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Information Erasure = Bit reset and Landauer principle

o A Bit has two states 0 and 1.
e An “Erasure” involves resetting the bit to 1 by some means independent of the initial state.
e Such a procedure necessarily involves a ”Cost” if the operation is performed in an

environment at temperature 7. This cost can be termed as the Work done or the Heat dissipated.

o Minimum average work or Minimum average heat dissipated
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o

o AT 99000

The reset process of a
nanomagnetic memory bit

(d) (c) T T U T T S N S

A. Bérut et al, Nature 483, 187 (2012); Y. Jun, M. Gavrilov and J. Bechhoefer, PRL, 113 (2014); Jeongmin Hong ef al. , Sci. Adv.2 (2016).




Information Erasure (Landauer Principle)

e Transforming an initial equilibrium distribution into a target (equilibrium) distribution

AU =Q+W

.(ASTot> Z 0

eAF®d = (AU) — T{ASsys)
o(W) > AFed
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Information Erasure (Landauer Principle)

e Transforming an initial equilibrium distribution into a target (equilibrium) distribution

AU =Q+W

.(ASTot> Z 0

eAF®d = (AU) — T{ASsys)
o(W) > AFed

Landauer bound for erasing one bit of information (any protocol in the slow limit):

<W>min > AF®Y = 7T<ASSYS> = kBTlOg(2)
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Information Erasure more generally

o Transforming an initial probability distribution into a target distribution in a given time 7
using a protocol \(t). What is the minimum cost?

Controlled
dynamics

2 2
Initial state © Final state o~
t=t; S,

t=t;

e Many results for classical and quantum systems in the form of speed limits.
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An application in the field of Stochastic resetting

Resetting

At either random times or periodically, the system is instantancously reset to its initial state.

(I;, tj) Resetting to origin:
All dynamical information

4—5_/ deleted

z(1) — U'(z)dt + V2Dn(7)dt with probability 1 — rdt ,
(T 4+ dt) =
Tres with probability rdt ,
In steady state
Jst(x) = —Ddypst(z) — V/(w)pSt (z).

2Eva\ns and Majumdar 2011; Evans, Majumdar, and Schehr 2020.
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An application in the field of Stochastic resetting

0.5
Lt Resetting to origin: 0.4 4
. All dynamical information
deleted = 0.3
&
o 0.2
- M\f ; 01
0.0

Orp(x,t) = —0zj(x,t) — rp(x,t) + ré(x)
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A recent experimental setup for implementing stochastic resetting
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A recent experimental setup for implementing stochastic resetting
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e What is the thermodynamic cost of implementing such a process?
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A recent experimental setup for implementing stochastic resetting

5] S
T \
2 00
>
-05
-0.5 0.0 0.5 1.0
X (um)
1.0 *
3 0.5
2 o0
x
-05
0.0 0.5 1.0 15 2.0
time (s)

e What is the thermodynamic cost of implementing such a process?

e What is the minimal thermodynamic cost of implementing such a process?

B. Besga, A. Bovon, A. Petrosyan, S. N. Majumdar and S. Ciliberto, Phys. Rev. Res. 2 032029 (2020)
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An application in the field of Stochastic resetting

(;1;/” tl> Resetting to origin: 0.4
‘ ' All dynamical information
0.3 1

4—5_/ deleted - (1.4
ot 0.2

x\/\//l/\ > t 0.1 1

(0.,t;) 0.0

(x.1)

=3
T

10

(9tp(z, t) = _82.]‘(1’ t) - Tp(:r: t) + 7‘5(93)
o A slightly modified version §(z) — pr(x)* for which thermodynamic costs can be assigned
consistently.

o The “thermodynamic” (Entropic) cost of pst () — pr(z)*

® Other costs have also been considered’

3Ev:ms. Majumdar, and Schehr 2020.
#Mori, Olsen, and Krishnamurthy 2023.
5Fuchs, Goldt, and Seifert 2016; Sunil et al. 2023.
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Entropy production of resetting processes®

(1; tj)
Pr(z})
6tp(33, t) = I](mv t) - Tp(x7 t) + ’I"pR($)

1
pr(z) = z—e_lzl/ @ — V-shaped confining potential
a
pr(z) = #6_332/(202) — Harmonic confining potential
V2mro?

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

6Mori. Olsen, and Krishnamurthy 2023.
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Work done for implementing resetting’

Work done for implementing resetting

dx
— =1 VUl O]+ (),
wo [T,
o O\ dt
a) b)

J/
|

7Olsen et al. 2023.
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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:}§] = Z[U 5'72] 2) V(w;j_z)] + Z[V(w;j_ﬂ - U(x;j_1)]
j=1

a) b)

\

V() _— i

U(x) UG —

|
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f

y oyt — .
V(x)
UG |—

x(‘!){
:
=
E:

&

80lsen et al. 2023.

Thermodynamic cost of finite-time erasure



Interesting Open questions

MGEF For Heat dissipated while resetting?

q{z-}5] = Z[U(z;j—z —U(zg; 1)l + Z xQ]—l = Vi(=z3;)]
j=1

Pr(3))

pR(x2]71)

q{z-}8] = Y [U(=F;_,) — Ulzg;_y)] +Zl
j=1
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Interesting Open questions

Gaussian resetting distribution : Condensation transition

L —e?/2e?)
2mo2

/ —V2s

Smt rate function shows a condensation transition

Stotar(7) = (STotal (7))

e Does the MGF for the work distribution show such a transition?

Thermodynamic ¢ f finite-time erasure July 22nd.



e What is the minimal thermodynamic cost for performing stochastic resetting by switching
potentials?




e What is the minimal thermodynamic cost for performing stochastic resetting by switching
potentials?

e Initial distribution is not an equilibrium distribution!

e The time needed for the transformation needs to be taken into account.




Information Erasure: Initial State

o If the initial state is not an equilibrium state — A F™¢4

eFmed = Fedy (kT Dgr, [p||p®9]

o(W) — AF1ed >

B. Gaveau and L. Schulman (1997), M. Esposito and C. Van den Broeck (2011), J.M. R Parrondo, J. M. Horowitz and T. Sagawa (2015)




Finite-time Information Erasure

e Experiments on the work cost of Erasure: Overdamped systems
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(W)min > AF®Y = —T(AS.ys) = kpT log(2)

o (W) min achieved for the slowest protocol (when (ASiot) = 0).
o (W) ~ AFea 4 B

A. Bérut, A. Arakelyan, A. Petrosyan, S. Ciliberto, R. Dillen- schneider, and E. Lutz, Experimental verification of landauer’s principle linking

information and thermodynamics, Nature 483, 187 (2012); Y. Jun, M. Gavrilov and J. Bechhoefer, High-Precision Test of Landauer’s Principle in a

Feedback Trap, PRL, 113 (2014)




Finite-time Information Erasure

o Experiments on the work cost of Erasure: Overdamped systems
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(W) > AFnea 4 Bope(r)

E. Aurell, C. Mejia-Monasterio and P. Muratore-Ginanneschi, Phys. Rev. Lett. 106 (2011); K. Prosemans, J. Ehrich and J. Bechhoefer, PRL 125, 100602
(2020); M. Nakazato and S. Ito, PRR, 3 (2021); A. Dechant and Y. Sakurai, arXiv:1912.08405: S. Oikawa et al Nat Commun 16, 10424 (2025).
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Finite-time Information Erasure

o Experiments on the work cost of Erasure: Overdamped systems
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E. Aurell, C. Mejia-Monasterio and P. Muratore-Ginanneschi, Phys. Rev. Lett. 106 (2011); K. Prosemans, J. Ehrich and J. Bechhoefer, PRL 125, 100602
(2020); M. Nakazato and S. Ito, PRR, 3 (2021); A. Dechant and Y. Sakurai, arXiv:1912.08405: S. Oikawa et al Nat Commun 16, 10424 (2025).

Bopt — Wasserstein distance square
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9 . .
L“- Wasserstein Distance

Example: Wasserstein distance between two Gaussians

1 (z—pa)?
p(.T) = me 2%a

. (w;uz,)z
q(x) = Zgmme 0

WP, 9)? = (ta — )*+( (VFa — /)2
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finite-time erasure 2nd, 2026



(Recurrent) Erasure using a time-varying potential

i) A particle moves in a potential U (x) for a duration ¢t € f(¢).
ii) U(x) is transformed into V' (z) over time 7.
iii) The particle relaxes in V() to reach equilibrium over a duration ¢ € ¥on (%).

iv) The potential V' is switched abruptly to U and system begins again at step i)

1 ‘ \l/
-
U(x) U(x; i(t)) V(x)
v : : :
’ Relaxation
%
Exploration Resetting, duration 7
f o~ fln)
Time

D. Gupta, K.S.Olsen and S.Krishnamurthy, Comm.Phys. 8,355 (2025), K.S.Olsen, D. Gupta er al, PRR 6, 033343 (2023)
Many earlier works studying work cost beginning from equilibrium : T. Schmiedl and U. Seifert PRL (2007), T. Speck, J. Phys A (2011), C. Kwon et al
(PRE 2013), A. Ryabov et al J. Phys. A Math. Theor. 46, 075002 (2013).
Studying intermittent potentials: Mercado-Vasquez et al (2020), 1. Santra et al (2021); Alston et-al (2022).




Recurrent erasure: Overdamped description

ATH
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vw | | wsie | | v
(g—([\‘w .
Relaxation
‘ Exviomﬁo" Resetting, duration T
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Time
d. oUu(xz; A
@ _ 7BDL +v2Dn(t),
dt ox
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T . OU (3 X\ At
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Recurrent erasure: MGF of total work
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Out-of-equilibrium initial state

oo “+oo
P = / dt f(t) / 2" Pog v (28) P, 1l
0

—o0

A dimensionless parameter quantifying “non-equilibrium’:

+o0 =
CE/_ dx Piau(x) z? = \/1—(1—tv/tU)f(2/tU)
where v,y = (BDAv,y) "}

T . t
Wy = g/ th[tU<2G(t, 0) +4/ ds G(t,s)] ,
0 0

for

Glt,s) = e 2D [ a2
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Parameters and protocols

Protocols A(t)
DO A1) = v + (Av — Ay) tanh[t/t*]; f(¢) = rexp(—rt)
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Non-Monotonic average work

W.

st

< W

low

kgT 1 12
W2 — AFY,, = aBTtU G-\t ) [+06
U

where a o 1/t*.
* Work fluctuations in a time-dependent harmonic potential: Rigorous results beyond the overdamped limit, Chulon Kwon, Jae Dong Noh and
Hyunggyu Park, Phys. Rev. E, 88 (2013).




Optimal Protocols < Bounds

W5 [A(t)] is a functional of A(t)

e Minimization of W5 — optimal protocol A*

. . L . SWa[{AgP*
e The optimal protocol )\fpt is the one that minimizes the work functional, ?{71}] =0.
A¢P

-
U(x) U(x; /l(t)) V(x)
Relaxation
Exploration Resetting, duration 7
o~ fin)
Time

)\opt _ 1- tUCQCQ(l + C2t)
ty¢? (1 + c2t)?

T. Schmiedl and U. Seifert PRL (2007)
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Optimal Protocols < Bounds

2.00 al
1.75 bO:
150
] = == Tarh-protoco
}l = 125 — Optimal protoco

===« Bound

1.00

0.0

D. Gupta, K. S. Olsen and S. Krishnamurthy, Comm.Phys. 8,355 (2025)




Optimal Protocols < full time dependence

we =Ry + 2L ng? + (1 - ¢7)

2tv ¢ tUtv
Vi + VC2tyt
—kpTlog Cluty

+ 2 (1+2t7")
thUCQ 1 [ty 1/1+2lV+CtUtV (1_’_%/)
kT |1
T |Vt (14 22 (142

D. Gupta, K. S. Olsen and S. Krishnamurthy.Comm.Phys. 8,355 (2025)
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Optimal Protocols < full time dependence of Mean work

kT
Atlarge times: W3 =AF ., + BT [In¢2 + (1-¢?)]

+ 52T oy - o/

B—T ¢ + (1 - ¢*)] = —kpT Dxr(x[Pau] | PEY) -

kBT [\/Qt — (V2ty 2 _, Wasserstein distance.

of finite-time erasure
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Outlook

o Many particle systems: cost of dynamically emergent correlations *
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9wol‘k with Deepak Gupta




Outlook

e Protocols to optimise work fluctuations? 10
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A.P. Solon and J. M. Horowitz, Phys. Rev. Lett. 120, 180605: S. Blaber and D. A. Sivak, J. Chem. Phys. 153, 244119 (2020).

10work with Felix Herber and Deepak Gupta
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