NEW 4 OLD SURPRISES
IN THERMODYNAMICS
FAR FROM EQUILIBRIUM

e On the history of glass thermodynamics

e On my history of glass thermodynamics

e On toy models: p-spin and simpler

e Two-temperature thermodynamics

e Systems coupled to two heat baths

e Particle in quantum bath

e Black holes



On the history of glass thermodynamics

e VVogel, Fulcher, Tammann-Hesse 1921-26:

viscosity n ~ exp %%

e Prigogine-Defay 1944-46
specific heat C), = opU

compressibility k = —0,InV
expansivity a=0rinV

Ehrenfest I. Aa = Am?j—T glass at (T")
. AC, d
Ehrenfest II: 7~ = AAaCd—£
. . _ K _
PdF-ratio: = TV (Aa)2 =1

e Tool 1946: fictive (effective) temperature
useful to describe glass transition

U(t) = U(Te(t)) — c:%:g_%%N%%

e Kauzmann 1948: “Entropy crisis’ :
Sconfiguration = 0 at T'="Tx T ="1Tg



e Davies-Jones 1953: At glass transition an
unspecified number of order parameters under-
goes a thermodynamic phase transition.

[1> 1 in theory and experiment

e Gibbs-DiMarzio 1958: lattice model for poly-
mer glasses. Equilibrium theory.

e Adam-Gibbs 1965: 7 ~ 7 ~ exp 7g —

e Goldstein 1977-Jackle 1989: k has configu-
rational part (due to pressure of formation)

e Rehage-Oels 1977: careful experiments on
polystyrene. 1 ~ 1



Then confusion hath found its masterpiece...

“The most fundamental problem is to under-
stand Ehrenfest I"

1981 DiMarzio: “An equilibrium theory of glasses
IS absolutely necessary”

“Thermodynamics does not work for glasses,
since there is no equilibrium’” <« Thermostatics

BUT

McKenna '89; N'97:. Ehrenfest I is tautology.
Also k must be measured on long timescale.
(in spin glasses: xzrc < XFC,

for 1-step Replica Symmetry Breaking:

Xz Fc 1S discontinuous)



On my history of glass thermodynamics

e Sompolinski '81 + (.., Horner, Cugliandolo-
Kurchan): Violation of FDT

e 1988 Kirkpatrick-Thirumalai: dynamical re-
sults described by replica’s with marginality

e 1992 Crisanti-Sommers: p-spin model
H= _i1<i§.<z‘p°]i1i2--??psi1Siz"Sip —H2 5

o '93 Crisanti—Horner—Sommers

-spin dynamics
1993 Cugliandolo—Kurchan p-Sp y

q= —plateau correlation function
rT= —fluctuation-dissipation ratio
— dynamics “talks” to marginal replica’s.

e N '95: has marginal replica free energy a
physical meaning?



Our friend: the p-spin model

TAP-states a : m;" = (S;), minima of
Fpap(mg, T) = H(m;) — T'Sep(m;, T')

Crisanti-Sommers '95: config. entropy
7 = log # TAP-states

Simple check: F'#=U — TS = Fyy, = Fexp
TT

Fmarginal replicas — U_TSequiIibrium processes —

Question: Is this a physical quantity 7

N' 95 (cond-mat): TAP at two temperatures:
Zrap = Y2, exp[—Bubrap(m;”)].

TAP-replicas with 1RSB parameter z1:
F = —% In[(ZTaP)"]disorder = U — T'Sep — TTIl
marginality — z1 =% QED Ackn. J.M. Luck

Cugliandolo-Kurchan-Peliti '97: effective tem-
peratures: zeroth law, thermometer,..



N PRL '97, JPA '98: Two-temperature
thermodynamical relations:

F:U—TSep—TeI:U—T]_S]_—TQSQ
Te = % IS Tool's effective temperature

dQ = TdSep + TodZ = T1dS1 + T>dS5

dF = —SepdT — IdT, — MdH

Modified Maxwell relation since Te = T(T, p)

oU ov ov, _ oL, OT. oT, oL
g+ Tar, = Tapl, Fdr+Te=T5# ) 5T

Modified Ehrenfest II

AC o1y \ (0T 4 dpy BT
TV = Dagr + 3 (1~ 8T|><8—T| + a7 g7 )

Modified PdF: N1 =1 4

(1 _ 0Tg ) dZ

VA« oT'p) d



e Re-evaluation polystyrene data: 1 = 0.77
Contadicts all previous theories; supports present

e Franz-Virasoro:
F=U—TSep —1el = Frap — 11

T,H constant: dF = —-Zd7T. — dl%ip — T;@



Other friends: exactly solvable models with
slow Monte Carlo dynamics

e Bonilla, Padilla, Ritort '97: H =& 2?2

N harmonic oscillators statically uncoupled;
dynamically coupled (parallel Monte Carlo)

Arrhenius law — at 7'= 0 and 7' < K logarith-
mic time-dependence.
1

Interpretation with T, ~ e works

e N '98,'’00: H=->,(H+T,)S;

Free spherical spins in random field.

Allow check of Modified Ehrenfest II relation.
Both M1 > 1 and Il < 1 possible

e N '99 (cond-mat); Poster L. Leuzzi
H = Zz [%xf — Ha:i — JQJZ'SZ' — LSZ']
- fast spins S; slow oscillators x

- Constraint ¥ 27 — +5(X z3)? > mo
— Kauzmann transition



N '98, '00: Study of correlations and responses
yields thermodynamic picture for (class of) glassy
systems

Well separated timescale — self-generated T¢(t)

Te occurs in

e thermodynamic: dQ = T'dSep + T-.dZ

e fluctuations: xMuct = <5M Jfast 4 {0 Tf“)Ji'fW

fluct + conf loss

T

Goldstein—Jackle aging

x =94 =x

!/
e fluctuation-dissipation: T.fP(¢,¢') = %(i’,g)

To leading order in 1/Int: universal Tg:

Te(t) = TefIUCt(t) — TeFD(t”, £)



Systems coupled to two heat baths

Coolen, Penney, Sherrington 1990;

. o .72
Hcoupllngs ~ Zzl<ZQ..<zp Jilig..ip

Couplings at temperature 7.

Three temperatures:

T, =T: bath
To = %: self-generated effective temp.
T3 = Tj: couplings

Uncorrelated disorder <+ T'3 = oo



Crisanti, Hertz, N, Sherrington, in prep.
Poster van Mourik & Coolen:

T <K T K 13 — General arguments: Parisi-
structure

Z = [dz3 (f dxo <f dxq e—”H/Tl)Tl/T2>T2/T3

x1 = S: within TAP-state
ro = m;. TAP states
x3: couplings

T
n = T—g = x(T)T # 0 if T'3 finite

(0 M=) M2>

T

_ (1) (2) (3) 3
Xfluct = Xfiget T Xfiuct T Xfluct = 2i=1
Hertz, N, Sherrington '00:

p-spin with ferromagnetic coupling Jy

o L) M o1
Xfluct — (p—D)H+(p-2)JoM * (p-2)Jg

e eg. for xfuct verified



Breakdown of thermodynamics for quantum
brownian motion Allahverdyan+N 1-4-00

=Z 4 V() + | m’b“’@(z— )2

mzw

particle4-oscillator bath+interaction x;x + z2

“Caldeira-Leggett” model; Hamiltonian; bath 1981 /83/85
— P. Ullersma (Utrecht), 4 papers in Physica 1966

e Drude-Ullersma coupling J(w) = %

. strength of interaction (damping constant)
[: Debye frequency: cut-off of interaction with bath

w

Equivalent Langevin equation (operator-valued)

, r [t ,
p =-V(z)— — dt’' e () + n(t)
acceleration force ~ 0 -~ - noise

friction

e timescale of friction1/I"; of noise: max(h/T,1/I")

— non-Gibbsian behavior for T' < kI



e At t = 0: coupling ~ switched on rapidly
e Density matrices of particle and bath factorize

° ~ ~ has to be done for the switching
(The large energy of bath + particle is increased by this)

e Von Neumann entropy tr(—poIn pp) conserved

— system goes to non-Gibbsian equilibrium

Results:
e Harmonic potential, adiabatic change of m
dQ(T = 0) = -Ldm violates Clausius dQ < 7'dS = 0

27wm?2

e By periodic change of system parameter work can be
extracted from bath

Reason:
Bath does not thermalize — it is mechanical part of sys-
tem. Thermodynamics need not (and does not) apply.

Surprise:
The same occurs at large 7', but then the Gibbs distri-
bution enforces thermodynamics



Thermodynamics of black holes

BH has: mass M, charge @, ang. momentum

Bekenstein 1973: BH entropy Sy = 4’22

A= area; Lp = Planck length=+/RG/c®> = 1073* cm

Hawking 1975: Black holes have temperature

__ hG _ - 1
Ty = 55K (k=surface tension) Ty ~ +;

Solar mass BH: Ty = 1078 K.

The four laws of black hole dynamics
(Bardeen, Carter, Hawking, 1975)

0: Ty is constant at the horizon

1: dU=8i7rdA—|—d' = TydSpy +d dV ~dg +d
2: Total entropy S = Spy + Sm» cannot decrease

3: Extremal (maximally charged/rotating) black holes,

with T’y = 0, unattainable

Are these the laws of black hole thermodynamics?



PRL 98

e Thermal bath = cosmic microwave background
Tyg =3 K — mass BH = 1 mountain

First law:System=black hole +Gedanken sphere
............................. slow fast

Try: d-Q =Ty dSBH _I_ Tcmbgsgedanken sphere

7

=0

dU =dQ +dWV =TgydSpg +dV QED

Second law Clausius: dQ < TpdS S = Spy-+SSedankensphere

Yes, because there is also absorption of CMB
smallBH : Ty > Ty, More evaporation
largeBH :T'yg < T'.,p, More absorption

— heat goes from high 7" to low T" QED
e entropy production

Third law: System= Universe with BH in it.
- S=0ifT.,w =0, not Ty = 0.

Ty < t71/3 — all BH's finally evaporate
—-S=0atT,,, =0 QED

(deviates from third law of BH dynamics)



CONCLUSION + OUTLOOK

“Thermodynamics does not work for glasses, since there
IS no equilibrium”

becomes

“Thermodynamics does work for glasses.
Since there is no equilibrium at least one effective tem-
perature and/or pressure (field) must introduced.”

Systems coupled to two heat baths 4+ 2 timescales
e violation of Onsager relations for heat flow

e p-spin model 4 heat bath for couplings:

fluctuations = inside TAP + between TAP 4+ sample-
to-sample

Thermodynamics does not apply to quantum baths

It does apply to Black holes, star clusters,...

But: Godréeche & Luck:
x <1 at 7., but no effective temperatures



