











































































































Course Outline

Lecture 1 Ising model and Mean Kidd theory MFD

Lecture 2 MFT continued
critical exponents from MFT

Lecture 3 Landau Ginzburg approach

Introducing path integrals

Lecture 4 the gamesian path integral

Lecture 8 Two point correlation function
Breakdown of MFT

Lecture 6 Renormalization Group the big idea

Lecture 7 i RG for the 44 theory



Lecture 1 Thursday Feb 27,2020

ISING MODEL

spins II at each site
Purely classical model

E JE si Sj h 2 si
Cit laternae field

internal
microscopic
interactions
of the system

To introduce some basic terminology we ask the
question

d what is the ground state of three system1

A Set Leo for now

a J 20 clearly the spins like to be

aligned
Ferromagnetic system

b Jsu spins like to be anti aligned
Antiferromagnetic system

But that is just the ground state of the system
We are interested in the Iystern at a

finite temperature T



we

High temphow temp

270 Skins aligned fluctuation become
large

Tao spins antialigned
Disordered state

ordered States

hee now neared to answer the question
is there a phase transition at some 7 2

In a canonical ensemble the mob of a conf of

energy E is given by

z
e BEPCE 1 for temp B 4kt
normalization

we can use 2 to compute everything

2 I e BEC where C configuration
c of all the

spine
Called the partition function Csi

Two interesting quantities

1 Freeenergy

peep thermodynamic free enough



B
Z e

or F E 1 TS

2 magnetisation
me in 2 si average value of

the storm

2 I e BE

Note that E J Isis he Is

OE
Tor

Esi

BEso 1ft D 2 fBooth e
Z z

I 2 ftp.zsi e BE NZ N

I 82 BN me
2 Oh

me pilogz

Danto compute the partition function 2

we will not compute it directly
It can be done dal and d 2

we win make some arguments that wut

aptly more tonoadly



tobey mo dly

Effective free energy

Z Fu 2 e
PFC 2 e

BRIM
Esi31m M

where we refers to the average magnetization
for a configuration

Mr 1 to et tu steps of 2
N

But in the large N limit

Z L Inime
BF'm

My f dm e
BMW

DM

We can recover the old f thermo from this

Note that Hud is an extensive quantity
write Fcm N f m

2 f dm e
BM f Im

In the N D we can aphroadmate this whegnd
Nv 7027

by steepest descent

f x



2 a e BN f
cut

where wut is the monome
of fling

To get a sense of whats going on

we'll make an approximation

MEAN FIELD THEORY

Early Ch 1T

Let us define Ma Esi for a given confe
M

not just 1
Mom let us unite f Mft OS

Il

siSj a de Rsi Cmt ers
M2 t am sites t 8Sions

si Mt Rsi

H T 2 5 5 h 2 si 9 coordination
C beard at

GINMZ bum Jig essics each site

u

7



let's ignore this
WE're not sure if its ok yet
But lets do it anyway

This mean we are ignoring correlations between

fluctuations about the mean

clearly if the commelatrien length is Lange
then this or not good approximation but

we win come back to this Let us

Jmt see what happens if we ignore this



LECTURE 2 Friday Feb 28 2020

There were several good points Last time

1 About ftm being flat

This is actually a very common scenario

and form the basis of the discussion
about SSB

d About extensinity of the free energy
This can enfant be themed for king model
land more general models The proof is

kind of meat and takes inspiration from
Rbi

3 Clarification on MKT

Let me clarify the claim of MFT



Z E e
BE's

m
e BEG

Now EEST

Given mend Lijs
J siSj Telnet Sei cult j

Twr Jm Cosi 1 ers t 0185
Jwt t True sit sj un t 0188
Jui Tnr Isil Sj t 0188

ZTSisi J m2 Jnr a si t Olds
Lip

Is Is sie si wit
The other way of doing this bet Si ml

zany Z et B Manik 1 Bh nine digs
GYM

Egm e
B Elms 1 OCAD

e BECH 2
Gym
edCds



z I e RE'M
e
Olde I e BE'm

S Es

I e BEIm
SJ

ons2

y2 me f e
ME

We can check if this is
small But that will tame later



Ok now let us see what can MET tell us

Bnr Jzg_m2

Let me compute the effective free energy fluid

e Btm I e BEIM
Mlm
BElm 2 IL

Costin
w
cm of configurations

with Isin Nh

Neue is the entropy factor
or the of microstates corresponding to

a given mreenostate
We need to compute slur

het Na Ma be the of M and K down spins

Mont Na N and Na Na Mm
Mon NClem and Ne 2NLl m

2

N
2cm Cup

Izu mm CECHMI11



Is
z J

where S n's the entropy

Take the tag of both sides and use

Sterling's approo
N Nhl N M

to get

s here hi zetas buff CHM

album Nell m he nice ur IfClemhrIzlHm
Y NIX4 1Hemp

euntcny NIuz nlzu.fm t Nhi 2
I

N C M bull ul 1 Clem hi Clem

Nfu Ice M ki l m Idem tu Cleve
I

So the free energy f lui now becomes

f lui He Ts

Buu JI m2
2



T end C m bud M Itm ending
even in me

We meant to look for momma fcm
We earn directly find mimme of this expression
or we can restrict ourselves to the case

when he is small 1m14 1
In that case we get

Eu bud M Ctu lucem II t req t Nmb
I 2

fLm Tioga Bmt ICT Johnie 1 ITm4 t
12

I set tojust z o Behemce impa honetart farnon fm Lange T
V

the fruit torn meith
drama

sign care trip as we

change T

Recall the question can this fCm describe

phase transitions
This is Landau approach



Let us feast set 1807
Case I B o second order phase transition

Let us ignore the additive constant factor leg2

fCm at CT Tg ni t I ne't t

f Im T TqA

TCJq

m

t 0
i l
i v I
m't ne't

ok so we see a phase transition
So indeed MAT can give me a phase transition
what about the peculiar power law behavior

of nairions observables

1 Me as T TE

f m o 7

our finest critical
exponentm 3CT Jk n t t

reduced



educed
temperature
me

trywe find that order Sonder
I 7 7
Tc

Ine

a threat capacity as T 37

c of ftp 7
e cHo7

c e t I 22kg2ps p2
hegE at nem't no
when T a leg 2 e

Bf I

fo C O

when ThTc

fCmo 3 Y
T

e Btimo f IT e
C BI D2



c Ig 5 Sz as a E



Cersei
B 40 First order phase transition

fcm Bmt CtJq me

B small e highB
T high

It

motto for all 1
B O
T how b small thy

tw

o

1
rut picksNo phase thaustnew or we change T a value

Dnt below Tc if we change B from
tire to me the magnehrsahois
abruptly goes from the to I

M
N 820

THI't



v

foret order tranendy
B

g
second order enitical point

T
F T no critical point for highfaut
order T and any Bantical points

Close to the critical point

c At T Tc how does magnetisatneir charge
as B Ot

fim e Bmt fatewit
fIm O Bt regni me n BB

2 What about susceptibility

X OffIg as THE

a T 7 Tct we know we 0

So Hml Bnr t IzCT Tcmid
me I B X One 1

T Tc AB T Tc



Cc B c

D T IT the mince
1only come from the

nike tenne
So we keep that

f m Bmt CT E met 1Tm4
12

f m O cubic dont wait to some

Golue for B O

film O B t tm t Tgif 0

we need to see how we CBD charges at BT

2 I t Tma Turf Out O
dB dB

4 t Rtm dnt't 0
dB

X f 1 out Mo t B
demon 2TMo2



THE CRITICAL EXPONENT 2 00
ab

onrun B

Tc
T

Crr C t C C E
Bo mu t m O

o X 1

Itf
MF d 2 Exact d 3

N dunt logdivergence 0.1103
B Yz Yoo 0.3264
r 1 714 2371
8 3 15 4.7896

we computed how do we getthese these
already



Lecture 3 Landau Ginzburg theory
seeing up path integrals

Our earlier approach was too crude It didnt
allow for any spatial fluctuations
so instead of using a single wi for the
whole configuration we can make blood in

a configuration at doe N

angSo now we write the partition
function on

2 e
BE

m
e
REED

T
e BEAT BFCmenZL E e

MW CHIMuh EMIDT
M.kz

ptlm.mse

we have now a local order panameter Mex

men I 2 si
Sj
m a blockaround x



We now use a notation

pFEmlx77
Z J Mex e

we have a pathnuteghal now

Before we can do
anything with three

we need to find what tanned is

We can constrain it's femur by invoking some

general ideas
1 Locality Fomc f f ddx f lurex
27 Translational and rotational symmetry
3 Zz symmetry MK Mex for B O
4 Analyticity
r rucx is slowly marrying higher derivatives are

smaller

With this we can now unite down the

moot general form for f lulla

2 4 2
f MIN Ag Mlk t Ag mix 1 J mix 1

The problem is that we dont know what

Xz 24 N ane We can't compute them

from finer principles



We can get some intuition from the expression

for handau energy where we found

42 12 Tc 44 I
12

But really all we need to see is that

4470 r O and 42 flips sign at

the second order phase transition
End of lecture 3J



Lecture 4 Thursday March 26 2020

Saddle point approximation Mean Reid Theory

OI O 7 Ir Imu quit 9 4WE O
8nhx7

The solutions with M O we court

connespond to Mft

Ennen if there are other solutions they win have
Tru 70 so they will ineneave f IM

Therefore the lowest nudnima lower from
the m comet solution and the saddle
point approximation reproduces MFT

Let's compute the partition function

pad2 fDogen e



Let us ignore the 109 term for now

FCollab I Jddx 854.5 t µ2 2

Note that our computation chowed not be trusted

near µ sirree the 014 term becomes

important

To soothe we introduce

4cm lyTE e
t T
die in a finite name

I Itm
L

we get
fCole I fddxfdzdgkjad dC kfk.tt f fufu

eiceitk.pe

I fedzingacturt title die

using fdd d kit TbdOdeh

and
fRolex TI f dolcedoit

k



we get
f Iv 2 Crudepen1 12

Z Iff doludget e
k

Tul fdoindoin EPT
k'tMD 14nF

Kiro

Tuff dzdz e
Ea k't MD I

470

IT IN
K
420 BLAHpug

TL 124am
B fthermo log ZT T

fun f hege If E logffuh.TT

I t.de abgIfITwd



Lecture 5 Friday March 27,2020

Connelation function're

44741472 401 plate 29433201437
Trick

66 da
couple the field of to a magnetic feeid BG

FColt f ddx Nz gift gigoldt Bex of

show that

D I 1822 set B
B Z dB

a II 8 544741977ps
p2Z GB Poly

3 Lethe 4447497 B earn
p28B 8 Blu



Gaussian Integration
i G K

1 show that f Daly e Z't Y det snag

fdNyelkYGtYtBtY det

aqjkeLBTGBD.W47g
OBIOBJ B O

In the path integral language we

just import the abone results and write

02lag Gex y
Bix Bly

10K ploy fddic e ik't
a d k't MY

We can also think of the
Rpt function as the Susceptibility

xcxmi ocgj.in ofTa ftfEI
pI0fBhqjtpm pesto 10147 b c



Behavior of the d point correlation function

ihr
GIM 11dL e

J a d K2 Yzf

where we have defined
a length scale 32 1 Correlation

per Length

regimes is roz and ii ray

guy

de

7ge
r 2 Exponential

red 1 Iz decay



So correlations die out exponentially
for r7

therefore 2 determines the characteristic

length scale for correlations

Recall that Ze I
µ2

and pervITTcl near the critical point

So 2 1 D as 1 To
IT Talk

Therefore fluctuations at all length scale
become important as we go closer
to a 2nd order phase transition


