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Setup

Hamiltonian: Hg ,p = He+ Hy + Vi p
General state of SU R : pg r

General state of § : pg = Trp [pg ]




Setup

Hamiltonian: Hg o = He+ Hp + V5
General state of SU R : pg r

General state of § : pg = Trp [pg ]

e _ﬁHSUR

Thermal equilibrium state of SU R 7g p =
ZsUR

e_ﬂHS

Zg

—quilibrium state of § @ #g = Trp [7g Rl #

Reservoir H,

)

System




Weak-coupling vs strong-coupling thermodynamics

HSUR = Hg+ Hp + VSUR

1. Rivas, Phys. Rev. Lett. 124, 160601 (2020)
2. Strasberg & Esposito, Phys. Rev. E. 99, 012120 (2019)




Weak-coupling vs strong-coupling thermodynamics

HSUR — HS + Hp + VSUR

Weak Coupling?2 Strong Coupling=-8
o Vsur =0 * <VSUR> ~ Trg [Hg pgl
A 0 e_ﬂHS A e_ﬁHS
o Us=TrglHg pgl, ng = o Us# Trg [Hy pgl, mg = Trg [7g gl #
L Zg
o Us defined for classical and quantum systems o Us defined for classical systems (multiple frameworks)
1. Ruvas, Phys. Rev. Lett. 124, 160601 (2020) 6. Seifert, Phys. Rev. Lett. 116, 020601 (2016)
9. Strasberg & Esposito, Phys. Rev. E 99, 012120 (2019) 7. Miller. & Anders. Phys. Rev. £ 95, 062123 (2017)
3. Anto-Sztrikacs et. al. PRX Quantum 4, 020307 (2023) 8. Work and heat exchanged during sudden quenches of
4. Miller & Anders Phys. Rev. E 95, 062123 (2017) strongly coupled quantum systems, Davoudi, (G.O) et al.

5. Jarzynski, Phys. Rev. X 7, 011008 (2017) arXiv:2502.19418 [quant-ph] (2025)




Thermodynamics of strongly-coupled systems

e _ﬂHng

2

ng = Trg [mg gl =

1 Trp[e PHsur] -
H;k = — —1|n Hamiltonian of mean force

p Trp[e=FHx]

Hg? captures the effects of Vg » on the equilibrium state of §

Miller, H.J.D., Hamiltonian of Mean Force for Strongly-Coupled Systems. In 978-3-319-99046-0 vol 195. Springer, Cham. (2018)
For the classical case, see Jarzynski, J. Stat. Mech. (2004) P0O9005
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Thermodynamics of strongly-coupled systems

e _ﬂH§<

2

ng = Trg [mg gl =

1 Trp[e PHsur] -
H;k = — —1|n Hamiltonian of mean force

p Tryp[e 1]

Hg? captures the effects of Vg » on the equilibrium state of §

Internal energy of the system: Uy = Trg [Hg pg]

Defined for equilibrium and non-equilibrium states of \S.

Measured on system’s degrees of freedom.
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Thermodynamics of strongly-coupled systems

1 Trple —ﬁH5uR]
Hgk = ——1n
p Trple="Hx]

1

; *, ZF =Trg[e )
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Thermodynamics of strongly-coupled systems

1 Trple —ﬁH5uR]
Hgk = ——1n
p Trple="Hx]

1 oK

For equilibrium states: F¢ = Ug — ,B_lcS’

s =Trg [ePHES]

& = — Trg [7g In g ]

13



Bridge between QTD and QIS

1 Trple —ﬂH5uR]

Measure internal energy via the Hamiltonian of mean force: H;F = ——1In
p Try[ePHx]

Entanglement Hamiltonian: H,, := — In pg



Bridge between QTD and QIS

1 Trple —ﬂH5uR]
Measure internal energy via the Hamiltonian of mean force: H;F = ——1In
p Trp[e=FHr]

Entanglement Hamiltonian: H,, := — In pg

A\

- Characterizing topological order. See e.g. H. Li, E D. M. Haldane, Phys. Rev. Lett. 101, 010504 (2008)

- As tool to investigate thermalization in LGTs. E.g. N. Mueller, T. V. Zache, R. Ott, Phys. Rev. Lett. 129,
011601 (2022)

- Used in quantum state tomography. E.g. M. Dalmonte , V. Eisler, M. Falconi, B.
Vermersch, ANNALEN DER PHYSIK 2022, 534, 2200064.
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Bridge between QTD and QIS

Measure internal energy via the Hamiltonian of mean force: H;? = ——1In

Entanglement Hamiltonian: H,, := — In pq

For a system equilibrium state zg, H,, and H are related: He = —H . + Fi

16
Quantum thermodynamics of nonequilibrium processes 1n lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)



PA

RT-1: Strong-coupling quantum thermodynamics and its relation to quantum information science

PA

R 1-2: Work, heat, and the second law for guantum quench processes of strongly coupled

PA

systems

RT-3: Applications to Z, lattice gauge theory
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Sudden guench process
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Sudden guench process
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Sudden guench process

20



Sudden guench process

‘ W= Uy (0) — Ug (07) \

21



Sudden guench process

‘ W= US (O+) — US (07) \ ‘ Q= US (tf) — US (O+) \

First law of Thermodynamics AUg = W + O

22



Sudden guench process

‘ W= US (O+) — US (07) \ ‘ Q= US (tf) — US (O+) \

Second law: W > AF prg = 7Z'£ then O < B7IAS

Work and heat exchanged during sudden quenches of strongly coupled quantum systems, Davoudi, (G.O) ¢ al. arXiv:2502.19418 [quant-ph] (2025) 23



Experimentally accessible thermodynamic quantity

For a system equilibrium state 7y, H,, and H¢ are related: HY = —H,, + Fg .

p
W = Tr [zi( Hy' — H))

W = lTr [ﬂ§( H!

,B ent,S Hént,S)] + AF S

Quantum thermodynamics of nonequilibrium processes in lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)
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Experimentally accessible thermodynamic quantity

For a system equilibrium state zg, H,, and Hg are related: HY = —H + F .

W=—T1r [ﬂ§( H!

Measure Wyiie = W —

This connection between QT

W="Tr [ﬂ§( H'— H")

1 .
o Helbnt,S)] T AFS

ent,S

p

p

1 . .
AF¢=—Tr [ﬂ&( Hefnt,S — Hént,S)] to verify the second law.

p

D and QIS allows us to potentially verify QT

D on quantum simulators.

Quantum thermodynamics of nonequilibrium processes 1n lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)



PART-2: Work, heat, and the second law for guantum quench processes of strongly coupled
systems
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L attice gauge theories

o | attice gauge theories (LGTs) help study Quantum Chromodynamics (QCD) non-perturbatively.

e Hamiltonian formulations of LG Ts are best suited for guantum simulations.
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L attice gauge theories

o | attice gauge theories (LGTs) help study Quantum Chromodynamics (QCD) non-perturbatively.
e Hamiltonian formulations of LG Ts are best suited for guantum simulations.

e Defining feature of lattice gauge theories: Gauss’s laws. They need to be implemented explicitly in Hamiltonian
formulations.
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L attice gauge theories

o | attice gauge theories (LGTs) help study Quantum Chromodynamics (QCD) non-perturbatively.
e Hamiltonian formulations of LG Ts are best suited for guantum simulations.

e Defining feature of lattice gauge theories: Gauss’s laws. They need to be implemented explicitly in Hamiltonian
formulations.

Hilbert space Is split into two sulbspaces - the physical H

subspace (# bhys) Contains states that satisfy the

(Gauss law constraints.

Wilson, Phys. Rev. D 10, 2445 (1974). Kogut, Rev. Mod. Phys. 51, 659 (1979).
Kogut & Susskind, Phys. Rev. D 11, 395 (197)). Bauer, et al., Nat Rev. Phys. 5, 420-432 (2023).




L attice gauge theories

Hilbert space Is split into two sulbspaces - the physical

subspace (# bhys) Contains states that satisfy the

(Gauss law constraints.

Hg+ Hp + Vg p.
e Large V¢, = Strong-coupling quantum thermodynamics

e [hermodynamic properties of LG Ts have previously been computed |

e Restrict dynamics by penalizing transitions to “unphysical states”. Leads to large V¢ g in

N equilibrium and not under

the framework of quantum thermodynamics. [Bazavov, et. al. arXiv:1904.09951
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Example: Z, lattice gauge theory

N-1 N-1 N-1 N-1
— + X - ~Z n .+ .— + =
Hoyp=—1t1 E (6, 6,0,,1t+h.c)—¢€ E 6, + m E (—1)'0, 6, —u E o, O,
n=0 n=0 n=0 n=0

Matter hopping terms Gauge field  Staggered mass Chemical
Potential

L

|

4 )
‘ L attice
Sites

—  Links

\_ S




Quench of Z, lattice gauge theory: Dissipated work

1.0

0.9

I I I S I D D S S e s . =0

Dissipated Work

0.0
0.0 0.9 1.0 1.5 2.0 2.9 3.0 Hr

Quantum thermodynamics of nonequilibrium processes in lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)
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Phase transition in Z, lattice gauge theory

_ 1
Chiral condensate as an order parameter: 2 = (YW¥) = N z (— 1)“(0j+0j_)
S

Dissipated Work

0.0 0.9 1.0 1.5 2.0 2.9 3.0 Ht

Qualitative changes in the behavior of dissipated work around the chiral phase transition.

Quantum thermodynamics of nonequilibrium processes in lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)
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Summary and outlook

* \We defined thermodynamics quantities for a strongly-coupled open quantum system.
e [or quench processes, work and heat analytically satisty the first two laws of thermodynamics.

e A bridge between guantum information and quantum thermodynamics, potentially allows us to verify our
framework on a quantum simulator.

e | attice gauge theories can be cast in the language of strong-coupling quantum thermodynamics.

e \\Ve discovered a qualitative relationship between thermodynamic quantities and phase transitions for a

|
(1 4+ 1)D Z, LGT coupled to spin—a hardcore bosons.

e Experimentally measure work and heat for LGTs on a quantum simulator.

e xtend the framework to other non-quench, non-equilibrium process in high-energy physics.

34



Zohreh Davoudi Chris Jarzynski Niklas Mueller Connor Powers Nicole
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Appendix



Weak-coupling vs strong-coupling thermodynamics

HSUR = Hg+ Hp + VSUR

1. Rivas, Phys. Rev. Lett. 124, 160601 (2020)
2. Strasberg & Esposito, Phys. Rev. E. 99, 012120 (2019)
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Gauss’s laws In LGTs

Vap =k g p — 0§0§) + ¥ (fg(fl’g

Hg,p = Hg+ Hp + Vg i

39



Gauss’s laws In LGTs

H

Gauss’s Law

Vsur = k (I g — 0503) + ¥ 0407,

_ £0§ Hgygr = Hg+ Hp + Vg p H, = gﬂé
2 2

Iimk — o0

40



Gauss’s laws in LGTs

H

Gauss’s Law

Vsur = k (Igug — 0503) + ¥ 0407,

=£0§ Hyr=H¢+ Hp+ Vg p HR=20§
2 2

Iimk — o0

Large Vg ,p = (Vour) ~ (Hy), interactions are non-negligible.

47



Example: Z, lattice gauge theory

N-1 N-1 N-1 N-1

Hg = — tz (6 6, 06,,,+h.c.) —626ﬁ+m2 (=D o] —IMZG: o
n=0 n=0 n=0 n=0
Matter hopping terms

—_— —
o—— o ® ® 0 ° —— = H
‘ | | \ = — VSUR
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Example: Z, lattice gauge theory

N-1 N-1 N-1 N-1
— + = — ~Z n _+ .— T
Hoyp=—1t1 E (6, 6,0,,1t+h.c)—¢€ E 6, + m E (=)0, 6, —u E o, O,
n=0 n=0 n=0 n=0

Gauge field

—_— —-—
o o o o o o = = Hy
‘ | | \ — — VSUR
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Example: Z, lattice gauge theory

N-1 N—1 N—1 N-1
— T = — ~Z n .+ .— + =
Hoyp=—1t1 E (6, 0,0,,1t+h.c)—¢€ E 6, +m E (—1)'0, 6, —u E o, O,
n=0 n=0 n=0 n=0

Staggered mass Chemical
Potential
— HS —+ HR —+ VSUR
R S R H(7)
) ® C ° ° ) — = H

VSuR

|

44



General thermodynamic process

Leads to Work
Work: Change in internal energy
by externally varying a parameter F=1 L= 1
of I"AISuR B e U
Psor—Hur Psor Hiur

Heat: Change in internal energy

associated with the change in §’s

State
| eads to Heat

First law: AUq = W+ Q

—

AU



Proof of Second Law

pW —

AFg) = fTrg [# (ﬁi;f — ﬁ?)] — (Fg -
= Trq [(S (ﬁ*f —F) — (ﬁ? —

= Trg [(In 7%, — In 725 7]
> ()

F})
Fy) 7]

46



Second Law in terms of Heat and Entropy

S:ﬁ(US_Fs)

AS = (AU, — AF)

AS = B(AUg — AF)
BIAS = AU — AF;
BIAS =W+ Q- AF;

BIAS — O =W-— AF

BIAS-0>0

0 <p~'AS

47



Different Internal Energy Definitions

U, Uy - Uy

ot
Uiot = Usur — Ug Up+ = Irg [19? Ps] Ups = It [Eéf Ps]
Measured on S U R Measured on § Measured on §
Converges to Tryg [ﬁ S fzg] Converges tAo Tt [I—AI ¢ O] Converges tAo Trg [I-AI ¢ Ps|
when § U R is in a Gibbs when Vg p ~ 0 when Vg p ~ 0

state and Vi ~ 0

Jarzynski, C. Stochastic and Macroscopic Thermodynamics of Strongly Coupled Systems. Phys. Rev. X 7, 011008 (2017).
Seifert, U. First and Second Law of Thermodynamics at Strong Coupling. Phys. Rev. Lett. 116, 020601 (2016).

Miller, H. J. D. & Anders, J. Entropy production and time asymmetry in the presence of strong interactions. Phys. Rev. 293, 062123 (2017).
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Quench Process 1: Systermn Quench

t=0" t=0" = 00
N
A o 6 O{ A € a A €f a
H = —10§+50§+y0§0§+)( 030 ngR = §0§+50§+}/6§0§+1 00 ngR = 56§+50§+y0§0§+)( 0S0p
State of S frg State of 9 frg State of S ﬁ'g

‘ W = Ug(0*) — Ug (0) \ ‘ 0 = Ug(c0) — Ug (07) \

49



Quench Process 1: System Quench

A C 0/
— 7 A~z 7 2 X X
Hg p = 205+ 20R+}/GSGR+)(GSGR

Dissipated work

——= Wit — AFs = 87 AS 101 — Qo
Wy — AFs = 87 'ASy — Qp
—= Wg — AFs = 1ASp — Qp-

Second law
violation

W > AFg , Wy > AFg, and Wp. 2 AF

50

Ot < P 'AS . O < P7ASys, and, Qps £ ASps



Quench Process 2: Interaction Quench

t=0" t=0" = 00

7i €Z az Iflf _€z az 72 X X Iflf _€z+ﬁz+ 252 4 X X
Higyr = 5% T 5 °R SUR = 5 s T 5 °R TV 050 T X O50F SUR = 50 T 5 Or T ¥ Og0R T A O5OR
State of S frg State of 9 frg State of 9 frg

‘ W = Ug(0*) — Ug (0) \ ‘ 0 = Ug(c0) — Ug (07) \
o1



Quench Process 2: Interaction Quench

4

A € 04
— =L 4 < =X, X X

A
S
=
go
)
=
=

z = 07 ASior — Qtot

= B ASy — Qu

—— - — _]‘ % — *

Wg«— AFg = (7"ASEg QL Second law
violation

W > AFg, Wy > AFg, and Wp. 2 AF

52

Qt()t < ﬂ_lAS‘[O’[ , QH* < ﬁ_lASH* , Olnd, QE* ﬁ ASE*



Proof of EH ~ HMF

1 Trgle "sur]
Hf =——In
p Trp[e=FHr]

L, Zyun
— — In 7

p Z

— 1 ent
—EHS + F

Wdiss =W - AFS

=1Tr[ W(H g—H. J]
IB P S ent,S ent,S

53



Quench of Z, Lattice Gauge Theory: Work and Heat

1
mza,andﬁzlo

N
|l
I

|

M
|l

|
N

Hamiltonian of the system:

|
N

|
o

H(t) = Hg yopping + Hs, o + Hg oy + Hg (D)

|
00

Chemical Potential quench: u; = 0 — pewithin Hgatt = 0

-

|
o

Calculate thermodynamic quantities: W, O, AF g, and, A&

Thermodynamic quantities

|
}—\
o

|
p—
a2

0.0 0.5 1.0 1.5 2.0 2.5 3.0 Mt

54
Quantum thermodynamics of nonequilibrium processes in lattice gauge theories, Davoudi, (G.O) et al. Phys. Rev. Lett. 133, 250402 (2024)



What happens if we use weak-coupling thermodynamics”?

Thermodynamic quantities

—15

—30

I N N N S .- L N N S ..
L4

0.0 0.5 1.0 1.5 2.0 2.5 3.0

55



Testing Numerical Stability

O -

ot

Real exponentials of Hamiltonians can lead to nr
eigenvalues a

3 1
6 <
A 9
9
_3 o

12
10 0.5 -
3

v
6~ <

atrices wi

- sufficlent

12

—0.5 7

Hf

Smooth functions of f# indicate lack of instabilities.

225

th very large or very small absolute values of
ly large [.

12

10
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