh3Pu5R6OHwuujeN8oLn5hcWl5cxKdnVtfWMzt7Vd1VGiKKvQSESq7hPNBJesYrgRrB4rRkJfsJrfvxz5tVumNI/kjRnEzAtJV/KAU2Ks1Grec3yOVSs9dI+Kw3Yu7xacMbDzi3xZeZii3M69NzsRTUImDRVE64brxMZLiTKcCjbMNhPNYkL7pMsalkoSMu2l49RDvG+VDg4iZUcaPFZnL1ISaj0IfbsZEtPTP72R+JfXSExw5qVcxolhkk4eBYnAJsKjCnCHK0aNGFhCqOI2K6Y9ogg1tqjsbAn/k2qx4J4UnOvjfOliWkcGdmEPDsCFUyjBFZShAhQUPMATPKM79Ihe0OtkdQ5Nb3bgG9DbJ6MbkUw=</latexit>

⇠ = r�1/2

Before the crossover, the amplitude 
is  - independent!X0

tc = τ−1
ϕ (q ∼ 1/X0)

For ,t > τX



Autocorrelation function
Weak-coupling approximation

C(t) ≡ ⟨X(0)X(t)⟩ = C0(t) + λ2C2(t) + 𝒪(λ4)

@ long times t,

<latexit sha1_base64="SMe7r7Yb3lByy2ozVAXx5n215tU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgrWFNpTNZtIu3d2E3Y1QSv+CFw+KePUPefPfmLQ5aOuDgcd7M8zMCxLBjXXdb6e0srq2vlHerGxt7+zuVfcPHk2caoYtFotYdwJqUHCFLcutwE6ikcpAYDsY3eZ++wm14bF6sOMEfUkHikecUZtL4bVX6Vdrbt2dgSwTryA1KNDsV796YcxSicoyQY3pem5i/QnVljOB00ovNZhQNqID7GZUUYnGn8xunZKTTAlJFOuslCUz9ffEhEpjxjLIOiW1Q7Po5eJ/Xje10ZU/4SpJLSo2XxSlgtiY5I+TkGtkVowzQpnm2a2EDammzGbx5CF4iy8vk8ezundRd+/Pa42bIo4yHMExnIIHl9CAO2hCCxgM4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gDvs42C</latexit>

d = 1

<latexit sha1_base64="2tuBLo2VpYbBoef6Xqeo3RKJoHo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0Gc/EYwTwgWcLsZDYZM7uzzPQKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFR06hUM95gSirdDqjhUsS8gQIlbyea0yiQvBWMajO/9cS1ESp+wHHC/YgOYhEKRtFKzVrvooznvWLJrbhzkFXiZaQEGeq94le3r1ga8RiZpMZ0PDdBf0I1Cib5tNBNDU8oG9EB71ga04gbfzK/dkrOrNInodK2YiRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uwxt/IuIkRR6zxaIwlQQVmb1O+kJzhnJsCWVa2FsJG1JNGdqACjYEb/nlVdK8qHhXFff+slS9zeLIwwmcQhk8uIYq3EEdGsDgEZ7hFd4c5bw4787HojXnZDPH8AfO5w9aaY5T</latexit>

C2(t)

<latexit sha1_base64="W+cQxzCzyNjJHqtlVZvJXMOej10=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVbVxWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4XuM/A==</latexit>

t

<latexit sha1_base64="WZOMOmvKH5cqDkQENCVvEieKJ+U=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHclosegF48RzAOSNczOziZDZh/O9AphyU948aCIV3/Hm3/jJNmDJhY0FFXddHd5iRQabfvbWlpeWV1bL2wUN7e2d3ZLe/tNHaeK8QaLZazaHtVciog3UKDk7URxGnqSt7zhzcRvPXGlRRzd4yjhbkj7kQgEo2ikNj5kp/5Zddwrle2KPQVZJE5OypCj3it9df2YpSGPkEmqdcexE3QzqlAwycfFbqp5QtmQ9nnH0IiGXLvZ9N4xOTaKT4JYmYqQTNXfExkNtR6FnukMKQ70vDcR//M6KQZXbiaiJEUesdmiIJUEYzJ5nvhCcYZyZAhlSphbCRtQRRmaiIomBGf+5UXSPK84FxX7rlquXedxFOAQjuAEHLiEGtxCHRrAQMIzvMKb9Wi9WO/Wx6x1ycpnDuAPrM8fZo2PjA==</latexit>

t�d/4

<latexit sha1_base64="1lT47l78IbhD0eN81PTuGObMG/A=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSxJUXRZdOOygn1AG8tkMqlDJw9mboQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7jxsLrsCyvo3CwuLS8kpxtbS2vrG5ZW7vtFSUSMqaNBKR7LhEMcFD1gQOgnViyUjgCtZ2h1djv/3ApOJReAujmDkBGYTc55SAlvrmHtylJxX7uOdLQlMvS2vZUdY3y1bVmgDPEzsnZZSj0Te/el5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzokA9bVNCQBU046uT7Dh1rxsB9JXSHgifp7IiWBUqPA1Z0BgXs1643F/7xuAv6Fk/IwToCFdLrITwSGCI+jwB6XjIIYaUKo5PpWTO+JzgF0YCUdgj378jxp1ar2WdW6OS3XL/M4imgfHaAKstE5qqNr1EBNRNEjekav6M14Ml6Md+Nj2low8pld9AfG5w95cZSZ</latexit>

t�(1+ d
2 )

Connection comes from FDT,

C(t) ∼
[DV, Ferraro, Gambassi ’22]

[Basu, Dèmery, Gambassi ’22]



<latexit sha1_base64="LKzNUVkH7uNh7xjulCHYOFs39OE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBemuMuA==</latexit>

0

<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x
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cartoon
not in scale



Two particles
Model

Two particles independently interact 
with the field,

One of them is driven periodically,


 how does  respond?→ Y(t)



Two particles
Adiabatic approximation

@ equilibrium, the two particles interact via

This gives an effective, overdamped 
Langevin dynamics (non-linear, Markovian)



Two particles
Weak-coupling approximation

Look for an effective master equation ruling

Using definition + Novikov thm,



Two particles
Weak-coupling approximation

• Memory vanishes in the periodic state 
 seemingly Markovian!


• Full cumulant gen. func.

→

•  is practically immersed into the 
effective field generated by the driven 
particle which acts as a source term,

Y(t)



Two particles
A comparison

Numerical simulation 
(d=2)

Predictions  
(adiabatic vs weak-coupling)



Two particles
A comparison

Temporal average and  
amplitude of the oscillations
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Choosing q ∼ r1/2 = 1/ξ

Competing timescales



Two particles
A comparison

Behavior as a function of  
(frequency response)

Ω

When , the non-equilibrium  
response is peaked around

ξ ≫ Δ



Two particles
A comparison

Phase shift

Within the “effective field picture”,

[DV, Gambassi ’22]



Take-home messages
(but this is not my last slide)

• Particles interacting with a field experience field-induced reciprocal 
interactions, 


• but even a single particle feels a self-interaction, not visible in equilibrium.


• A medium close to a phase transition relaxes slowly, and non-equilibrium 
effects become prominent,


• and this affects the motion of tracer particles in contact with the medium.


• Adiabatic approximations and linear response analysis sometimes fail to 
capture these funny effects.



Work in progress
1/2

ft. B. Walter, S. Loos & E. Roldan 
(SISSA & ICTP)

Stochastic 
thermodynamics 
of field+particle

ft. M. Gross (Max Planck - Stuttgart)
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Effective (adiabatic) 
particle dynamics in 
a confined geometry



Work in progress
2/2 Oscillating 

modes from 
overdamped 
dynamics

ft. U. Basu (Bose Center - Kolkata)

Active particles in 
a Gaussian field




Future perspectives
(now this is my last slide)

• Active field theories


• Self-interacting  field


• Hydrodynamics (model H)


• Quadratic type interaction 

ϕ4

∼ ϕ2(X)

Thank you!


