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(z

ot ) Resetting to origin:
Ty ! All dynamical information
deleted

LA,
(0,t;) U

z(1) — V'(z)dt + V2Dn(r)dt with probability 1 — rdt ,
z(rT+dt) =
Tres with probability rdt ,

! Evans and Majumdar, “Diffusion with stochastic resetting”.
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( x]_ , tj) Resetting to origin:
All dynamical information
deleted

b4 » t
(0,t;) \\f

atp(zﬂt) = _awj(x’t) - 'rp(z,t) + 7'5(1) s

where
j(mv t) = _Dazp(mv t) - Vl(x)p(x, t)

In steady state
Jst ($) = —DO0zpst () — V/(z)pst (w) .

2Evans and Majumdar, “Diffusion with stochastic resetting”.
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Thermodynamic cost for Resetting

that does the actual resetting

Q

A cost for a reset can be calculated as the work for implementing a reset by some mechanism

Resetting

ts for resetti

processes

December




Thermodynamic cost for Resetting

Q

Or as the heat dissipated or entropy produced by the resetting process. (Resetting results in a
NESS and a NESS generates entropy). Cost= Total entropy production

Resetting

Thermodynamic:

s for resettin,




Thermodynamic costs® for processes described by overdamped Langevin equations (with
conservative forces)

dxr _
—= == VVaalor, AT +0(7),
dr
_ [ OViwdA
N o OA dt’
t P =R
q= 8‘/;0'- odr = lOg _ ({‘:f }O|f0)
o Oz P ({&-}F20)
P ({zr}5)
Stot = log — L =49+ Ssys
P ({2-}5)
J i (
S s
tOt D / pst(x
3Sekimom. Stochastic energetics; Seifert, ic ther ics, ion theorems and
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Perfect resetting “cost™

(xf ,t ) Resetting to origin:
Jg All dynamical information

4_5_/ deleted

815]?(13, t) = - E](xv t) - Tp(xv t) + ré(x)
where
j(fl?, t) = —Dazp((l), t) - Vl(w)p(:p, t)
In steady state
jst(x) = 7Dazpst(x) - Vl(x)pst(x)
~ 1o~ ()
Stot) — — do 2882
< ’ t> D —oo pst(w)

4Fuz:hs. Goldt, and Seifert, “Stochastic thermodynamics of resetting”.
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Unidirectional transitions ”cost”: a brief diversion

N N

dp;

7dt1 = E (wj—sipj — wisjpi) + E (Yj—iPj — YisjDi) -
=1 j=1

SBusicllo, Gupta, and Maritan, “Entropy production in systems with unidirectional transitions”; Busiello, Hidalgo, and Maritan, “Entropy production
for coarse-grained dynamics™.




25,

Unidirectional transitions ”cost”: a brief diversion

N N
= (Wjipj —wiss;pi) + Y (Yj iP5 — YisjPi) -
j=1 Jj=1

dpi
dt

(Ssys) == _pilogp;

SBusicllo, Gupta, and Maritan, “Entropy production in systems with unidirectional transitions”; Busiello, Hidalgo, and Maritan, “Entropy production
for coarse-grained dynamics™.

Thermodynami



”3: a brief diversion

Unidirectional transitions ’cost

N
E = Z (wj_ﬂ'pj — wi_>jpi) + Z (yj—>ipj - yi—>jpi) .
j=1

Jj=1
Ssys = Z pi log p;

(Ss'ys(t Z Wj—iPj IOg - + Z Yj—iDj IOg -
i,j Pi pi

SBusicllo, Gupta, and Maritan, “Entropy production in systems with unidirectional transitions”; Busiello, Hidalgo, and Maritan, “Entropy production
for coarse-grained dynamics™.




”3: a brief diversion

Unidirectional transitions ’cost

N
E = Z (wj_ﬂ'pj — wi_>jpi) + Z (yj—>ipj - yi—>jpi) .
j=1

Jj=1
Ssys = Z pi log p;

(Ss'ys(t Z Wj—iPj IOg - + Z Yj—iDj IOg -
i,j Pi pi

D; .
<Ssys ) = Z wj—ip; log ———— Loy Z W5 —iPj 10g + Z Yj—iDj 10g -
43 Wi— jPi .7 Wi— j 43

SBusicllo, Gupta, and Maritan, “Entropy production in systems with unidirectional transitions”; Busiello, Hidalgo, and Maritan, “Entropy production
for coarse-grained dynamics™.
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”3: a brief diversion

Unidirectional transitions ’cost

N N
dp;
ditl = (Wjipj —wiss;pi) + Y (Yj iP5 — YisjPi) -
=1 i=1

Ssys = Z pi log p;

(Ss'ys(t Z Wj—iPj IOg - + Z Yj—iDj IOg -
i,j Pi pi

pPj
<Ssys ) = Z Wj—iPj log ——— Loy Z Wj—iPj log + Z Yj—iPj 10g —
Wi— jPi .7 Wi—j 43

i,j
In steady state,
. Wj P} wj P
D wjipylog — % = Z wy—ipj log T2 =D _yj—ip}log %
ij i— 3D i—J g Py

If y transitions were bi-directional,

s s

Wj_siP3 Yj—siD

Slnt g w]—)zpj log T i + E y]—npj log T ‘]9
Wi—jP; g Yi— 3Dy

0]

SBusiello. Gupta, and Maritan, “Entropy production in systems with unidirectional transitions”; Busiello, Hidalgo, and Maritan, “Entropy production

for coarse-grained dynamics™.
r S December
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Perfect resetting “cost”®

(:Lj , tj) Resetting to origin:
All dynamical information

1 4_5/ deleted

EA/\:t
Y

Oep(z,t) = —0zj(z,t) — rp(z,t) + 7(2)
where
j(xv t) = _Dazp(x: t) - Vl(x‘)p(z‘, t)
In steady state
jst(-r) = _Dawpst(x) - V/(x)pst(-r)
: i e - js?t(x)
Bt 2 5 ) o)
p°(z)
p*(zo0)
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Perfect vs. non-perfect resetting cost

Model’

Pr(7})
8tp(.73, t) = - I](xv t) - Tp((l?, t) + T‘pR(iL‘)
= o jgt(x)
<Slocal - / pst (x)
. B o B (=S} n _ i pR(er)
(SRr) 7r/_oodx /_Dodx pst (27 )pr(z™) log 7}%(3;7)

(Stot) — (SLocal) = rDxL [pst|lpr] + rDkr. [PR|pst]
= <Stot> Z <SLoca1>

7Ev:ms Ma_]umdar and Schehr, “Stochastic resetting and applications™; Toledo-Marin and Boyer, “First passage time and information of a
one-di ian particle with ic resetting to random positions™; Gonzilez, Riascos, and Boyer, “Diffusive transport on networks with
stochastic resetting to multiple nodes™; Dahlenburg et al., “Stochastic resetting by a random amplitude™; Besga et al., “Optimal mean first-passage time
for a Brownian searcher subjected to resetting: experimental and theoretical results”; Faisant et al., “Optimal mean first-passage time of a Brownian
searcher with resetting in one and two dimensions: experiments, theory and numerical tests”.

8Mori. Olsen, and Krishnamurthy, “Entropy production of resetting processes”.




559

Perfect vs. non-perfect resetting cost

.04
¢ — (Stocal)

\

\

3.54 )
\ == {Stotal)
3.01
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Resetting distribution pr(z) = e*m2/(2"2)/\/ 2mo? for a system with D = r = 1 and
V(z) =0.

(Stot) — (SLocal) = rDxL [pst||pr] + rDkr. [Pr|pst]

9Mori. Olsen, and Krishnamurthy, “Entropy production of resetting processes”.




Distribution of A Sy '°

n—1
STotal ~ § Si
=1

where
s = log ( pr(zi) ) _ Vyir1) = V(i)
pPr(Yit+1) T
1 1 p A
P(Stotallt) = — dq — dX e5Total tA 4p(q~|7‘ +2) )
2mi Jr,  2mi Jp, 1—rp(glr +A)

In the case of free diffusion (V (z) = 0):

) = [ dopna) [y e e e [ grog (22E)]

lOMori. Olsen, and Krishnamurthy, “Entropy production of resetting processes”.




Free diffusion + pp'!

Exponetial resetting distribution

. D
S =——7.
< lotal) a(ar T m)
%6*5 fors >0,
p(s) =
%625 fors < 0.

4

Gaussian resetting distribution

1 2 2
pR(gj) = \/ﬁ67‘73 /(20 )

D
(Smtal > = t
g

2
p(s) =~ ,/ge_‘/ﬂ.
S

1 Mori, Olsen, and Krishnamurthy, “Entropy production of resetting processes”.
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Resetting using intermittent potentials

Intermittent potentials
Scheme that mimicks realistic resetting:
i) Turn on a confining potential V' (x) for a duration 7 € t)on (7).
ii) Let the potential be turned off a duration 7 € (7).
iii) Return to step ).

Several past studies exist!21314151617

2 L R ¢

1,' " ! " ',
0
Al

g g 2}
3l |
-4
s

12Merca\do-Va’\squez et al., “Intermittent resetting potentials™.

13 Santra, Das, and Nath, “Brownian motion under intermittent harmonic potentials™.

14Gupm et al., “Stochastic resetting with stochastic returns using external trap”.

ISGup[a, Pal, and Kundu, “Resetting with stochastic return through linear confining potential™.

16 Alston, Cocconi, and Bertrand, “Non-equilibrium thermodynamics of diffusion in fluctuating potentials™.

17Gupm and Plata, “Work fluctuations for diffusion dynamics submitted to stochastic return”.
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g potential be turned

o Finite-time resetting: enough time for equilibriation?

o Finite-time resetting: enough time for First passage to trap minimum?
o Finite-time resetting: switch-off time of intermittent potential®

o Finite-time resetting: Deterministic returns? or refractory periods®.

“Besga et al., “Optimal mean first-p time for a ian searcher subjected to resetting: experimental and theoretical results™.
bGupla et al., “Stochastic resetting with stochastic returns using external trap”.

©Mercado-Visquez et al., “Intermittent resetting potentials™.

ATa)-Friedman et al., “Experimental realization of diffusion with stochastic resetting”.

¢Rotbart, Reuveni, and Urbakh, “Michaelis-Menten reaction scheme as a unified approach towards the optimal restart problem”.
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Connection with pr(x)

1
pr(z) = 2—6_ [z1/a _, V_shaped confining potential
a

() = 1
PR T V2ro?

If resetting is implemented by allowing equilibriation in the resetting potential.

2 2
e~ /(29%) _; Harmonic confining potential
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Experimental test of Landauer’s principle for stochastic resetting
Rémi Goerlich,':2:* Minghao Li,** Luis B. Pires,? Paul-Antoine Hervieux,’ Giovanni Manfredi,' and Cyriaque Genet?
Optimal mean first-passage time for a Brownian searcher Universiéde Sirasbouy, CNS, France
subjected to resetting: Experimental and theoretical results ) Qb d S, RS o Baplen de S Qs & bt
Benjamin Besgo, Afred B Perosyan, Seya N. Mejumder and s Nansne i, Ko 5. 105 b, St
(oatd: ane 19, 2023)

. Rev. Research 2, 03302900 Poblahed 30 uy 2020




Other Experimental setups: resetting via deterministic returns

-4} —— Diffusion
5l —— Return ,.;._v
——  Wait
-5 0 5
X (M)

Experimental Realization of Diffusion with Stochastic Resetting

Ofir Tal-Friedman, Arnab Pal, Amandeep Sekhon, Shlomi Reuveni, and Yael Roichman
The Journal of Physical Chemistry Letters 2020 11 (17), 7350-7355
DOI: 10.1021/acs.jpclett.0c02122
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A very recent experiment

Environmental memory facilitates search with home return

Amy Altshuler,""? Ofek Lauber Bonomo,'? Nicole Gorohovsky,? Shany Marchini,®
Eran Rosen,! Ofir Tal-Friedman,* Shlomi R,euveni,l*2’ and Yael Roichmanl'z*"*
1 The Raymond and Beverley School of Chemistry, Tel Aviv University, Tel Aviv 6997801, Israel.
2Center for Physics and Chemistry of Living Systems, Tel Aviv University, Tel Aviv, 6997801, Israel.
3 Department of Materials Science and Engineering, Tel Aviv University, Tel Aviv, 6997801, Israel.
4 The Raymond and Beverley School of Physics & Astronomy, Tel Aviv University, Tel Aviv 6997801, Israel.




Resetting schemes®

= _’Y_IVVIOt[va A(T)} + 7](7—) )
dr

[TV dA
o OA dt’

“Gupta, Plata, and Pal, “Work fluctuations and Jarzynski equality in stochastic resetting”; Gupta and Plata, “Work fluctuations for diffusion dynamics

submitted to stochastic return”; Goerlich et al., Experimental test of Landauer’s principle for stochastic resetting; Pal et al., “Thermodynamic trade-off
relation for first passage time in resetting processes”.

a) b)
or .
U(x) _ o .
\ 2\\\\ —_— el |
3 H H [ |
- | |
X =0 1 Lt 1y 5t t t
)
V) I T AMA o
= u b VAR Y WN\\V
V(x)
x U(x)




Work done for implementing resetting'®

The work done to reset the system is the net energy change at the instances U (z) <> V()

wl{z-}5 = Y U(g;_,) — Vieg;_y) +Z (@35_1) = Ulwg;_y)]

j=1

a) b)
o Or

U(x) _ ‘ - .
S| 1 |
5 I I
:gw)/— — _ 1
— = 5 ] ]
2 L=0 1 Lt 1y 5t I t

<)

V() LM A Ay M, iy

18 Olsen et al., Thermodynamic cost of finite-time stochastic resetting.
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Heat dissipated while resetting!®

al{z-}] = E [U(xgj—z) - U(x2_j—1)] + [V(x;—j—l) - V(x;])]
j=1 j=1
€ return phase ,

N V(ak) — V(z@t) fora(t
E — € exploration phase ,

(
U(zxy) —U(z(t)) forz(t

NN

19Ols::n et al., Thermodynamic cost of finite-time stochastic resetting.
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Heat dissipated while resetting!®

al{z-}] = Z[U(J};j—z) - U(x;j—l)] + [V(x;}'—l) - V(%‘{j)]
j=1

j=1
n {V(m}) V(z(t)) for z(t) € return phase,
+
N

NN

- (
U(zy) — U(z(t)) for z(t) € exploration phase,

AE[{z-}p] = wl{z-}b] — al{z-}]
where

V(z(t)) for z(t) € return phase,
U(z(t)) forxz(t) € exploration phase,

AE[{zr}5] = —=V(zg) + {

g Ak MA. My
W A L "LM\M

V(x)

19Ols::n et al., Thermodynamic cost of finite-time stochastic resetting.
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Heat dissipated while resetting

al{z- 3] = D WU (ad;_5) —Ulzg;_Dl+ > _[V(=d;_,) — V(=z3;)]
j=1 j=1

+
al{z-}5] = Z[U(CC;_]-_Z =Ulzg; 1))+ Z] M
j=1

=1 pR( Toj— 1)

(xj ’ J)

Pr(z})

Thermodynami ng processes December 6, 2023



SZO

Generating function for Work Fluctuation

JERNO)
— * -:.
A Y e W —— '
& . . . | |
f@um'—' — v |t !
| l
=0 1 41 Iy 5t i t

C(k, z<kW> Z/ dW Py (W, n) kW an(kt)

C(k,s) =po(k,s) + > Pn(k,s)

n=1
o)+ H(0) Htse)
(s) Gk, 5)

2001sen et al., Thermodynamic cost of finite-ti hastic resetting.
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bl
Mean work??

102
10!
10°
F107!
1072
1073
-4
10 1072 107! 10° 10t 107
Av
Harmonic potential (V = %)\VacQ) V-shaped potential (V' = vy |z|)
DX 1 4D
Finite-time v vray
14+ 7070 1+ 7070 /T + 24/ay
4D
IDR2! D)y _ADyray
\/; + 21 /oy
4D
FPR?? See Fig. vray

Vr+2/av

21 Mori, Olsen, and Krishnamurthy, “Entropy production of resetting processes”.

22 Gupta and Plata, “Work fluctuations for diffusion dynamics submitted to stochastic return”.

230lsen et al., Thermodynamic cost of finite-ti hastic resetting.
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g . . .. 2
Equilibriation condition”

r

0.001 —— 001 — 0.1 1
Au=2 Au=4 Au=6
a) wh— | ] ]
. 10°
=
101
102
b) 103
R ——
e — I .
. N .
i 100 e
10°
-1
107 e 10t 10° 10* 10° 10t
6 0 6

e Mean work can also be computed for arbitrary durations of either phase.

240lsen et al., Thermodynamic cost of finite-ti hastic resetting.
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0 0,0 )
Condensation transition®

Gaussian resetting distribution

1
e/ (207)

pr(z) = W)

p(s) = \/ie_m
2s

= Stot rate function shows a condensation transition

P~

Srotal(7) = (Storar(7))

.

25 Mori, Olsen, and Krishnamurthy, “Entropy production of resetting processes”.
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Open Questions

Does Condensation transition take place for exploration phase in a potential as well?
e Does it happen for the work distributions in these cases ?
e Condensation transition with absorbing boundary?

o Cost trade-off analysis2®

26Pal et al., “Thermodynamic trade-off relation for first passage time in resetting processes”.

Thermodynam



Open Questions

Lower bound on the cost of resetting like the Landauer bound for information erasure®
v 2 v
Time [ms]
25
g 2
-
SRR EN = =Numerical simulation
X : .
= N ¢ Experimental work
2 \ © Free energy bound
o 1 ~ o
x N
5 b 3--
= 05 . -p---4
0 . .
0 50 100 150 200 250
€ [ms]
“Goerlich et al., Experimental test of Landauer’s principle for stochastic resetting; Fuchs, Goldt, and Seifert, “Stochastic thermodynamics of
resetting”.
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