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® Introduction
® Thermodynamic theory of p3 spin glass

® Dynamic theory of p3 spin glass

® Translate to Glasses

® Finite Dimensional Systems
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® [ntroduction
Phase diagram of atomic systems and Phase transition
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® Introduction

Mean Field Theory of 2"d order phase transition

‘| Ising spin model of ferromagnets

H=-J)»S§S,
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® Introduction

Mean Field Theory of 2"d order phase transition

H=-J) S5,

N / ‘IJ mean field approximation

H=-3)8,(S;)=—Imz)_$
<SJ> :I’rjn I
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® INtroc

Mean Fie

uction

d Theory of 2" order phase transition

Mean field theory becomes exact if

' A T
| . }
N '
- / ‘ lé
X X
The range of the interaction The spatial dimension

IS Infinitely long. Is sufficiently large.
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® INtroc

Mean Fie

uction

d Theory of 2" order phase transition

Free energy functional as a function of “m” can be computed as

Z(m,T) =Tr5(m—%28ijexp[—,8H]

F(m,T)=—kTlogZ(m,T) = e - log|2 cosh(5Im)]

2
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® Introduction

Mean Field Theory of 2"d order phase transition
Free energy
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® Introduction

Mean Field Theory of 15t order phase transition

p=3 Ising spin model of ferromagnets

H=-J)»SS,S,

],k

F(m,T) = % m° — Iog[z cosh(,Bsz /2)]
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® Introduction

Mean Field Theory of 15t order phase transition

Free energy
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® Thermodynamic theory of p3 spin glass

Spin-Glass transition
i j .k
P(Jj) oc exp[-AJ ij?k]

~

/Order parameter: Overlap
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® Thermodynamic theory of p3 spin glass

Overlap quantifies how much their
configuration is similar if they fall into the

same stable basin

/Order parameter: Overlap )
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= NZTrSf‘sf’ exp[-B(H? + H)]
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® Thermodynamic theory of p3 spin glass

A good introduction for beginners
T. Castellani and A. Cavagna, “Spin-glass theory for pedestrians”
J. Stat. Mech. Theory and Experiment, P05012 (2005)

p=3 Spherical Spin Glass model

H=-> J,SS;S,
i, j.K /1 ™\

witr|\1| spherical constraint
2 _
2.5 =N |
1=1

P(3;) cc exp[-AJZ ] - /
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® Thermodynamic theory of p3 spin glass

Free energy can be computed using the replica method

n
— kT Ilim Z" —1+The Equation of State of the overlap g”

F=—kTlogZ
n—0 N
q=0 T>T,
' q=0 T<T,

Spin Glass Transition

One-Step Replica Symmetry Breaking Transition (1RSB)
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® Thermodynamic theory of p3 spin glass
One-Step Replica Symmetry Breaking Transition (1RSB)

Distribution of the overlap

P(a),

J\

P
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® Thermodynamic theory of p3 spin glass

Free energy as a function of Overlap

F/()A‘T<TK‘\ Q)AT>TK A AT g)AT>TK )
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® Thermodynamic theory of p3 spin glass

A Free energy as a functional of the magnetization for a given
random potential: TAP free energy

frpe ({M}, T)—_ = Fre (M, My, -, my T)

4
=——ZJ.,k mk——ln(l 0y)— (2q1 3qf+1)

Ijk

4 )

i

>

Free Energy
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{m} J




S RN —RETBEEH (RFOT) : IS D FEX B

® Thermodynamic theory of p3 spin glass

Alternative way to express the free energy in terms of its free energy landscape

(! : Each state (basin)
L= Zexp [—,BH ] = Zza = ZeXp [_ :BNfa] separated by the
{S} a a maxima
:jdf M (f)e
~
A
M (f) : Number of minima S
)
-
LL]
D
2
LL
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® Thermodynamic theory of p3 spin glass

Alternative way to express the free energy in terms of its free energy landscape

Z — jdf M (f )e—ﬂNf = exp [N (_Igf - + SC( f *)] After taking the

saddle points

or

F kT p— * *
== InZ = 7T (1) - ~
AN\
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® Thermodynamic theory of p3 spin glass

Configurational Entropy
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® Thermodynamic theory of p3 spin glass

Distribution of Hessians of Energy

P(4) =<Z5(/1—/1v)>

Unstable to Saddles to Minima

flﬂk Ll

ﬂ,v . Eigenvalue of Hessian
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® Dynamic theory of p3 spin glass
Langevin equation for the p3 spherical spin model

S =—u5 - 4y H=-Y"3,55,S
0S, S~ i,j.K

Lagrange multiplier Random force

(., (t)) =KT50(t—t')

Si = — U5, _Z‘Jijksjsk 7],

I,].K

We want to evaluate dynamics for

c(t) =%<Zsi(t)si<0)>
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® Dynamic theory of p3 spin glass
Deriving the correlation function for nonlinier Langevin equation

Si = — S, _Z‘]ijksjsk 7],

I, ],k

Mathematical structure is exactly the same as the liquid!

dC(t) 3] ¢ dC(t")
— 2 - _TC(t)——=— | dt'C*(t-t'
" (t) j (t-t) =
cf: MCT
OF (k,t) DK’ aF(k t')
= S(k)F(k 1) — jdt M (k,t—t')

M (k,t) = [dqV (.k - a)F (a,t)F (k -0, 1)
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® Dynamic theory of p3 spin glass
®Critical behavior is also identical with MCT!

dc(t) 3J2
" C(t)——j dt' C2(t—t') ——2

dC(t )

o)

®Nonergodic transition point matches with Threshold
Temperature of the free energy!

T:th

mct

®Nonergodic parameter also matches with the overlap!

Clt=w0)=0q, atT<T_,
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® Thermodynamic theory of p3 spin glass

Distribution of Hessians of Energy

P(4) =<Z5(/1—/1v)>

Unstable to Saddles to Minima

flﬂk Ll

ﬂ,v . Eigenvalue of Hessian

2

23,35,
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o

\

T>T,

T=T,
T<T,
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® Dynamic theory of p3 spin glass

® At least for this model, Thermodynamic threshold T and
Dynamic T are identical.

® Slow Dynamics is escorted by the qualitative change of the
landscape! Dynamics arrest can be understood as the
extinction of the soft-mode in the landscape.

® T..= Ty Is the meeting point of Dynamics and
Thermodynamics
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® Translate the story to Glasses

Spin Glass

F=N(A"+S,(f)

Dynamic equation

/Replica and TAP Theory\

dC(t) 3J2 dC(t)
— = TeM-—- jdtc (t—t)
MCT temperature T _
Spin glass transition
temperature T
P Y,

Glass
@eplica Liquid Theory )

Mezzard, Parisi
d¢ zx ph
Ing(r) = Bo(r) + /(zf)dew 11/}2‘]()(])’

v (4T gr) pR%(@)  plh(e) — h(9)?
3(r)= [ agee {1+ph<q) L+ plh(@)—h(@) }

Mode- Coupllng Theory (MCT)

0F(¢.t) D¢’ JF (q,t)
e S(q)F(q t) + /{; dt" M(q.t — f)T
Migl) =2 / ) = 0= ety = 1 PO 0Pl

MCT temperature T

Kauzmann temperature T

\_ K/
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® Mean field theory of the glass transition

4 _ )
- i K. Small °
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® Random First Order Transition Theory (wolynes et al)

4 — N
Activation processes will kick in and MCT transition would be
washed away and become a cross-over
! !
total energy : :
. B IRA :
) I I
o ' I
= | |
z ! !
2 I I
o [ [
- coordinate > ' > l >
High 7° Low 7°
([ T >TMCT ) TMCT [ T <T!\./!QT ) TK .
0 Dynamic 19 Thermo dynamic
E‘O«S- P, Transition Point EOAS_ . Transition Point
= (MCT Transition | = B
0.0 p0|nt) 0.0
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® Random First Order Transition Theory (wolynes et al)

\

( = [l
Activation processes will kick in and MCT transition would be
washed away and become a cross-over
1012_:
5 ® OTP (T =243K) e _
A CKN (T =333K) Vogel-Fulcher fit
; —— OTP, MCT fit with T =290, y=2.7 A
1081 = CKN, MCT fit with T =378, y=2.7 x‘ 77 — AeXp[B /(T _TK )]
i A
Q 2
o 10 ¥ L
=
= : : MCT fit
0 o B
10" 1
F 1 = ‘T — Tver ’
10_41 T T T T T T T T T ;
00 0.2 04 0.6 o8 19 1
Tg/T TMCT Tg TK
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® Random First Order Transition Theory (wolynes et al)

4 _ R
Many minima or basin will separate the whole system into small

patches of “states” or Mosaic.

potential energy

coordinate

Many droplets of “states” tiles the whole space.

And transition from one state to another state takes place due to thermal
fluctuations.

Activation processes
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® Random First Order Transition Theory (wolynes et al)

(" _ ™
Many minima or basin will separate the whole system into small
patches of “states” or Mosaic. 2 J;;gé\,)gg.ﬁ{g&g}g

5 9900 AP0 U ’ s
939V830S5 A5 5%
A naive nucleation argument for the mosaics Q0% ol < X3Hh2Y
A0 39 ;;5“)'333\ * X
7 d IR 500 974 QF
AF — — S ‘QQ'O D oW 900 ¥ | )~
06 25, 19092 3 ASAN T3
Free energy barrier for activation is given b ‘»53;0\;‘{)%3 253D 500
gy barrier for activation is given by 3"3'8@’7355&355 33393
OAF” fu Q090 P O\J)“ RO
— =0
0g
M
4 - 1/(d—6) 4/(d-6) )
3 o
: TS,
- J
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® Random First Order Transition Theory (wolynes et al)

(" _ ™
Many minima or basin will separate the whole system into small
patches of “states” or Mosaic. 2 J;;gé\,)gg.ﬁ{g&g}g
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® Random First Order Transition Theory (wolynes et al)

@ )
Many minima or basin will separate the whole system |nto small
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® Random First Order Transition Theory (wolynes et al)

4 . ~
Many minima or basin will separate the whole system into small
patches of “states” or Mosaic. 53\??%\;?;)3@)3&3}05

235583380 U2
The relaxation time (if simple activation argument 3\)‘3:)!)3)0‘ -\-.‘ ' 9 Q'
' ' SADAQ P30
is applied) i'}ff))g%);)jf)- Q
490500.9a9 9
A k %Ojojf' 2OPQ90 Qf
T, CeXp| =——| The Adam-Gibbs equation BRI IL PR 0
TS > 90
- 3.99
Using the fact S_ oc T, —T A
S:(T)
A ]
7. ocexp The Vogel-Fulcher law
T, -T
_ \_
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® Random First Order Transition Theory (wolynes et al)

(

The relaxation time

A
T, oC exp{ﬁ} The Adam-Gibbs equation

oC exp{

C

The Vogel-Fulcher law
T, -T

\

Many minima or basin will separate the whole system into small
patches of “states” or Mosaic.
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® Random First Order Transition Theory (wolynes et al)

\

( = [l
Activation processes will kick in and MCT transition would be
washed away and become a cross-over
1012_:
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A CKN (T =333K) Vogel-Fulcher fit
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® Random First Order Transition Theory (wolynes et al)

RFOT is elegant and simple...but
IS this true?

No one has ever spotted or seen the mosaics

and RFOT still remains to be more or less a
folklore...



