
2 CLASSICAL PHASE TRANSITIONS

2 A PHENOMENON

USUALLY SYSTEM IN CONTACT W

ENVIRONMENT
BUT ALSO CLOSED POSSIBLE

GLOBAL OBSERVABLES

eg Energy Man Ere

N N

DENSITIES

CONTROL PARAMETERS

eg TEMP MAGN FIELDS ER

TUNE CONTROL PARAM MEASURE OBS

PHASE TRANS SHARP CHANGES IN

Macrose BEHAV

COLLECT PHENOMENA

in N



PHASE DIAGRAMS 3d syst
FIXED

P
PISTON

CONTROL

CRITICAL POINT
2ndLipPc

1st

ORDER

ORDER

1ˢOtRDER

Mey

APORATION

THERMO
DYNAMICS

GAS

1st
ORDER
SUBLIMATION

Tc T
BATH TEMP

IN ISOLATION E FIXED REPLACES T

VOLUME ALSO FIXED
CHANGES IN PARAM IN HAMILTONIAN

PHASES IDENTIFIED BY PARAM DEP OF

ORDER PARAMETERS

Global OBS JUDICIOUSLY CHOSEN



PHASE TRANSITIONS

SHARP CHANGES INTUITIVE

NON ANALYTICITIES OF RELEVANT

THERMODYN POTENTIALS

WITH RESPECT TO CONTROL PARAM

Formal

eg FREE ENERGY

leftbetaJright1betafleftbetaJrightfrac1NlnZleftbetaJrightZleftbetaJrightsum_cebetaHJleftcright

LOCATE W THEM THE CRITICAL CURVES

Goals
ORDER PARAM AS fets of control

PARAM
Critical curves in PH DIAG

Critical Behaviour

THERMODYN PROPS PVnRT



METHODS

MEAN FIELD

QUALITATIVE UNDERSTANDING

QUANTITATIVE APPROX ONLY
CRIT BEH TYP WRONG

SCALING TH
PHENOM OF CRIT HEN

RENORM GROUP
CRIT BEH

STANDARD PH TRANSBEYOND

TOPOLOGICAL ONES

QUANTUM PHASE TRANS LATER

DYN PHASE TRANS NOT

DISCUSSEDCONTEXT

PART IN INTERACT
SPINS IN INTERACT

EASIER TO TREAT



2 2 ISING MODELS EXTENSIONS

SIMPLIFIED REPRESENTATION OF A

MAN SYST

LOCALIZED

ARROW w
n COMP

nearrowMAGN MOM overrightarrowSi

Hleft3overrightarrowSixirightfracJ2sum_ijoverrightarrowSicdotoverrightarrowSjsum_ioverrightarrowhcdotoverrightarrowSi
FnJ0

J0

sum_ij
overrightarrowh

d DM of SPACE h Dim of SPIN

INTERACTIONS

ANTIAF

DECIDE WHETHER SPINS SIT ON A

LATTICE A GRAPH

UNIFORM MAGN FIELD



SIMPLEST MODEL ISING J0FACTS

SOWED IN d12lefth0right A

UNSOWED ANALYTICALLY IN d3

dgeqdl2 PH TRANS AT 0betacJinfty h0
BTW TM PM

du UPPER CRIT DM MFOK d du4
FAILS BELOW

SCALING RG AT work

OTHER CASES SAY STIK TO j
n1 ISING

n2xy
n3 HEISENBERG

nrightarrowinftythetaleftnrightsum_a1nleftsaright2n

MORE Difficult INTERESTING CASES

FRUSTRATION

QUENCHED DISORDER J Jj pdfs
AF ON Δ LATT

h hi

g RANDOM
BONDFM Jj 70 SPIN Glass Fjgeq0

STOCHASTIC Dynamics Kinetic ISING or

N COMP MODELS DOMAIN GROWTH

DYNAMICS WE'll NOT TREAT THEM



2 3 CONCEPTS

THERMODYN LIMIT

N N
NECESAY TO GET NON ANAL

fcps.ph
OTHERWISE JUST Σ POSIT TERM If

config

AND THIS is CONTINUOUS IN THE PARAM
NO NON ANALYTICITIES

STRESS

Role of ONSAGER's Sol 2dIM
A PROOF IN A SOLVABLE CASE



ORDER PARAMETERS

A MEASURE of THE DEGREE OF ORDER

STATISTICAL AVERAGE OF AN OBSERVABLE

leftlanglethetarightrangle

WHICH TAKES DIFF VALUES IN PHASES

eg widetildefleftoverrightarrowkrightintddrfleftoverrightarrowrrighteioverrightarrowkoverrightarrowr Local
port

DENSITYFor Solis liquid

overrightarrowmequivleftlanglefrac1Nsum_ioverrightarrowsirightrangle For FM PM

SUBTLETY
ABOUT SYMM TO BE DISCUSSED

LATER

TRANSITION CONTINUOUS VS DISCONT

JUMP IN 207CONT DEPAITS FROM 0



SYMMETRIES

CONTINUOUS thetaleftnright SYMMETRY

UNIFORM ROTATION of All SPINS

HleftleftoverrightarrowSirightrightfracJ2sum_ijoverrightarrowSicdotoverrightarrowSj

overrightarrowh0

fracJ2sum_ijNsuma

n

b cRabsibRacsjc
fracJ2sum_ijNsum_bcnsum_aleftRtrightbaRacsibsjc
RRtRtR1Rightarrowdeltabc

fracJ2sum_ijsum_bsibsjbHleft3overrightarrowsixiright



DISCRETE mathbbZ2 UP DOWN SYMM

FOR n1 THE ISING CASE EVEN SIMPLER

Hleft3sixirightfracJ2sum_ijsisj
fracJ2sum_ijleftsirightleftsjright
Hleft3sigright

NOTE THAT THESE SYMM HOLD FOR All

LATICES GRAPHS

BROKEN By
overrightarrowhneq0 or hneq0

For particle syst AND solid liquid
INVARIANCE IS SPACE TRANSLATIONS

overrightarrowroverrightarrowroverrightarrowDelta

SINCE Typically VleftoverrightarrowrioverrightarrowrjrightVleftleftoverrightarrowrioverrightarrowrjrightright



CHECK CANDIDATE ORDER PARAM

mnicefrac1Nsum_ileftlangleSirightranglePINNING FIELD

leftlangleSirightranglesum_leftSjpm9rightfracSiebetaHleft3SjSrightZleftbetarightsum_3sjpm1intfracsiebetaHleft3sjdrightZleftbetarightsum_3Sjpm1jfracleftSirightebetaHleft3SjSrightZleftbetaright

CHANGE
of

NAME

si sig

CHANGE VAR

SiSi
NOTE THAT

Hleft3sinxiright
HleftxisixirightleftlangleSirightrangle

forallileftlangleSirightrangle0

So How CAN m BE neq0

PINNING FIELD WHEN GOING across

CRITICALITY
RESIDUAL OR INTENTIONAL



THE ACTUAL PROCEDURE is

leftlangleSirightranglelim_hrightarrow0lim_NrightarrowinftyleftlangleSirightrangleh
Corho AND THIS FORM YIELDS

s geq0 AT leftTJright CRIT hrightarrow0pm

Si 0 bigtriangleup

T leftTJright CRIT

BROKEN ERGODICITY

WE DEFINED ERGOD FROM

overlineAleftlangleArightrangle

FOR GLOBAL OBSERV

NOW WHAT HAPPENS W THIS EQUAL
IS A QUESTION OF TIME SCALES AND

Definition of leftlanglecdotrightrangle



EXPERIMENT

overlineAlim_tauggt0lim_ttsetfrac1tau
tst

inttsttaudtAt

INTHE MAGNETIC NICKEL EXAMPLE A GLOBALMAGN

wedgeA
ONE MEASUREMENT

REVERSAL

12tst t

if WE compare



overlineA WITH tau trev To CA WITH NO

PINNING FIELD

overlineAneqleftlangleArightrangle0

T WITH TD then to CA WITH NO

PINNING FED
overlineAleftlangleArightrangle0

overlineA WITH tau trev to LA W h

overlineAleftlangleArightrangleneq0
overlineA WITH tau trev to CA w h

0overlineAneqleftlangleArightrangleneq0

ERGODICITY DEPENDS ON TIME SCALES
AND HOW THE STAT AVERAGES ARE

COMPUTED
ORDER of UMITS

h o AND N N

MATTERS



SPONTANEOUS SYMM BREAKING

BY CHOOSING ONE AMONG TWO OR

MORE EQUAL PHASES WHILE GOING
ACROSS THE PH TRANS

SPONTANEOUS SYMM BROKEN

lim_hrightarrow0lim_Nrightarrowinftysifrachrightarrow0lim_Nrightarrowinfty Sis

0



ENTROPY VS ENERGY PETERLS

FROM THERMODYN WE KNOW THAT IN EQUL

ENERGY TENDS TO BE MINIMIZED

ENTROPY MAXIMIZED

IN OPEN CANONICAL CONDITIONS THE

RELEVANT THERMODYN POTENTIAL
TO BE MINIMIZED IS THE FREE ENERGY

FUTS

INTERNAL
ENERGY

UleftlangleHrightrangle

ENTROPY

HJsum_ideltaiSi1

S

EACH BOND ONCE

EX 1d ISING CHAIN W PBC
lONE

GROUND
ONE

GROUND

STATE STATEREVERSED



ie THE OTHER
GROUND STATE

WE STUDY WHETHER TO GROUND STATE

is STABLEleftSi1right AGAINST TEMP FACT

LOWEST
ENERGY

EXCITATION
ONE DOMAN TWO DOMAN WAUS

TO Simplify Discussion TAKE ONE

BACKGROUND Say All UP AND

REVERSE A DOMAIN TO DOWN WITHIN

GROUND STATEF0U0TS0

F2U2TS2 LOWEST EXC

THESUBSCRIPT 2equiv 2DWS

DeltaFF2F0geq0

if 0 ORDERED WINED

By Fact

DeltaFDeltaUTDeltaS



DeltaUU2U022J4J
THE TWO WAUS OF
INTERVAL Iwedge

veevee

DW bJ Diff 2J
No DW J

ON All OTHER UNUS U2U00 locally

ONE CONF WITHOUT DW SOkBln1
IV Confs W ONE Domain

of LENGTH ell

AS

S2hBlnN

DeltaShBlnNhBln1rightarrowhBlnN Tneq0

DeltaF4JkBTlnNrightarrowhBTlnN
N 321
J FINITE



if Tneq0 AF IS NEGATIVE AND WEAR

LARGE IN N

IT'S CONVENIENT TO HAVE

THE REVERSED DOMAIN

NEXT REPEAT THE ARGUMENT W

ANOTHER REVERSED DOMAIN

1dIM DISORDERS AS SOON AS

T20

BUT THERE CAN BE ORDER AT FINITE T

10 IM W POWER LAW DECAYING
INTERACTIONS FBC

RECAU alphad1 ARGUED in CH 1
WITH ENERGY INTEGRAL

TO HAVE SHORT RANGE INTER



SEE CALC IN THE NOTES

FOR Suff LONG RANGE INT 21

LONG RANGE ORDER IS POSSIBLE

MANY MATH PAPERS W COND

FOR ABSENCE of ORDER



2.4 OTHER METHODS

LOW TEMP EXPANSIONS

IDENTIFY GROUND STATES
MINIMA OF THE ENERGY

AND 1St EXCITED STATES

SUM OVER THESE CONFS ONLY
MORE SYSTEMATIC

ebetaH
SADDLE POINT APPROX

EXPAND AROUND THE MINIMUM
TREAT NON QUAD TERMS

AS PERTURB w Wick

betarightarrowinfty Tao

HIGH TEMP EXPANSION

EXPLOIT SOME RE WRITING

ebetaJdeltaisjaleft1bsisjright
AND ORGANIZE THE PARTITION SUM

CLUSTER EXP



DualityMAPPING g g
1

STRONG WEAK COUPLING

TRANSFER MATRIX
Specific to 2d

WE WILL SEE IT WHEN DISCUSSING

QUANTUM CHAINS AND THEIR MAPPING

TO CLASSICAL 2d MODELS

WE Will NOT TREAT LOW HIGH T EXP

NOR Dualities
TRANSFER MATRIX METHODS QUANTUM



2.5 MEAN FIELD

WE USE SPIN MODELS SINCE THEY ARE

SIMPLER TO TREAT THAN PARTICLE ONES

YOU NEED TO LEARN CONCEPTS AND

METHODS AND HOW TO USE THEM

BACK TO SPIN MODELS THE ONES with

FM INTERACTIONS ARE EASIER

ONE CAN GUESS THEIR HIGH LOW T

PHASES

BUT SOLVING THEM e.g FINDING AnalyT
EXPRESSIONS FOR Tc ORDER PARAM

CRITICAL BEHAVIOUR Difficult

DONE IN d12infty

MF METHODS GET APPROX RESULTS

FOR Tc ORDER PARAMETERS

CRITICAL BEHAVIOUR



THESE RESULTS ARE GENERICALLY
CORRECT

QUALITATIVELY

AND TO A CERTAIN EXTENT ALSO

QUANTITATIVELY

BUT e.g Critical Behaviour WRONG
Below du
SOMETIMES PHASE TRANS PREDICTED

WHICH etc

GENERIC MODEL

P SPIN WITH FM INTER

Hleft3sisrightJsum_i1ldotsipsi1ldotssiphsum_isi



FOCUS ON p2 BUT pgeq2 ALSO

INTERESTING

POPULAR EXTENSIONS p 2

GLASSY PHYSICS
OPTIM PBM
EVEN BLACK HOLE PHYSICS

if QUANTUM

p2 TWO BODY INTERACTION

AND KEEP Jij hi local

IN DERIVATION BELOW

Hfrac12sum_leftlangleijrightrangleJijsisj KEEP IT GENERAL

DOUBLE SUM NOSELF COUPLING

frac12sum_leftlangleijrightranglecdotfrac12sum_isum_partialicdot EQUIVALENT

ENSURES THAT EACH PAIR ONCE

NOTATIONS



FACTORS AND NOTATION

sum_ijrightarrowsum_ineqj

frac12sum_ineqjldotsfrac12sum_isum_partiali
TO AVOID SUMMING TWIC EACH PAIN

eg d1

sum_ineqjnnSiSjsum_iSiSi1ldotss1s2s2s3ldots
frac12sum_isum_j2sisjfrac12s1lefts0s2right

SINCE THERE'S NO

SELF INTERACTION

it

THE

S2leftS1S3rightS3leftS2S4right
TERMS WITH 52

beginmatrixS1S2endmatrix APPEARSTWICE INTHESUM

THAT'S WHY WE NEED THE nicefrac12



STANDARD INTRODUCTION of MF

deltasillmiSimideltaSi

FUCTNON FLUCT
will ASK mileftlangleSirightrangle

CANDIDATE ORDER PARAMETER

eg Two BODY interaction

SiSjleftmideltaSirightleftmjdeltaSjright
simeqmimjmideltaSjmjdeltaSi
2nd ORDER IN SS DROPPED

USING AGAIN deltaSiSimi

SiSjsimeqmimjleftmileftSjmjrightileftrightarrowjright
misjmjsimimj

USE GENERIC TWOBODY COUP Jicdot FIELDS hi



APPROXIMATION

frac12sum_leftlangleijrightrangleJijsisjsimeqfrac12sum_cijJjleftmisjmjsimimjright

CONST WRT3sitSPINS IN A FIELD

IN BOLTZMANN FACTOR expleftbetaleftleftlanglefrac12rightranglesum_ineqjJijsisjsum_ihisirightright

Zleft3betaJijbetalijrightefracbeta2sum_leftlangleirightrangleJijmimj
leftlanglejrightrangle

sum_3sipmgefracbeta2sumJijmisj2ebetasum_ilisi

JUST INDED SPINS UNDER LOCAL FIELDS

i

hiloesum_jpartialiJijmjli partiali NEIGHBOURSOFi

THE EXT FIELD

PINNING
SOURCE

GENERATED

BY THE OTHER ONES

IT IS AS IF THE HAMILTONIANBECAME AN EFFECTIVE ONE



Heffsum_ihiloesi AND THE 3Si DEP

ebetasum_ihilo g

BOLTZMANN WEIGHT

USING NOW
sum_Sipm1ebetahiloesi2hleftbetahiloeright

FOR EACH i

Zleft3betaJijbetalixirightebetasum_2isum_jpartialiJijmimjprod_i2dhbetaleftsum_jpartialiJijcdotmjhiright

Recall
NOTATION

Sigma SUM
OVER
NEIGHB
of SITE I
2cdot

THE FREE ENERGY DENSITY is

betaffrac1NlnZ
SO TAKING THE lu



1

betafleft3betaJijbetalixirightfrac1Nbetasum_zjsum_jJijmimjfrac1Nsum_ilnleft2dhbetaleftsum_jiJjcdotmjhirightright

f

THE SELF CONSISTENCY is

QUANTITY
thetaleft1right SINGLE

ONE

misi
WITHIN THIS SITE
APPROX

leftlanglesirightranglesum_leftsjpm1rightsiebetasum_jhjloesjsum_3sjpmjebetasum_jhjlxsj

in hjlʰ THERE'S THE EXT hj AS ONE TERM

Lambda Source



HSigmaihiSiIN GENERAL forall

Zsum_3sigebetaHbetaSigmaihisi
fracpartiallnzpartiallncdotfrac1zsum_3sigebetaHbetasumcdotlisinbetasi
betaleftlangleSirightrangle

betaffrac1NlnZ

fracpartialleftbetafNrightpartialhibetaleftlangleSirightrangle

fracpartialleftfNrightpartialhileftlangleSirightrangle
ONLY ASSUMPTION hi in 2nd TERM BUT NOT

IN FIRST H TERM



METHOD OF SOURCES

ADD TO H H J O

SOURCE J

OBSERVABLE

Zsum_corfebetaHrightarrow

ZleftJrightsum_corfebetaHbetaJtheta
frac1betapartialluZleftJrightfrac1Zsum_corfebetaHbetaJthetatheta

leftlanglethetarightrangle
CALCULATEDWITH J

betafluZRightarrowfracpartialfpartialJJ0leftlanglethetarightrangleMJ



THEhu is
HERETO GET

THENORM I

Tβ TO GET RIDOF

β.si

frac1betapartiallnz3betaJj Phil leftlangleSirightrangle
Zhi

ACTING AS
A Source

USINGNOW

betaffrac1NlnZ

fracpartialleftNfrightpartiallileftlangleSirightrangle
thetaleft1right

AVERAGE UNDER hi
if WANTED AT hi0

EVACUATE hi0
AFTER TAKING nicefracpartialpartialhi

WE THEREFORE HAVE

MileftlangleSirightranglefrac1betafracpartiallnzpartiallifracpartialCpartial Nfp1

NOW APPLY THIS TO THE MEAN FELD betaf
BACK TO THE EXPRESSION ABOVE FOR betaf 1

THE 1st TERM IS INDEP Of hi
THE 2nd TERM DOES DEP ON hi

WE fing



mifrac1betafracpartialpartiallisum_klnleft2dhbetaleftsum_partialkJhjmjhkrightright
frac1betasum_k2shbetaleftsum_jakJhjmjhkrightdeltahibeta2dbetaleftsum_jpartialkJnjmjhkright

mithbetaleftsum_jpartialiJijmjhiright

IN THE CONTEXT OF DISORDERED

SYSTEMS WHERE Jij DEPEND on
j
1

AND TAKEN FROM A PDF
NAIVE MF EDS TAP

A GENERALIZATION OF THE USUAL

FORM RECOVERED For JjJ mimFor
WHICH

hihmHhleftbetaJsum_partialimbetahright

2

sum_partialicdotz NEIGHBOURS OF SITE I DEP ON
LATTICE eg z4 2d 71



COMMENT CLARIFICATION

WE GET AN EQ FOR mi THE Sol of WHICH

DEPENDS ON hi

WHY HAVEN'T WE CONSIDERED
fracpartialmjpartialhi

AS WER

WHEN TAKING
fracpartialfpartialmi THIS IS THE EXP For f

betafleft3betaJijbetalixirightfrac1Nbetasum_zsum_partialiJijmimj
frac1Nsum_ilnleft2chbetaleftsum_partialiJicdotmjhirightright

fracpartialfpartialhifracpartialfpartialhi
EXPLICIT

sum_hfracpartialfpartialmkfracpartialmkpartialhi
BUT 0

WHAT WE
CALCULATED

ON THE EQ

ITSELF

Proof

Nfracpartialfpartialmkbetasum_ipartialkJkimibetasum_isum_ihbetaleftsum_partialiJijmjhiright

fracpartialpartialmkleftsum_partialiJijmjhiright



sum_jpartialiJijdeltajh
CUTS THE SUM OVER

j Ji To BE only k
CUTS SUM OVEN I TO

BE CONNECTED TO K

Nfracpartialfpartialmkbetasum_ipartialkJkimi
betasum_ipartialkJ ik Hhbetaleftsum_partialiJijmjhiright
O ON THE EQ ITSELF

NB IT'S betasum_ipartialn APPLIED TO WHAT WE GET FROM

fracpartialfpartialhi
EXPLICIT DERIVATIVE

SO ONE CAN TAKE

Nfracpartialfpartialhi
EXPLICIT

mi

TO YIELD THE EQ FIXING mi OTHER WAYS TO

Justify it too



SUMMARY
I AND II

PHENOMENOLOGY

Encodicity

CONCEPTS

overlinethetalefttrightleftlanglethetarightrangle

Nrightarrowinfty
ORDER PARAMETERS

PHASE DIAGRAMS

PHASE TRANSITIONS
CRITICAL UNET POINTS

SYMMETRY
SPONT SYMM BREAKING
EXPLICIT SYMM BREAKING



MEAN FIELD

SimideltaSi

DROP Sissy SPIN DECOUPLING

CALCULATE

zleftbetaJijbetahimiright

MileftlangleSirightrangle

Zleft3betaJijbetalixirightebetasum_2isum_jpartialiJijmimjlambdaprod_i2dhbetaleftsum_jpartialiJijcdotmjhiright

IMPOSE SELF CONSISTENCY

mileftlanglesirightrangle



NAIVE MEAN FIELD EQS

mithleftbetasum_jinpartialiJijmjbetahiright

if JijJhih

mthleftbetazmbetalright
WE HAVE ZleftbetaJbetahmright

betaflnZ

ffracJzm22hBTln2dhleftbetaJzmbetahright



FREE
ENERGY LANDSCAPE

ONE CAN DEF AN ORDER PARAM

AND CONTROL PARAM DEP FUNCTION

fleftmbetaJbetahright

FROM WHICH THE EQ 2 CORNER TO

fracpartialfleftmibetaJibetahrightpartialm0

fleftmrightfracJzm22 hot ln2chleftbetaJzmbetahright
IN THE follow

JijJ 2 hih
to simplify
Discussion

I WRITE ONLY THE
ORDER PARAM DEP IN f

LET'S CHECK IT



fracpartialfleftmrightpartialm0frac2Jzm2hBT2shleftbetaJmzbetahright

betaJzzdhleftbetaJzmbetahright
RightarrowmHhleftbetaJmzbetahright

AND it is OK

IT CAN BE GENERALIZED TO

fleft3mxibetaJijbetaliright
IMPORTANT MF

WE REPLACED THE TWO BODY INTER BY A ONE

SITE PROBLEM DECOUPLED FROM OTHERS SEEN

ON AVERAGE



MEAN FIELD EQ

Analysis



THE NUMERICAL FACTORS A CHECK

Always check limits

LET'S CHECK WHETHER WE GET mpm1

FOR Trightarrow0 AND h0 FROM THE EQ

0mHhleftbetaJzmbetahright2
For betaJrightarrowinfty Hhyrightarrow1

m0rightarrowm1 Ok

dhyrightarrow1For betaJrightarrowinfty
m0

Rightarrowm1 OK



DO WE GET mrightarrow0 FOR betarightarrow0 AND

say h

mHleftbetaJzmbetahright
H0 Mo ok

m is in left11right since this in left11right

Note THAT THE tricky factor

betaJZ
is HARD TO CHECK ONE NEMOTECHNIQUE RULE

JrightarrowJNzrightarrowN1

betaJzrightarrowbetaJRightarrow TcJ

Fully CONNECTED model with EACH Pair

COUNTED ONCE



MEAN FIELD EQUATION ANALYSIS

mJhleftbetazJmbetahright
h0lhsm

rhs
ANGE

1
beta

β small rhs

ranglem
Sgn REVERSED

GRAPHICAL
1

SOLUTION

CHANGE IN SOLS WHEN SCOPE AT

msimeq0 of lhs SCOPE Nhs

ONE SOLUTION m0 if ZJbeta1
THREE SOLUTIONS m0mm

THERMSE



zJbetac1
NB NUM

FACTORS DEP
ON LATTICE 1 Z
AND CONNECTIONPROPERTIES

HIGH T only m0 NO ORDER

how T symm mleftrightarrow m

WHICH ONE WINS leftmrightneq0 or mo

WHO is STABLE

ITERATIVE SOLUTION CONVERGENCE

mthleftbetaJzmright
ITERATIVE SOLUTION

SAY you START FROM m01

m1thleftbetaJzm0right1 if βJZ71

h0



m2HhleftbetaJZm1rightm1 ER UNTIL

FIXED POINT REACHED

ex STARTING FROM m0m0

thleftbetarightZMwedge
1 mspddotm

m1

mkr

11m1m0m

m1

Now From 0m0m

m

HhleftbetaJzmrightwedgeqm1thleftbetaJZm0right
m

m
ranglemm0 m1 m2



STARTING FROM A NEGATIVE VALUE m00 m0

THE CONTROL PARAM DEP OF THE ORDER

PARAM M

h0m
Lambda

leftTTcright12
m0

hBTf J
STARTS FROM m0

CONTINUOUS TRANSITION
V

IF WE INTERPRET CHANGE IN A SOL AS

THE PHASE TRANSITION
BUT IF WESUM OVER TWO BRANCHES

NEEDED AT low T 0 AGAIN

SEE PINNING FIELD BELOW

EXPERIMENTS WERE SHOWING MEASUREM
WITH SMALLER VALUES OF beta IN d3
SAMPLES

CASTING DOUBTS ABOUT MF THEORY
CORRECTNESS CLOSE TO IC



THE EXTERNAL PINNING FIELD

mHhbetaleftJzmhright
IS m0 A solution if hneq0 No

0thbetahneq0

Rightarrowleftmneq0rightforallkBTinftyhneq0
only for
hBTrightarrowinfty

h finite
mrightarrow0

Am

1

h0

hBT0hneq0
HOW STEEP

THE CURVE IS DEPENDS ON h1



Smile For

h rightarrow0m0lim_hrightarrow0mlefthrightm_TTClefth0right

wedgeM MIO
For h 0

TTclefth0right

rangleh

leftmlefth0Trightright
NB IT GETS CLOSER

TO ZERO for TrightarrowTc
Vm0

Ten h0

NOTE DISCONTINUITY OF M AT h0

HOW DOES M rightarrow0 WITH hrightarrow0
AT PRECISELY Tc LATER



MEANING OF THE EQUILIBRIUM STATE

WITH A POSITIVE PINNING FIELD

AT T0 THERE is A SINGLE coalf
W Si1 AND m1

WHICH IS THE GROUND STATE

FLUCTUATIONS ARE

SWITCHED ON mleq1
AT Tvarepsilon0

ALREADY N CONFS CONTRIBUTE TO

m12N

THE NON VANISHING T EQUAL STATES
ARE LARGE ENSEMBLES of

Microse confs

MACRO STATES VS MICROSTATES



HOW DOES TC DEPEND ON LANCE

hBTCzJ nearrow

if neguparrow ok

IF MODEL ON A SQUARE CATICE
oz4

00

0

Tc
uparrow

if zuparrow WHICH is

EXPECTED
ORDERED

FAVOURED BY
MORE INTER

BUT z2 in d1 kBTC2J
PROBLEM I

MF FAILS AT LOW d If



THE ORDER PARAM ho β EXPONENT

mHhbetaleftJzmhrightmsimeqbetaJzmfrac13leftbetaJzmright3 0

m2kBTC
m2simeqfrac3leftbetaJzright3left1betaJzright

1 frac1hBT

frac1kBTleftkBTchBTrightgeq0
betabetacrightarrow

THE NUMERICAL

Prefactor sqrt3 is

NOT OF INTEREST

leftmright1 ok

112

msimsqrt3betaCleftkBTCkBTright

CRITICAL EXPONENT betanicefrac12CONTROLS HOW
THE ORDER PARAM VANISHES

lumsimCTfrac12 In host host CTfrac12 he left1nicefracTTCright
y



THE MAGN SUSCEPT 8 EXPONENT

VARIATION OR THE ORDER PARAM
WRT CONJUGATE FIELD

mthbetaleftJzmhright
THE Solution is mlefthright

COMPUTE fracpartialmlefthrightpartialh AND TAKE

hrightarrow0

CALLING mlefthrightmh TAKING 2
partialh
ML

fracpartialmhpartialhbetaleftJzfracpartialmhpartialh1rightCh2betaleft3zmhhright

fracpartialmhpartialhleftch2betaleftJzmhhrightbetaJZright

DIMENSIONS leftmright9lefthrightlefthBTrightRightarrowleftXrightleftbetaright



Recall 4BTCJZ1betaC AT h0

AND WE FOCUS ON TrightarrowTclefth0right

THAT IS SLIGHTLY ABOVE or BELOW

mh0 I h0T Tc xt

DEN dh2obetaJZ1betaJZ

1fracJZhBThBThBTChBTC
NUM betafrac1hBTrightarrowfrac1hBTC

DIMENSION 0k
Factor
is 1

1xfracpartialmhpartialhh0hBThBTL

gammat1 Prefactor at1



CAREFULTHIS IS THE
EXPONENT

TTcXmhalphaleftTcTrightbeta

Xfracpartialmhpartialhh0simeqExP
AND mhsimeq0

chxsimfracexex2
1leftleft1xx22rightleft1xx22rightrightldots

1fracx22ldots

ch2xsimeqleft1fracx22ldotsright2simeq1x2ldots

fracpartialmhpartialh1beta2leftJzmhhright2betaJz

0

20



LET'S PROPOSE TpivarepsilonJzvarepsilon AND

msimsqrt3betacleftTcTright12sqrtfrac34BTCvarepsilon12

ho

REPLACE

fracpartialmhpartialhfracbetac1betac2leftTcsqrt3betacvarepsilon12right2fracTcTcvarepsilon

betac1frac3varepsilonTcleft1fracvarepsilonpiright



chifrac12varepsilon12leftTcTright

PREFACTOR anicefrac12gamma1

apmleftTTcrightxpm
r Ñ

WITH Prefactions ABOVE AND

BELOW Tc



DEPENDENCE ON FIELD S EXPONENT

h0
m0mneq0

1

TJTcJ

wedgeh
m0

m0ZTJ
m0

v

WHAT HAPPENS GOING ACROSS h0
IT FIXED TTclefth0right

Δ JUMP IN m0 TO m0

OR m0 TO m0

Discontinuous

v JUST AT TC Ch0TRANSITION

mthbetaleftJzmhright EXPAND M h SMAU



msimbetaleftJzmhrightfracbeta33leftJzmhright310Nhbeta32cleftJzmhright3 betabetac

Drop h
WRT Mif mn h1delta AND nicefrac181

1
3

hsimfracbetac23leftJzrightm3Rightarrowmsimhnicefrac13
delta3CONSISTENTLY

nicefrac181PREFACTOR 3betac13
leftmrightleftbetachright131 ok

HYSTERESIS

IN AN ACTUAL EXP SINCE THE

INITIAL STATE IS STU STABLE

AFTER GOING ACROSS THE TRANS

ABRUPT CHANGE CAN OCCUR LATER
m

h
LATER f



SUMMARY OF MEAN FIELD SO FAR

MEAN FIELD FOR UNIFORM AN

IN NOTES DONE FOR POSSIBLY
Local mi if Jij Not All THE

SAME ie HETEROGENEOUS

leftlangledeltaSirightrangle0

DROP SsiSS TERM IN BOITZMANN WEIGHT

o fleftmrightfracJzm22hmkBTln2 chbetaJz m h

mideltaSiSi

MF EQ FROM fracpartialfleftmrightpartialm0
SO FAR WE SAW fleftmright AS DETERM BY CONDITION



MF EQ mthleftbeta7zmbetahright
2 5 3 ORDER PARAMETER hBTClefthvrightJz

wedgem h0

mleftnicefracTTcrightleftTTcright12 ALGEBRAICALLY 0

betanicefrac120

1 nicefracTTc
Continuous PH TRANS

ALGEBRAIC
DIVERGENCE
gamma1Xfracpartialmhpartialhhrightarrow0alphaleftTTcright1

ON BOTHSIDESOF Tc
M

mleftnicefracTTCbetahright hneq010

TTLlefth0right
1

NO TRANS IN T
1

Discont TRANS AT h0TCTC

TTc delta3mn_hrightarrow0h13



PHASE DIAGRAM

Ah
cont
TRANS

nicefracTTClefth0rightDisc
Thank

1

FREE ENERGY Density as fet ORDER Param

TTC

fleftmrightwedge

TTL

m

h0
AND GETS

TILTED BY h
UNSTABLE



EFFECT OF Δ FIELD

Discontinuous trans

HYSTERESIS

fleftmright
UNSTABLE

h0

m

STABLE

METASTABLE THESYST CAN BE NEGATIV

MAGN UNDER h0 if

PREPARED AT m0

Am

TTclefth0right

rangleh



THE FULL FREE ENERGY LANDSCAPE

wedgefleftmrighth0

m
m mt

HERE fleftmright is a FUNCT of all POSSIB

M VALUES ie
minleft11right

BELOW TC leftmrightneq0 ARE BELOW m0

NON TRIAL EQ SOLUTIONS

fleftmrightfracJ2zm2hBTln2chbetaJ 2Mth



THE PINNING FIELD ROLE

EFFECT OF FIELD hm TILT

fleftmright TO MAKE MSO LOWER if h0
m0 LOWER if h0

hrightarrow0 SPONTANEOUS SYMM BREAKING

IT TILTS THE FREE ENERGY

fleftmright

wedge

Ex PLOT IT
WITH SOME GRAPHICAL

Tool

FAVOURED



THE lambdaphi4 POTENTIAL

fleftmrightfraczJ2m2 hbtlu2 chβ Jzm h
If WE ASSUME mgeq0 CLOSETO Tc ie TleqTc h0

TAYLOR EXPAND 2nd TERM

lnclnylnleft1fracy22fracy424rightnicefracy22nicefracy412

fleftmrightsimeqfraczJ2m2frachBT2leftbetaJzmright2frachBT12leftbetaJzmright4
h3Tln2fraczJ2m2left1betaJzrightfracbeta3J4z412m4hzTlnzDeltaTTc

1

fleftmrightsimeqfraczbetaJ2lefthBTkBTCrightm2fraclambdam44
h0

THE CURVATURE CLOSE TO M 0

CHANGES AT TC ADDITIVE

CONST hBThZ



WHAT HAPPENS IF WE KEEP h
ALSO CLOSE TO Tc of COURSE

QUADRATIC TERM

frachBT2 β Izmth 2
simeqfrachBT2beta2leftJzright2m2

1 DROP
1

frachBT22beta2Jzmh thetalefth2right

frachBT2m2mh
MAGN FELD CONTRIB



Do it AT HOME

THE SPECIFIC HEAT
DISCONTINUOUS AT Tc

CVfracpartialEpartialTfrac1kBT2partial2leftbetaFrightpartialbeta22kBfracpartialbetaFpartialThBT2fracpartial2leftbetaFrightpartialT2
EleftlangleHrightrangle

lnZbetaFbetaNffleftmrightsimhBTln2frac12lefthBThBTCrightm2

DROPPE sthetaleftm4right
TERMSWHAT IS f AS A FUNCT Of T

T Tc m0

betafleftmleftTrightrightln2
Rightarrowfracpartial2betafleftmleftTrightrightpartialtau20

TleqTcmsimleftTcTrightbeta



betafleftmleftTrightrightsimln2frac12betaleftTLTright12beta
12beta2Leftarrowexp betanicefrac12

fracpartialleftbetafrightpartialTfrac12fracleftTLTright2lefthBTright2frac12beta2leftTCTright0
TTCfracpartial2leftbetafrightpartialT2frac12left2rightfracleftTLTright2lefthBTright3frac12frac2leftTLTrightleft1rightlefthBTright2frac1lefthBTright2leftTCTrightfrac1hBTleft1right

ATTE Tc

Cvbetac2fracpartial2lnzpartialtau2betac2fracpartial2leftbetaNfrighttau2
DeltaTTCOTTCCoVSTTleqTC

betac



JUMPIN Cnu AT Tc
aCv

Rightarrow0

0 overrightarrowT
Tc



2 5.7 HINTS ON UNIVERSALITY

h DISCONTINUOUS

T
Tc

Very similarnsupseteq

5 CRIT POINTLia

GAS

T
DISCONT

LANCE GAS

nifracSi12
10

SPIN MODELMOREOVER

Si

1

Very PROBLEMS W SIMILAR

Physics
SAME EXPONENTS α β 8,8
MORE LATERUNIVERSALITY

WHAT DO WE MISS WITH THE MF APPROX



2.5.1 ABSENCE of CORR

CONNECTED correlations CijCONNequiv
leftlangleleftSileftSirightrightleftSjleftlangleSjrightranglerightrightrangleleftlangledeltaSideltaSjrightrangleUNDER

THE ASSUMPTIONSMADE

RECALL WE DROPPED THIS QUAD TERM

DO WE GET ZERO for THIS corn

SEVERAL WAYS TO DO IT BY DEF hi0
subset

CO

hc

NN

sum_3sigskslebetaHleftmisiright

sum_3sigebetaHleftmisirightsum_bsinyskebetaHleftmisirightsum_3SiGebetaHleftmiSiright

sum_3sj1slebetaHleftmjsjright
sum_bSjxiebetaHleftmjsjright

WITH HleftmisirightfracJ2sum_ineqjleftmimj2simjright



FIRST Notice THAT only THE TERMS IN

THE SUMS WHERE Sk AND Se APPEAR

REMAIN
All OTHERS CANCEL BTW NM DEN

FOR EX

beginmatrixsum_3SiJsnebetaHleft3simigrightsum_shsnebetahklorsnsum_bSigebetaHleft3siimisrightsum_shebetahhloiskendmatrix

in 2nd TERM AND only

sum_ShSesum_ShSeebetahhlorShbetahhlorse

Remains in 1st TERM

Recall hiloeJijmjhi



MOREOVER if K AND l ARE

FACTORIZE 1st SUM

TWO TERMS IN CORR ARE THE

SAME AND RESULT
VANISHES IDENTICALLY

Checosmr0

NO CORRELATION BEYOND
LATTICE DISTANCE

EVEN MORE CLEARLY SEEN IN THE FOLLOWING

WAY OF OBTAINING THE SAME DERIVATION



2 5 2

ANOTHER WAY TO OBTAIN THE SAME EDS

Pleft3sigrightprod_ipileftSiright
PileftSirightfracleft1miright2deltaSi1fracleft1miright2deltaSi1

NOTATION WE KEEP A POSSIBLE i DEP IN mi
IN CASE WE WANT TO CONSIDER Jij HETEROG

FOR USUAL ISING
NORM

JijJmim
CHECK sum_3sipm1gpileftsiright1

sum_3sipmy Si pileftsirightmi DEF ofleftmiright

FUTS FREE ENERGY

WHAT is u leftlangleHrightranglerho
hBlangle lu beginmatrixPIendmatrix

sgu P1 en fracP0 S0

WHAT is S

FIND Fleft3miGright
ASK IT TO BE A MINIMUM WRT 3MiG

FIND EPS ABOVE For 3MiG



leftlangleHrightranglepfrac12sum_ijJijleftlangleSiSjrightrangleIfrac12sum_ijJijleftlangleSirightranglepleftlangleSjrightranglep
frac12sum_leftlangleijrightrangleJijmimjleftlanglesum_iliSirightranglepsum_ilileftlangleSirightranglepsum_ilimi

if also
LOCALFIELDS

leftlanglelnPrightranglepleftlanglesum_ilnfrac1mi2deltasi1right
frac1mi2deltasi1ranglep

frac1mi2lnfrac1mi2frac1mi2lnfrac1mi2left0right

betaf3 mis fracbeta2Nsum_leftlangleijrightrangleJijmimjbetafracNsum_ilimi
frac1Nsum_ileftfrac1mi2lnfrac1mi2frac1mi2lnfrac1mi2right

Looks A Bit Diff BUT IT'S EQUIVALENT

Fed WE HAD ABor

EXERCISE

hiloehieffh

SHOW

pileftsirightfracebetahilreleftmirightsi2hbetahiloeleftmiright



PROOF

in THE PROPOSAL Pleft3sivarphirightprod_ipileftsiright

Pileftsi1rightfrac12 M i

WITH miHleftbetahilerright

PileftSi1rightfrac12left1thbetahiloeright
frac12chbetahiloeshbetahiloe
ch betahilo

frac14leftebetahilrebetahilrebetalmlorebetahikeright
ch phibe

ebetahile similarly for
Si1

frac12 Ch BGi
loc



ARE THE TWO EXPRESSIONS OF Fleftmright THE SAME

Do it For JjJhih For simplicity

frac12Jzm2hmk1Tleftfrac1m2lnfrac1m2frac1m2lnfrac1m2right

fracJz2m2hmhBT In 2h βJZmtbetah
CHECK fracpartialfleftmrightpartialm From 1st EXPRESSION

SET 4 0 TO MAKE EXPRESSIONS SHORTER

0JzmhBTleftfrac12lnfrac1m2frac12lnfrac1m2righthBTleftbeginmatrixfrac1m2fracnicefrac12frac1m2frac1m2fracleftnicefrac12right2endmatrixright

0



0JzmfrachBT2lnfracfrac1m2frac1m2

frac1m1m exp leftarrow2737

1mleft1mrightexpleft2betaJzmright

1e2betaJzmmlefte2betaJzm1right
m1e2betaJzm1e2betaJzm

mHh βJ 2M

CHECK NOW fracpartialfleftmrightpartialm From 2nd EXP



frac72
z m

2 hot In 2ch βJZm

betaJZ0
am to

a Émm

m them SAME EQ
OK

CAN ALSO TRANSFORM ONE fleftmright INTO

ANOTHER IT CAN BE DONE USING MFED

SIMPLER
CHECK THEY HAVE THE SAME M I 0 EXPANSTON



Summary of 1st THREE LECTURES

PHENOMENOLOGY

CONCEPTS

SPIN MODELS

MEAN FIELD IN TWO WAYS

1 SimdeltaSi

2 Pleft3siGrightprod_ipileftsiright
1 tan
Z

i

deltaSi1frac1mi2deltaSi
MileftlangleSirightrangle IN BOTH

EQUIV BTW THE two ebetahilor Mil

2chph ilogleftmiright



in THE TD

H3left3sigrightfracJ2Nsum_ineqjsisjhsum_isi

zsum_leftsirightldotssum_xeNbetaleftHeleftxrightkBTSleftxrightright

rightarrowintdxeNbetafleftxright
AND SADDLE POINT Nrightarrowinfty

CLEARLY SEEN DETAILS BELOW

GO BACK TO Calc Of CRIT EXPONENTS

now P 53 EXPLAIN β 8,8



2.5.5 THIRD WAY OF GETTING THE MEAN FIELD
EDS

IN NOTES GENERALIZED TO P SPIN
MODELS

in TD in DETAIL

IN ISNG SPIN MODEL

Zsum_3sipmyefracbeta2sum_ijJijsisjbetasum_ihisi
FULLY CONNECTED GRAPH

SUM OVER All PAIRS
ON COMPLETE GRAPH

JijJsum its

J I N OTHERWISE HthetaleftN2right

sum_ineqjsisjsum_ijsirsjsum_isi2
leftsum_isirightleftsum_jsjrightsum_i1
Nleftfrac1Nsum_isirightleftfrac1Nsum_jsjrightN



TRANSFORM SUM OVER leftspmiotaright IN SUM OVER

Xfrac1Nsum_isiinleft11right 1 deltaxfrac2Nll1
X11frac2N1frac4Nldots1

Zsum_xsrleft3sixifrac1Nsum_isixrightefracbetaN2x2
WHAT IS THE DEGENERATION I

Nt deltaDINSNleftbeginmatrixNNendmatrixright
fracNNN

JleftXrightfrac1x2lnfrac1x2frac1x2lnfrac1x2

ZrightarrowintdxebetaNfleftxright
fleftxrightfracx22hxhBTJleftxright

STRUNG

gammaeNJleftXright WITH

ENTROPY
of ISMG
SPINS



THE SADDLE POINT VALUES EQUAL THE AVERAGE

Zsimsum_alphaebetaNfleftXspalpharight
LABEWING
THE SADDLE POINTS IF SEVERAL

XspfracpartialfleftxrightpartialhXspleftlangleXrightrangle
USING h AS
A SOURCE WITHIN

PARTITIONSUM

JUSTFROMDEF fleftxright
THE LINEAR COUPLING

BTW h X

Proof BELOW

Xspx

if MORE THAN ONE SADDLE POINT

AVERAGE OVER THE CREST ERGODIC

COMPONENT OR STATE

CAN SELECT THEM W PINNING FIELD



HOW DOES THE SOURCE METHOD WORK

Zsum_alphaebetaNfleftXspalpharightRightarrowebetaNfleftXspright
JUSTONE SP
to simplify

fracpartialZpartialhbetaNpartialfleftxsprightebetaNfleftxspright

if fleftxsprightfleft0rightleftxsprighthxsp
THE FIELD

NOTDEP ON h DEP TERM

fracpartialfleftxsprightpartialhxsp
NB NO CHAIN RULE CONTRIB SINCE

fracpartialfleftxsprightpartialxspfracpartialxsppartialh0
110 By DEF of XSP

THEN frac1ZfracpartialZpartialhbetaNxspebetaNfleftxsprightrhoNxsp



THE LEFT HAND SIDE is fracpartiallnzpartialh
BUT ZintdxebetaNfleft0rightleftxrightNhx

BEFORE SADDLE POINT

Rightarrowfracpartiallnzpartialhfrac1ZintdxebetaNfleftxrightbetaNx
betaNx

Finally COMPARING

fracpartiallnZpartialhbetaNxspbetaNx
RightarrowXspx

IN THE TD YOU'll SEE YET ANOTHER way of
GETTING THE MF fleftmright EQ ON M



PROBLEM THE EXPONENTS MEASURED ARE NOT

THE MEAN FIELD ONES

SHOW msimleftTcTrightbeta
IN d3
SAMPLES

betasimeq03
CsimleftTcTrightalpha

ONSAGER VALUES IN d2

alpha0

alphasimeq011

betanicefrac18
VS betaMFnicefrac12 alphaMF0 foralld

so

SOLUTION LATER

NOT COMPLETELY WRONG
ORDER OK d23
PHASE DIAGRAM OK

EVERYTHING is OKdgeq4du



WHAT HAVE WE DONE

MEAN FIELD WITH NO SPATIAL STRUCT

FOUND PHASE TRANS

Disc

linh
CONT

INT

CRITICAL EXP
INDED of d
SIMPLE FRACTIONS



SUMMARY 3rd LECTURE

FINISHED ANALYSIS OF MF EDS
OBTAINED AU EXPONENTS

β 8,8

COMPARED TO EXP DATA AND

SAW THAT THE INTEGER

VALUES INDEP of d
WERE NOT MEASURED

SHOWED Ssi Ssj
itj



PLAN FOR 4th LECTURE

LANDAU'S PRESCRIPTIONS

HOMOGENEOUS S.P
DOMAIN Wall KINKS

corn of FUCT Sd 7 Sd g

CORR LENGTH xi leftTTcrightnu

GINZBURG CRITERIUM

Sdh vs leftphiright2

1st ORDER



WE NEED SOME SPACE DEPENDENCE

2.6 GINZBURG LANDAU THEORY

1 LANDAU TH Fleftphiright

2 CORR FCT cCONN leftrright

3 GINZBURG CRIT

ESTIMATE STRENGTH OF
FLUCTUATIONS

duleqdMF ok



2 6 LANDAU THEORY

WE HAD NO SPATIAL INFO SO FAR
LANDAU GO A BIT BEYOND
SIMILAR APPROACH TO WHAT DONE
FOR FULLY CONNECTED

COARSE Grain

phileftoverrightarrowxrightfrac1hoverrightarrowxsum_iinVoverrightarrowxsi
1 1

SUM OVER SPINS IN BOX
ell

noverrightarrowx SPINSMNBOX

leftlarightd
aclcL

phileftoverrightharpoonxright TAKES DISCRETE VALUES BUT IN THIS

Limit CONTINUOUS FCT Of SPACE

OVERLAPPING BOXES
NON OVERC BOXES deltaxadeltaxl



SAME AS WHAT WE
DID FOR FC MODEL

GROUP SPINS ACCORD

TO THE VALUES of

SOME AUX Var

SUM OVER THEM

GENERIC α INDEX

Zsum_3sigebetaHleft3sigrightsum_alphasum_3sinxialphaebetaHalphaleft3sixiright

APPLY TO α BEING

intDphisum_3sixiphiebetaHphileft3sinxiright
All conf ofSpins

YIELDING THE
SAME varnothing

ENTROPIC
CONTRIB

f

ZintDphiebetaFleftphiright
WRITTEN AS A

FIELD DEP FREE ENERGY
GINZBURG LANDAU

FREE ENERGY
NB it's MACROSCOPIC



fod
MEANS THAT ONE HAS TO SUM OVER All

POSSIBLE VALUES OF phi AT EACH POINT
in SPACE

intDphipiint_inftyinftydphileftoverrightharpoonxright

overrightarrowx LABELS THE BOXES

WE LIFT THE CONSTRAINT 1leqphileftoverrightharpoonxrightleq1

THE BEST WAY TO UNDERSTAND A FIELD IS TO

THINK ABOUT
overrightarrowx AS A LABEL

Fleftphiright is A Macrose FREE ENERGY
FUNCTIONAL

A FUNCTION of A FUNCTION
F phi

THE INTEGRAL is A FUNCTIONAL INTEGRAL

CURIE WEISSxfrac1Nsum_isi

phileftoverrightarrowxrightfrac1hoverrightarrowxsum_iinVoverrightarrowx Si

Recall

HERE SPACE DEP



GUESSES FOR Fleftphiright

1 Local FleftphirightintddxfleftphileftoverrightarrowxrightrightMACROSCOPIC

2 SPATIAL SYMMETRIES PRESERVED

TRANSL ROTAT OF LATTICE

CONT TH TOO

3 SPIN REVERSAL phi phi
symm

FleftphirightFleftphiright

4 Analytic functional

Fleftphiright TAYLOR EXPANDABLE IN

POWERS of leftphioverrightarrownablaphiright
5 Smooth variations in SPACE

KEEP ONLY overrightarrownablaphi2

Fleftphirightintddxleftfracc2leftoverrightarrownablaphiright2fracoverlinea2phi2fraclambda4phi4right



a controls Small Behaviour
overlinea0

TTcTTCoverlinea0

overlineaafracTTcTc
MEAN FIELD

off FULLY CONNECTED ISING MODEL
FOR Small ORDER PARAMETER leftxright

THE SAME leftoverrightarrownablaphiright2 TERM

DIMENSIONS

2leftCrightfracleftphi2rightL2leftoverlinearightleftphi2rightleftlambdarightleftphi4right
LleftXright I leftoverlinearightleftaright

leftCrightleftarightL2

leftcrightleftarightL2 leftphi2rightleftlambdarightleftaright

leftnicefraccarightnicefrac12L



NB THE ROLE PLAYED By N is now PLAYED BY
THE VOLUME of SPACE fdx Volume

SADDLE POINT

fracdeltaFleftphirightdeltaphileftoverrightarrowyright0
HOWDO YOU CALCULATE FUNCTIONAL DERIV

HOW MANY of you KNOW HOWTO DO IT

MATASUPPORT

FleftphirightintddxfleftphileftoverrightharpoonxrightrightfracdeltaFleftphirightdeltaphileftoverrightharpoonyrightintddxfracdeltafleftphileftoverrightharpoonxrightrightdeltaphileftoverrightharpoonyright

if fleftphileftoverrightharpoonxrightright
JUSTA fet
of phileftoverrightharpoonxright



intddxfleftphileftoverrightharpoonxrightrightfracdeltaphileftoverrightharpoonxrightdeltaphileftoverrightharpoonyright
fleftoverrightarrowxoverrightarrowyright

NB ITSETS overrightarrowx0overrightarrowy
AND TAKESA PRIME

NORMA DERN

fleftphileftoverrightarrowyrightright

WHAT HAPPENS WITH TERMS WITH overrightarrownablaphileftoverrightharpoonxright

eg Fgradleftphirightintddxfrac12leftoverrightarrownablaphileftoverlinexrightright2

intddxfrac12overrightarrownablaphileftoverlinexrightcdotoverrightarrownablaphileftoverrightarrowxright
fracdeltaFgrade1cy phiintddxleftbeginmatrixfrac12overrightarrownabladeltaphileftoverrightarrowxrightpartialphileftoverrightarrowyrightcdotoverrightarrownablaphileftoverrightarrowxrightendmatrixright

frac12overrightarrownablaphileftoverrightarrowxrightcdotoverrightarrownablafracfphileftoverlinexrightdeltaphileftoverrightarrowyright
TWICETHE SAME TERM



intddxoverrightarrownabladeltadleftoverrightarrowxoverrightarrowyrightcdotoverrightarrownablaphileftoverrightarrowxright
intddxdeltadleftoverrightharpoonxoverrightharpoonyrightnabla2phileftoverrightharpoonxright BORDER

TERMS

alphadeltaleftxoverrightarrowyright
0

nabla2phileftoverrightharpoonyright
AU TOGETHER

0fracdeltaFleftphirightdeltaphileftoverrightarrowyrightcnabla2phileftoverrightarrowyrightfraclambda3phi3leftoverrightarrowyrightaleftfracTTcTcrightphioverliney
phileftoverrightharpoonxrightphisp CONST

fraclambda3phisp3afracITcTcphi S p0 ONE KIND OF
SOLUTION

phisp0 or

phisppmsqrtfrac3lambdaTc
TTc

UNITS OK

UNTIL HERE REALY SAMAR SAME EXPONENTS



4th LECTURE PLAN

101

20

101

101

51
OTHER MODELS WITH MORE FIELDS

SHOW SLIDES ON EXP CONFS

101

DOMAIN WAUS

Cord of FUCT Conn

GINZBURG CRIT dU4

DIVERGENCE of x

1St ORDER DHASE TRANS

5

SCALING



DOMAN WAS

SPATIAL VARIATION INFO

Ex d1
wedgephi

Idsp

X
x DWleftPhispright

W

ADDING 720 TO THE SP EQ
WITH Aphi4 POTENTIAL

SOLUTION VARIATION ALONG DIRECT x

PhiDWleftXrightleftPhiSPrightHhfracXXW DW



cfracd2phidx2afracleftTTcrightTcphifraclambda3phi3
Check

lhscleftPhiSPrightfracddx1ch2leftbeginmatrixXXDWWendmatrixrightfrac1W
cleftphisprightleft2rightshWCh23fracXX1W

J

fracx

W

leftbeginmatrixxwwendmatrixrightfrac1w

rhs afracTTcTcleftOsprightthleftfracXXDwWright

fraclambda3leftPhispright32h3leftfracxxDwWright
REMAINS

frac2CW2frac1Ch2leftfracXXDWWright



fracaTpicpifraclambda3leftPhispright2h2leftfracxXDwWright
backslash

afracTcTTc
leftPhispright2frac3lambdaafracTcTTc

frac2CW2frac1dh2leftfracXXDWWright

afracTTCTCleftch2leftfracxxDWWrightsh2leftfracxxDWWrightrightafracTTCTCch2leftfracXXDWWright



THUS

frac2cW2afracTcTTc

W2frac2cafracTcTcT0

INTERPRETATION

leftPhispright2frac3aleftTcTrightlambdaTc
DECEASES For TrightarrowTc

INDEP OF
subset JUST

POTENTIAL

FORM GIVES

leftphi51right2

TCCTC

TleqTc

Lambda

lol sprightarrow0
TrightarrowTc



ASYMPT
VALUESa

MEANING of WIDTH

W INCREASES WITH ETC
a Tc T

WHEN ELASTICITY
IT'S BETTER TO

SPREAD THE FIELD VARIATION OVER

LONG DISTANCES NO SHARP WAUS

APPROACHING Tc leftPhisprightrightarrow0
SO EASY

TO GO FROM POSIT TO NEG

AND Wrightarrowinfty



FINITE LENGTH
WRT SYST
SIZE TllTc

a
spddot

TleqTc
x

FREE ENERGY Diff is HERE

XDW FREE Phisp THE Sol WITHOUT 2phi

exists if TTcWleftfraccTcaTcpiright12 WIDTH

UNITS leftfracleftCrightleftarightrightnicefrac12leftfracleftarightleftL2rightleftarightrightnicefrac12leftL2rightnicefrac12leftLright

Oh it's
Δ LENGTH

W DIVERGES AT TrightarrowTc

DEPENDS ON C ELAST CONST

DIVERGENCE of W phiDWrightarrow0
FUTER DW CONF IDW ZERO EVERYWHERE



my

WsimleftTcTrightnicefrac12

Wproptoxi

xi CORRELATION LENGTH

WÉU SEE IT LATER

From its Def From THE

corn TUNCTION

FleftPhiSPrightfrac3a22lambdaleftfracTcTTcright2Ld
DeltaFFleftPhiDWrightF dsp

simLd1leftfraccalambda4leftfracTLTTCright3rightnicefrac12



WHICH SOLUTION IS BETTER

ONE SHOULD COMPARE

FleftphiSPrightgeqFleftphiDWright

THE EVALUATION YIELDS

FphiSP CONST leftFright DW

CLEAR From THE Fact THAT

leftoverrightarrownablaphispright20 WHILE leftoverrightarrownablaphiDWright20
BUT BOTH ARE STABLE IN THE SENSE

THAT

phispphiDWPOSITIVE DEF

fracdelta2Fleftphirightdeltaphileftoverrightarrowxrightdeltaphileftoverrightarrowyright AT

RECALL THAT WHEN DISCUSSING THE PEIENS ARG

WE ALSO MENTION DOMAIN WAUS



DW GET THICKER MORE

FLUCT GETTING CLOSE TO TC

LESS ORDER

APPROACH to CRITICALITY

FDWFspint_inftyinftydxleftfracc2leftfracdphidxright2VleftphirightVleftphisprightright

FROM EQ

MOTION

phiVleftphiright MULT.BY phi
AND INT OVER x FROM
infty TO x

fraclambda2yleftphi2phiSP2right2fracc2leftfracdphidxright2

FDW F S pcint_inftyinftydxleftfracdphidxright2
fraccphisp2W2int_inftyinftydxsech4leftfracxWright

nicefrac430



2 6.2 CORRELATION FUNCTIONS

THE CONNECTED CORRELATION

cCON Nleftoverrightharpoonxoverrightharpoonyrightleftlangledeltaphileftoverrightharpoonxrightdeltaphileftoverrightarrowyrightrightrangle
deltaphileftoverrightharpoonxrightphileftoverrightharpoonxrightphileftoverrightharpoonxright

OF THE FLUCTUATIONS CAN BE CALCULATED

ADDING A SPACE DEP FIELD AS A SOURCE

ZhintDphiebetaFleftphirightbetaintddxhleftoverrightharpoonxrightphileftoverrightharpoonxright

MATASUPPORTRecall PROPS of CUMULANTS

fracdelta2lnZhdeltahleftoverrightarrowxrightdeltahleftoverrightarrowyrightbeta2deltaphileftoverrightarrowxrightdeltaphileftoverrightarrowyright
HOW DO WE ISOLATE THE h DEP IN Zh

WE DROP THE phi4leftoverrightarrowxright TERM IN Fh
ASSUMING WE WORK CLOSE TO Tc



WE FOURIER TRANSFORM THE FIELD
TO DECOUPLE THE GRADIENT TERM

phileftoverrightarrowtrightintddxeioverrightarrowkcdotoverrightarrowxphileftoverrightarrowxright
phileftoverrightharpoonxrightinmathbbRRightarrowphileftoverrightharpoonnrightinmathbbC BUT

NO

philefttrightphilefthslashright DOUBLING

of d o f

IN TERMS OF philefttright THE FREE ENERGY is

leftphileftkrightsimeq0right

Fhleftphirightintfracddkleft2pirightdleftfracck22leftphilefttrightright2fraca2fracleftTTcrightTcleftphilefttrightright2right
Lambda

intfracddkleft2pirightdhlefthslashrightphileftpiright



For THE MOMENT SHORT HAND NOTATION

widetildexi2equivacdotfracTTcT
vnicefrac12

WE IDENTIFY

AS A FACTOR OF THE QUADRATIC TERM

WE U SEE LATER THAT IT IS THE

CORRELATION LENGTH

WAS ASSUMED
EXPANSION AROUND phi0

Tc

FOR TCTC SHOULD EXPAND AROUND

phiSP 1neq0



Fhleftphirightintfracddkleft2pirightdfrac12leftch2xi2rightleftphilefthslashrightright2intfracddhleft2pirightdhlefthslashrightphileftoverrightarrowhright

NB EACH K ON ITS OWN DECOUPLED

NOW WE NEED TO EXTRACT THE hlefthslashright
DEPENDENCE FROM THE FUNCT INT
OVER phihslash

WE USE A Trick

TRANSLATE THE FIELD

varphilefttrightphileftkrightfrachlefthslashrightch2xi2A
CONSTTO FIX
NUM

mathbbR

CONVENIENTLY

AND REWRITE F IN TERMS of varphilefthslashright

FhleftphirightFleftvarphiright TERM IN h2
droh



THE
SQUARE

TERM

leftPhilefttrightright2leftvarphilefthslashrightfrachlefthslashrightck2xi2right2leftvarphilefthslashrightright2leftfracvarphilefthslashrighthlefthslashrightch2xi2ccrightwedgefraclefthlefthslashrightright2A2leftch2xi2right2

THE FIELD DEP TERM

hlefthslashrightphilefthslashrighthlefthslashrightleftvarphilefthslashrightfrachlefthslashrightAch2xi2right
hlefthslashrightvarphilefthslashrightfraclefthlefthslashrightright2Ach2xi2

PUTTING All TOGETHER IN THE EXPONENTIAL

leftch2delta2rightleftphilefthslashrightright2hlefthslashrightphilefthslashright

leftch2xi2rightleftvarphilefthslashrightright2leftfracvarphilefthslashrighthlefthslashrightccch2xi2rightA1
fraclefthlefthslashrightright2A2leftch252right2



hlefthslashrightvarphilefthslashrightfraclefthlefthslashrightright2Ach232leftch2xi2rightvarphilefthslashright2hlefthslashrightvarphilefthslashright

SAME EXP AS ORIGINAL ONE

BUT IN varphilefttright

leftvarphilefthslashrighthlefthslashrightvarphilefthslashrighthlefthslashrightrightA
backslashvarphilefthslashrighthlefthslashright
Rightarrowvarphilefthslashrighthlefthslashright UNDER

INT

varphilefthslashrighthalphalefthslashright
TWICETHE SAME

OVER

ddk

fraclefthlefthslashrightright2Ach2xi2
IT DOESN'T DEP ON varphilefthslashright

GOES OUTSIDE INTEGRAL

WE CAN CANCEL THETERMS IN THE BUBBLES
TAKING Anicefrac12
THOSE ARE THE ONES LINEAR IN hleftoverrightarrowkright
COUPLED TO varphileftoverrightarrowkright



THEN WE HAVE

Fhleftvarphirightfrac12intddkleftck2varphilefthslashright2widetildexi2varphilefthslashright2right
Fleftvarphiright

frac12intddkfraclefthlefthslashrightright2ch2hats2
AND THE VARIATIONS WRT hleftoverrightharpoonxright ONLYTOUCH
THE LAST TERM IN Fhleftphiright WHICH IS INDEP of varphi

zhintDvarphiebetaFleftvarphirightefracbeta2intfracddklefthlefthslashrightright2ch2xi2
B

WHATWE NEEDED

NOW FOURIER TRANSFORM BACK TO
overrightarrowx

SPACE

ZhBefracbeta2intddxintddyhleftoverrightharpoonxrightGleftoverlinexoverlineyrighthleftoverrightharpoonyright
Gleftoverrightharpoonxoverrightharpoonyrightintfracddhleft2pirightdeihslashleftoverrightarrowxoverrightarrowyright



Finally

lnZhlnBfracbeta2intddxintddyhleftoverrightharpoonxrightGleftoverrightharpoonxoverlineyrighthleftoverlineyright
fracdelta2lnzhdeltahleftoverrightharpoonxrightdeltahleftoverrightharpoonyrightbetaGleftoverrightharpoonxoverrightharpoonyrightbeta2SphileftoverrightharpoonxrightSphileftoverrightarrowyright

WE ALREADY KNEW IT

AND THEN

deltaphileftoverlinexrightSphileftoverrightarrowyrightkBTGleftoverlinexoverrightarrowyright

NOW WE HAVE TO GO BACK TO THE DEF of

Gleftoverrightharpoonxoverrightarrowyrightintfracddkleft2pirightdfraceikleftoverrightarrowxoverrightarrowyrightck2overlines2

AND TRY TO CALCULATE THE INTEGRAL
OVER R EXPLICITLY



HERE FOLOW THE CALC IN THE LECTURE

NOTES VERY DETAILED Also in TD

rleftoverrightarrowxoverrightarrowyrightGleftoverrightharpoonxoverrightharpoonyrightRightarrowGleftrright
WITH

Gleftrrightsim exp leftrxirightrggxi

lceilllxi Gleftrright α r2d

AND NOW FOR BOTH

GleftrrightsimrzdersGammallxi

rggxi
PUTTING TOGETHER
THE TWO LIMITS

AND



Discuss THE FORM OF Goverrightharpoonxoverrightharpoony

lnwedgeGleftoverlinexoverlineyrightGleftrright

r2d
er3

exponential cut offM
lnr

xisimleftTpicright12
FROM LEFT TO RIGHT T GETS CLOSER

nuxi

DEPENDS ON T TC

TO Tc

FOR TrightarrowTc JUST THE POWER LAW rzd

WE SEE THAT d2 PLAYS A SPECIAL
Role in THIS THEORY

THE POWER LAW is A CONST



THE CORRELATION LENGTH MEANING

DISTANCE OVER WHICH THE

FLUCT OF THE ORDER PARAMETER fof
ARE QUASI LONG RANGE CORRELATED

Say SLC L

nicefracL4

xinicefracL2

z
L

MEASURE OBSERVIN Ld leftnicefracL2rightdldots
SAME RESULT UNTIL

Lsimxi
THEN RESULTS SHOULD CHANGE

FROM N INDEP BOXES TO CORRELATED THINGS



WE SEE THERMAL FLUCTUATIONS IN SAN

CONF SNAPSHOTS

SEE SLIDES LECTURE NOTES

THE AVERAGED SIZE OF THESE

REVERSED DROPLETS GIVE AN IDEA of

ALTHOUGH IT'S NOT
EXACTLY EQUAL TO IT

CONSEQUENTLY

SYST WITH xirightarrowinfty HAVE DROPLETS

of All SIZES

NO SCALE

xirightarrowbegincasesxi0leftTTcrightTcxi0sqrtfraccaxi0leftTcTrightTcxi0sqrtfracc2aendcases

TRANSLATIONAL INVARIANCE

SCALE IN VARIANCE



SCALE INVARIANCE

NO CUT offPleftlrightsimltau

PROB OF A DOMAN OF LINEAR

SIZE l

lrightarrowbl SCALE TRANSF

Phileftblrightleftblrighttaubtaultau
INVARIANT UP TO A PREFACTOR

bTPleftblrightPleftlright

Look AT SNAPSHOTS AT TC

MORE LATER



2 6 3 THE RESULTS ABOVE

ARE OK AS LONG AS

this rhs
GINZBURG CRITERIUM

GAUSSIAN Fruct AROUND THE HOMO S P

Proof

ORleftlanglephirightrangle
Asp

SEE

NOTES

Exc

leftlangledeltaphicoh2rightranglesimleftlanglephirightrangle2phiSP2

deltaphicohequivfrac1Vcohintddxleftphileftoverrightharpoonxrightphispright
WITH CORNEL LENGTH

Vcohxidleftlangledeltaphicoh2rightranglefrac1Vcoh2intddxintddyleftlangleleftphileftoverrightarrowxrightphisprightleftphileftoverrightarrowyrightphisprightrightrangle

Definition of CGNNleftoverrightharpoonxoverrightharpoonyright
FOR A HOMOGENEOUS PROBLEM

TRANSL INV

I SOTROPY
EXPECTED



CconNleftoverrightharpoonxoverrightharpoonyrightCconmNleftleftoverrightharpoonxoverrightarrowyrightright
CALL rleftoverrightharpoonxoverrightharpoonyright IT'S WHAT WE FOUND

leftlangledeltaphicoh2rightranglefrac1Vcoh2VcohintddrCcoNNleftrright

frac1VcohOmegadintdrrd1CcorNleftrright
WE SHOWED IT ABOVE

CLOSE TO Tc
WITH eta0
WITHIN LANDAU

if Ccosmrleftrrightsimr2detaer5

leftlangledeltaphicoh2rightranglefracOmegadxidintdrrd1rzder5
fracOmegadxidintfracdrxifracrxier5xi2



Omegadxizdint_l5L5dyey

A
A NUMBER

leftlanglepartialphicos2rightranglexi2dA

CLOSE to THE critical POINT

leftlanglephirightranglephispsimeqleftTcTrightbeta LANDAU

if xisimleftTTcrightnuRightarrowleftTTcrightsimxigamma0
RightarrowphiSPsimxibeta0

WITHIN THE LANDAU APPROX

U12
betanicefrac12leftlanglephirightranglephispsimxi1



BACK to THE GINZBURG CRITERIUM

leftlangledeltaphicoh2rightranglesimleftlanglephirightrangle2xi2dleqxi2Rightarrowxi4dleq1

ABOVE dvarphi
0kdgeq4backslashu4

if dgeq4 THEN leftlangledeltaphilh2rightrangleleqleftlanglephirightrangle2 I

MEAN FIELD OK

FOR TrightarrowTcif d4 no

du UPPER CRITICAL DIMENSION

STILL AT DLY ONE CAN APPROACH TC BUT NOT GET

TOO CLOSE TO IT SO THAT xi4d1 if 5 REMAINS

FINITE AWAY FROM CRITICAL REGION

In leftTTcrightnuRightarrowleftTTcrightnuleft4dright1



2 6.4 FIRST ORDER PHASE TRANS WITHIN

LANDAU'S FIELD THEORY

FIELD DRIVEN

intddxhleftoverrightharpoonxrightphileftoverrightharpoonxright
TEMP DRIVEN

intddxphi3leftoverrightarrowxright
LIKE IN p3 FM MODEL

THIS TERMS CHANGE THE FORM OF Fleftphiright
AND Allow FOR METASTABLE STATES AND

JUMPS IN ORDER PARAM AT THE 1St ORDER
TRANSITION



APPLICATIONS

COND MATER

HIGH ENERGY HIGGS FIELD

Are FIELD

etc

EXTENSIONS TO VECTOR VARIABLES

VECTOR FIELDS

overrightarrowphileftoverrightharpoonxright
LATER 2dXY MODEL

thetaleftzright FIELD TH IN

d2



2.7.2 Corn FUNCT GLOBAL SUSCEPTIBILITY

BACK TO GENERICS o ORDER PAR CO

CorrCleftoverrightharpoonxoverrightharpoonyrightleftlangledeltathetaleftoverrightharpoonxrightdeltathetaleftoverrightharpoonyrightrightrangle feet
I will Not WRITE CONN ANYMORE

N tau2detafleftrsright
BEYOND

WHATWE'VE
DONE SO FAR

Cut off Funct

TRANSL INV

ISOTROPYeta ANOMALOUS EXP

xisimleftTTcrightnu CORR LENGTH

LINEAR
SUSCEP

Xleftoverrightharpoonxoverrightharpoonyrightequivfracdeltathetaleftoverrightharpoonxrighthdeltahleftoverrightharpoonyrighthrightarrow0HrightarrowHintddxhleftoverrightarrowxrightthetaleftoverrightarrowxright



RELATION BETWEEN x AND subset FDT

XleftoverrightharpoonxoverrightharpoonyrightequivfracdeltadeltahleftoverrightharpoonyrightintDphiebetaHbetaintddxhleftoverrightharpoonxrightphileftoverrightharpoonxright

phileftoverrightharpoonxrightintDphiebetaHbetaintddxhleftoverlinexrightphileftoverlinexright

HAVE TO TAKE VARIATION IN NUM DEN

AND THEN SET h 0

MM intDPhiebetaHbetaintddxhleftoverrightarrowxright x̅

DEN
phileftoverlinexrightphileftoverlineyright

DEN intthetaphiebetaHhphileftoverlinexrightintthetaphiebetaHhphileftoverlineyright
leftintDphiebetaHhright2

leftlanglephileftoverlinexrightphileftoverlineyrightrightrangleleftlanglephileftoverlinexrightrightrangleleftlanglephileftoverlineyrightrightrangle
WITH AVERAGES AT 4 0



Local

FDT
Recall IT'S CONN
cord Funct

XleftoverrightharpoonxoverrightharpoonyrightbetaCleftoverrightharpoonxoverlineyright
DIVERGENCE OF xi DIVERGENCE of x

INTEGRATED OVER FULL

VOLUMEProof

intddxintddyXleftoverrightharpoonxoverrightharpoonyrightX
GLOBAL OR

TOTAL suse

HOM ISOTINTEGRATING
OVER VOLUME
Twice XleftrrightVOmegadintdrrd1Xleftrright

FDT

VOmegadbetaintdrrd1CleftTrightONE
VOLUME
FACTOR ONE VOLUME INT

if Cleftrrightsimr2detafleftrsright

xVOmegadbetaintdrrd1rzdetafleftrsright

VOmegadbetaintdrr1etafleftrsright



VOmegadbetaxi2etaintfracdrsleftfracrsright1etafleftnicefracrsright
THISONE IS INTEGRATED TWICE OVER VOLUME

CONST A

x Vad Abetaxi2eta if etaz
DIVER

x DIVERPOWER LAW DECAY OF CORR FOR

TCS DIVERGENCE of x
WITH xi22

TWICE INTEGRATED

CHECK XsimVxi2eta
fracxLdsimxi2etasimleftTTcrightvleft2etarightONE VOLUME Ld

DIVERGENCE
CHANGEDWRT

XsimleftTTcrightgammaRELATION BETWEEN EXPONENTS

MORE TO COME



SHOWSLIDES
HEREEXPONENTS UNIVERSALITY

gammagamma1alphaalpha0 delta3betanicefrac12
Unicefrac12 eta0 MF

gammagamma1nicefrac74eta14

delta15alphaalpha0 beta18
d2ONSA60Omeganu1

gamma124beta0325 delta482alphaalpha1011

d3ADeltaProxeta0032U063

THE SAME VALUES IN MANY MANY SysT
Michose DOESN'T MATTER

APART FROM FEATURES WE Will SEE DO

MATTER DIM DM ORDER SYMM
PARAM

d n Symm



Summary TO BE SHOWN WITH SLIDES

LANDAU phileftoverrightarrowxright

Fleftphiright BASED ON ASSUMPTIONS

1st2nd
GINZBURG

Limits of VALIDITY d In EXACT

dleqdu Far from Tc ok

xisimleftTTcrightnu
c Con Nleftoverrightarrowrrightsimr2detafleftrsright

fleftrxiright CUT Off TD S

XintddxintddyXleftoverrightharpoonxoverrightarrowyright FDT

DIVERGES WITHbeginmatrixalphabetaxi2etaendmatrix
SET OF EXPONENTS



2 8 SCALING AND UNIVERSALITY

SHOW THAT THE SINGULAR Part of f
DEPENDS ON THE CONTROL PARAMETERS AS

fsinGlefttright2alphagfleftfrachlefttrightrighttfracTTcTc

THIS IS A HOMOGENEOUS FUNCTION OF THE PARAMETERS

leftthright

THIS Allows US TO

FIND RELATIONS BETWEEN EXPONENTS

α β P S O

1 NOT All INDEP



IN CURIE WEISS MODEL

fleftthrightmin_mleftfract2m2um4hmright
ALREADY EXPANDED
For msimeq0

I May BE CHANGING NUMERICAL
FACTORS

it is NOT IMPORTANT

IN PREVIOUS
NOTATIONtequivfracTTcTc ufraclambda4

USE THE EQ FORTHE ORDER PARAMETER fracdfdm0
NOTIMPONTANT

tm4um3hRightarrow0Rightarroweeleftuthright IMPORTANT

AND WRITE fleftmthrightfm SOL th

fleftthright For SING
PART



2

FOR t04um3tm0Rightarrow
h0

2mfract4uRightarrow

fleftthrightfract2fraclefttright4uufract216u2
PARAMETER DEPENDENCE
OF FREE ENERGY DENSITY

fleftthrightfract216u
FOR hneq0

t0

4um3hRightarrow0Rightarrowmleftfrach4uright13fleftthrightuleftfrach4uright43hleftfrach4uright13

fleftthrightfrac3443frach43u13
PUTTING THESE TOGETHER

IN CURIE WEISS



fSNGleftthrightlefttright2gfleftfrachlefttrightright
Cho1WITH gflefty0right CONST

gfleftyrightarrowinftyrighty43 lefttrightrightarrow0

FOR yrightarrowinfty THEN FSING GOES AS

2

lefttright2frach43lefttrightfracDelta43h43Rightarrow2frac4Delta30RightarrowDeltafrac32
IMPOSE IT

SINCE WE SAW IT ABOVE
For t0

is A GENERALIZED HOMOG

FUNCT of ITS Album

THE CONTROL PARAM

fsing



Recall HOMOGENEOUS FUNCTION

fleftlambdax1ldotslambdaxnrightlambdakfleftx1ldotsxnright
GENERALIZED HOMOG FCT

fleftlambday1x1lambday2x2ldotslambdaynxnright
lambdakfleftx1x2ldotsxnright

fSNGleftthrightlefttright2gfleftfrachlefttrightright CURIE
WEISS

Delta32
CHECK

fSING leftlambdayttlambdayhhright

lefttright2lambda2ytgfleftfraclambdayhhlambdaytDeltalefttrightDeltaright
NEED yhytDelta0 Delta32Rightarrow

yh32yt0



THEREFORE

fSING leftlambdayttlambdafrac32ythright

lambda2Jtlefttright2gfleftfrachlefttrightright
lambda2ytfsineleftthright

FACTOR



SUGGEST TO WRITE THE

SINGULAR PART OF THE FREE ENERGY

DENSITY

AS A FUNCTION OF THE CONTROL

PARAMETERS

IN CASES WITH alphaneq0 AND alphaalpha
ON BOTH SIDES OF CRIT POINT
AS

fSNGleftthrightlefttright2alphagfleftfrachlefttrightright
BEYOND CURIE WEISS



JUSTIFICATION OF POWER 2 α IN 1St Factor CVsimlefttrightalpha

RECALL

leftlangleHrightranglefracpartiallnZpartialbeta
CVfracpartialleftlangleHrightranglepartialTfracpartialpartialTleftfracpartiallnZpartialbetarightfracpartialpartialTfracpartialpartialbetaleftbetaFright

fracpartialpartialTleftFbetafracpartialFpartialbetaright
fracpartialFpartialTfracpartialbetapartialTfracpartialFpartialbetabetafracpartialpartialTfracpartialFpartialbeta

MOST SING PART

CvsimbetafracpartialpartialTfracpartialFpartialbeta
THE MOST SING PAR T

COMES FROM
fracpartial2partialT2

Cvsimfracpartial2Fpartialtau2simNfracpartial2fpartial Si

T
NG
2

CvsimlefttrightalphaLeftrightarrow fsmen lefttright2alphagleftfrachleftt1rightright
fracpartial2fpartialS

T
ING 2simlefttrightalpha Ok THISPARTDOEIN CONT

h o CONST

WE JUSTIFIED FSING BEYOND CURIE WEISS alphaneq0



yo

THE MAGN DENSITYCONSEQUENCES

mfracpartialfpartialhlefttright2alphagfleftfrachllefttrightDeltarightfrac1lefttrightDelta
lefttright2alphaDeltagmleftfrachlefttrightAright

WE KNOW msimlefttrightbeta FOR

frachlefttright1rightarrow0
2alphaDeltabetagmleftyrightsim1 yrightarrow0

WE Also know in h1delta FOR frachleftHDeltarightrightarrowinfty
yrightarrowinftyRightarrowgmleftyrightsimy1delta
FROM NO DEP
ON lefttright LEFTleft2alphaDeltaDeltadelta0right



PUTTING THE TWO TOGETHER

Deltabetadelta 1

2alphabetadeltabetaRightarrowbetafrac2alpha1delta
2

IN THE MF CASE

betanicefrac12alpha0delta3frac12frac24
SUSCEPTIBILITY

BOTH M AND L
ARE INTENSIVE
NOT SCALING WITH
Ldxfracpartial2fpartialh2hrightarrow0fracpartialmpartialhhrightarrow0

lefttright2alphaleftgmleftfrachlefttrightDeltarightfrac1lefttrightDeltafrac1lefttrightDeltarightlefttright2alpha2Deltagmnleft0right

hrightarrow0



SHOULD BE EQUAL TO lefttrightgamma

gammaalpha2Delta2

gammaalpha2betadelta2 3

Proof of WIDOM'S

FROM 2

betafrac2alpha1deltaRightarrowalpha2betaleft1deltaright
in 3 gamma2betabetadelta2betadelta2betaleftdelta1right

1

WIDOM'S delta1gammabeta
IDENTITY

14

IN CURIE WEISS delta3 r1 betanicefrac12Rightarrow31nicefrac1nicefrac12

Finally ANOTHER ONE WITH A NAME



REPLACE WDOM's delta in 3

gammaalpha2betaleft1gammabetaright2
gammaalpha2beta2gamma2
2alpha2betagamma

RUSHBROOKE'S

IDENTITY
alpha2betagamma2

IN MF CURIE WEISS alpha0betanicefrac12gamma1
Ot 112 ok 2



RUSHBROOKE'S

alpha2betadeltagamma2delta1gammabetaWIDOM'S

THESE ARE FOR THE MOMENT INDEP of d

FROM 6 EXPONENTS NOW WE ARE LEFT WITH 4

INDED ONES ONLY BECAUSE WE HAVE TWO RELATIONS

SPATIAL INFO IN c AND START USING xi

ASSUME SCALING OF CORRELATION LENGTH

xileftthrightsimlefttrightnugxileftfrachlefttrightDeltaright



gxileftyrightarrow0rightAA gxileftygg1rightsimynuDelta
xisimhvDelta

betafsinGleftthrightLdlnZ AD M

Union of

simLdleftfracLxirightdleftnicefracLxirightd INDEP

PIECES

simxidsimlefttrightdvleftgxileftfrachlefttrightrightrightd

REPLACING

5 BEHAVIOUR

THIS HASTO BE EQUAL
TO THE PREVIOUS FORM WE USED

fsing leftthrightsimlefttright2alphagfleftfrachlefttrightright



JOSEPHSON'S

IDENTITY2alphadv

A RELATION WITH d IN IT CANED

HYPERSCALING

STILL HAVE TO RELATE 2 TO THE OTHER EXPONENTS

WE KNOW FROM FDT AND DIVERG of GLOBAL x

Cleftrrightsimr2detaRightarrowfracxLdsimxi2etafracxLdsimlefttrightgammasimxi2etasimlefttrightvleftzetarightgammanuleftzetaright

WE SAW IT ALREADY
WHEN WE CALCULATED x

WE PROVED FOUR RELATIONS BETWEEN

EXPONENTS



IN CONCLUSION THERE Are only TWO

INDEPENDENT EXPONENTS

All OTHER ONES CAN BE WRITTEN IN

TERMS OF THEM

eg
upsilon AND 2

IT WAS BELIEVED THAT alphaalphagammagamma ON TWO

SIDES of TRANS BUT THIS is NOT NECESSARILY
TRUE APPLY ABOVE ON EACH SIDE



HOMOGENEOUS FUNCTIONS

ONE VARIABLE

TAKE A FUNCTION of ONE VARIABLE fleftxright
IT IS HOMOGENEOUS OF DEGREE p IF

UNDER SCALING OF x BY A FACTOR b

xrightarrowxb

THE FUNCTION GETS MULT By bp

fleftbxrightbpfleftxright
b is THE SCALING FACTOR

p is THE DEGREE OF HOMOGENEITY

NB I COULD call b bp1 AND DO

xrightarrowbp1xfleftbp1xrightbpffleftxright EQUIV



THEY ARE THE CONTROL
PARAM OFTHETRANSITION
eg H h in our

MANY VARIABLES xi

EXAMPLE

bPfgleftx1x2ldotsxnrightgleftbp1x1bp2x2ldotsbpnxnright

forallbinmathbbR

TAKE xnbpn nth ARGUMENT 1

bxn1pn THIS is A CHOICE of b
THE x S ARE THE INDED

VARIABLES

gleftX1X2ldotsXnrightxnnicefracpfpngleftbeginmatrixxnp1pnx1xnp2pnx2ldots1endmatrixright

ONE LESS INDEP VARIABLE

All APPEAR AS

Call

fracXiXuPiPn fracPiPnDeltaiRightarrow



THE ARGUMENTS of

n1 SCALING VARIABLES

g SCALING FUNCTION

fracXiXnDeltai

EXAMPLE CURIE WEBS g is fSING lefth1lefttrightright

X1h x2lefttright

fracX1XnDeltafrachlefttrightDelta
fsire lefttright2gleftfrachlefttrightright

THERE is
ONLY ONE
SINCE

ONLYONE
Ratio p1p2

fracP1P2Delta

Deltafrac32 i fracpfpn2
WE Will PROVE HOMOGENEITY OF f WITH RG BELOW

SAME EXPONENTSWONDERS of SCALING

SAME SCAUNG FUNCTIONS

WE SAW ABOVE THAT THE FREE ENERGY
DENSITY SUSC MAGN ETC ARE
HOMOGENEOUS FUNCT OF THE CONTROL
Param



Particular CASE

IF THE RESULT REMAINS UNCHANGED UNDER

SCAUNG
xrightarrowbx

fleftbxrightfleftxright
p0 IN THE ONE VARIABLE

CASE ABOVE

THE FREE ENERGY AND 80 ON DON't HAVE p0
BECAUSE THERE'S A FACTOR IN FRONT OF SCALING FCT

IN SOME PLACES SCALE inv is Assoc.TO NO

PRE FACTOR NOT IN CONT PHASE TRANSITIONS

WHAT HAPPENS WITH LENGTH DEPEND
OBSERV AT TC

ho

xileftTrightsimleftTTcrightnuRightarrowxileftbTrightsimleftbTbTcrightnubnuxileftbtaurightsimbnuxilefttauright TTcnu



HOMOGENEITY of Spathe cord NEAR Tc

SCALE INVARIANCE USUAL WAY OF REFERRING TO

Lrightarrowinfty JUST xi AS ONLY SCALING LENGTH

BUT AT CRIT POINT 0 NONE LEFT

WHAT HAPPENS WITH Cleftoverrightharpoonxoverrightharpoonyright

CleftoverrightarrowxoverrightarrowyrightCleftleftoverrightarrowxoverrightharpoonyrightrightCleftrright
Cleftrrightsimrgeqdeta

cleftbrrightsimb2detacleftrright

WE CAN ALSO WRITE IT AS

bpCleftoverrightarrowxoverrightarrowyrightCleftboverrightarrowxboverrightarrowyright

p2deta

BECAUSE IT'S A

POWER CAW



WE ZOOM in OUT STATISTICALLY WE SEE

THE SAME PICTURES

NOTONLY AT CRIT POINT of 2nd ORDER PHASE

TRANS BUT Also FRACTALS ER

FINITE SIZE SCALING

allxillL in Real life

SCALING fracxiafracLxi ONLY RELEVANT

TYPICAL SITUATION IN EXPERIMENTS

fracL5 FINITEfracxiarightarrowinfty

QUESTION WHAT HAPPENS WITH Eg
xlefttright A QUANTITY THAT

WOULD DIVERGE AT Tc
if Lrightarrowinfty

OBSERVATIONS FROM EXPS NUM SOUL



THIS ISTHE LOCAL ONE OR AN INTENSIVE ONE THAT SHOULD

DIVERGE AS T Tc 1 8 For L inftyxwedge
L2

ROUNDED FORM

L1
control

PARAM

MAXIMUM MOVES TO THE LEFT FOR increasing L

WIDTH OF CURVE DIMINISHES WITH L

HEIGTH OF MAX
uparrow

WITH L

All POWER LAWS

HYPOTHESIS

xsim36nux0leftfracL3right
x0

cstygg1ygammavX0leftyrightsim 1

yrightarrow00
overrightarrowy

xigammanu For Lggdelta i LrightarrowinftyENSURING

Lgamma0 Fed xigglfloor



USE xisimlefttrightnuIN TERMS OF lefttright AGAIN
TO REWRITE x ASA FCT OF lefttright AND L

ONE CAN GUESS IT

XleftlefttrightLrightrightarrowLgamma0XapproxleftLlefttright0rightLgamma0widetildexleftL1011right

WHERE WAS NOW THERE'S L INFRONT AND ARGUMENT

CHANGE IS QUITE OBVIOUS

HOW TO MAKE Δ CHECK OF THIS

PLOT Lgamma0chiL vs L1nulefttright For Diff L

DOTHE DATA POINTS FAU ON TOP of EACH OTHER

CAREFUL with NOTATION xfracpartialmpartialh CAN BE A WEAL QUANTITY
INTEGRATED OVER SPACEOr A Global ONE if

THERE'S An Ld DIFF BTW THE TWO

HOMEWORK ON FINITE SIZE SCALING



THE RENORMALIZATION GROUP REAL SPACES

LARGE CORRELATED SCALES 3
Microse DETAILS SHOULD NOT MATTER

COUECTIVE PHENOM
SCALE INV

UNIVERSALITY

via Block spins

Flow of COUPLING CSTS

THE Id ISING CHAIN kappaequivbetaJ 1 betah0

z2
389 eHKleft3Sigrightsum_3SIeHKleftleftSIrightright SAME FCT

FORM BUT
COUPLING
STRENGTH

BOTH SUMS ON ISING VARIABLES

i1ldotsNI1ldotsN KbetacT DIMENSIONAL

PARAMETER



HkHk SAME FUNCT FORM BUT

Diff COUPLING const

N ODD eg N7

N I EVEN eg N16RightarrowfracN123

Zsum_3sigeklefts1s2s2s3rightklefts3s4s4s5rightldots
THE EVEN SPINS APPEAR WITHIN THE

AND ONLY ONCE IN EACH

SUM OVER THEIR CONFS

Zsum_3SIS2chklefts1s3right2dhklefts3s4rightldots
REWRITE EACH FACTOR IN THE FORM of THE 1dIM
Canonical WEIGHT e.g

2dklefts1s3rightfleftkrighteks1s3



Two Possibilities OUT of
RightarrowS1S31s1s31 S1pm1

2ch2kfleftkright e xpk

2fleftkrightexpleftkright

S3pm1

TAKE THE RATIO BTW THE TWO EXPRESSIONS

ch2kexpleft2hright

kfrac12lnch2k
flefthright exp k2 exp frac12ln chak

flefthright2leftch2kright12

SO WE HAVE FOUND A REWRITING SUCH

THAT



DECIM

SPINSzleftkNrightleftfleftkrightrightfracN12
SPINS

NEW COUPLINGORIGINAL COUPLING STRENGTH

timessum_leftSIpm1rightek1sum_ISIS

Ita

SUM OVER LESSSPINS

ZleftkNrightleftfleftkrightrightfracN12ZleftkfracN12right
RELATION BETWEEN PARTITION

FUNCTIONS REMAINING
SPINS

AFTER ONE STEP of DECIMATION

YOU CAN CHECK IT WORKS For N EVEN ODD



HOW IS THE EVOLUTION OF THE COUPLING

CONSTANTS GOING

kfrac12lnch2k

IT CAN BE THOUGHT OF AS A RECURRENCE

kn1frac12lnch2kn

WITH N CABEWING THE STEP OF THE

DECIMATION

Lambdak NH
FUNCTIONAL

FORM OF

ITERATION

kn

h1k0k2k1k3k2
fracln22 Knbeginmatrixk2k1endmatrix k0



kx0Rightarrowkn10

knrightarrowinftyRightarrow

kn1rightarrowfrac12lnfrace2
2km

frac12left2knln2right
knfraclnz2

fracddknleftfrac12lnch2knrightfrac12thleft2knright2
0 1

hnrightarrow0 knrightarrowinfty

TWO FIXED POINTS k0 AITRACTIVE

krightarrowinfty REPULSIVE

Back to THE partition function Take lu

SHOULD BE α N
THAT IS zetathetaleft1right
IT's Prop of FREE ENERGY

h ZleftKNright3N



hr ZleftNkrightfracN12lnfleftkrightlnZleftkfracN12right
DECIMATED REMAINING
Spins SPINS

NDI Jleftkrightfrac12lnfleftkrightfrac12Jleftkright

WITH fleftaright WRITTEN ABOVE FROM HERE

zetalefthright OBTAINED FROM zetaleftkright AND k

Jleftkright2Jleftkrightlnfleftkright

ITERATE IN OPPOSITE DIRECTION START

From K
VERY small GET kk

CONTHIGHT

APPROACH T 0 LIKE THIS CONSTRUCT

zetaleftkright EXCELLENT AGREEMENT W EXACT

VALUES SEE TABLE

NOTE WE HAVEN'T SEEN THE EFFECT of a 2A IN

THIS CALC BUT IN Cleftoverrightarrowxoverrightarrowyright WE'LL DO



WE SAW SCALING AND

A VERY QUICK ANALYSIS
of THE 1dIM REPEAT IT

RECAP

SCALING RELATIONS

fSNGleftthrightlefttright2alphagfleftfrachlefttrightright

xileftthrightsimlefttrightnugxileftfrachlefttrightDeltaright

FROM HERE WE DERIVED

RELATIONS BETWEEN EXPONENTS

ONLY TWO INDEPENDENT EXPONENTS



FIRST ENCOUNTER WITH RG IDEAS

1dIM h0

DECIMATION INTEGRATE AWAY ONE

OUT OF TWO SPINS

KNH frac12lnch2kn
FLOW OF COUPLING CONSTANT W TWO

FIXED POINTS

k0
Trightarrow0

STABLE

krightarrowinfty
T0

UNSTABLE

Critical Point

Jleftkrightfrac12lnfleftkrightJleftkright

zetaleftkrightNlnZleftkrightfleftkright2leftchleft2krightrightnicefrac12WHERE

NOTE zetaleftkright KBT Fleftkright



THE SKETCH OF TRANSFORMATIONS

a
7

4i 3 727
i r

31 5 71
nr r

2a
DC

1
r

C
1

432k
nr

2a
D

432
4 k

a

SPINS DECIMATE frac1NZ SPINSto i1ldotsN

2 I1ldotsfracN1Z SPINS RELABEL REMAINING SPINS

SPACE RESCALING3 k I1

2
H 1ldotsfracN12SPinB

4 2arightarrowa

NOTE THAT IN THE LAST TRANSFORMATION

THE DISTANCES HAVE BEEN DIVIDED BY 2



I
3

1I
5

l
42 61 7

nm

DECIMATED

LABELS OF SPINS TO BEM M

CORRELATED

CmmleftlangleSmSnrightranglefrac1Zsum_3sipm5smsnebetaHCleftoverrightarrowxoverrightarrowyright

overrightarrowyanoverrightarrowX am



THE CORRELATION LENGTH

FROM Cleftoverrightarrowxoverrightarrowyrightsimeleftoverrightarrowxoverrightarrowyrightxileftkright
leftxileftkrightrightL LENGTH UNITS

DEPENDS ON ADIMENS PARAM K

Cleftoverrightharpoonxoverrightharpoonyrightfrac1Zleftwkrightsum_leftsipm1rightsmsnetksum_i1Nsisi1

say They are
ODD

WE USE THE RELATION BETWEEN PANTITION SUMS

BEFORE AFTER DECIMATION

WE DECIMATE THE EVEN LABENED SPINS

1

leftfleftkrightrightfracN12ZleftfracN12krightsum_leftSII1rightSmSnleftfleftkrightrightfracN12ek1sum_CODD1SISI2

eg I9 s 1s3I ODD1



WE RENAME kfracI1Z1ldotsfracN1Z

Ksum_k1fracN12SnSk11sum_ZleftfracN12krightleftbeginmatrixSnpm1k1ldotsfracN12endmatrixright

THE CORR FCT CAN BE COMPUTED IN BOTH WAYS

AND ONE SHOULD GET THE SAME RESULT

IT'S JUST TWO WAYS OF CALCULATING

IN THE SYST WITH leftKNaright

IN THE SYST WITH leftk1fracN122aright

CleftoverrightarrowxoverrightarrowyrightNkaCleftoverrightarrowxoverrightarrowyright fracNHZ k 1 2A

SHOULD HAVE THE SAME FUNCTIONAL FORM



CLOSE TO THE CRIT POINT EXP DECAY
WITH A CORRELATION LENGTH

leftxirightL LENGTH DIMENSION

ADIMENSIONAL

overlinexileftkrightaoverlinexileftkright2a

say it's zeta10cmoverlinexicdotleftkright1cmoverlinexileftkright2am
Rightarrowoverlinexileftkrightoverlinexileftkright2

overlinexileftkrightfracoverlinexileftkright2

HOW DOES ONE GET overlinexileftkright FOR Krightarrowinfty

NOTICE THAT

FOR LARGE kn

rightarrowfrac12lnlefte2kn2rightfrac12left2knln2right
kn1frac12 luck 2kn



kn1knfracln22 DECREASE PER ITERATION STEP

Kinfty Tc0
K0 c Tcrightarrowinfty

FIXED POINTS
RECALL KbetaJ

SAY ONE STARTS FROM k0kgg1
HOW MANY ITERATIONS N DOES IT TAKE TO GO TO

kfsimthetaleft1right CAU THAT LIMIT NUMBER overlinen

kfthetaleft1rightkfraclnz2cdotoverlinen
IN EACH STEP
OF DECREASES

BY THE SAME
AMOUNT

USING kgg1
overlinengg1 AND

Rightarrowoverlinensimfrac2kln2Rfthetaleft1right

THEN USING overlinexileftkn1rightfracoverlinexileftknright2fracn STEPS

AFTER

Rightarrowthetaleft1rightoverlinexileftkfrightfracoverlinexileftkright2overlinenoverlinezetaleftkrightsim2overlinen2frac2kln2sime2k



THE LAST IDENTITY IS A CONSED of

2eln2

2frac2kln2lefteln2rightfrac2kln2
eln2frac2kln2e2k

overlinexileftkrightsime2k

NOTE THAT THIS IMPLIES

3leftkrightsimae2k
THE LENGTH UNITS ARE RECOVERED WHAT'S

IMPORTANT IS THE EXP DIVERGENCE

For Trightarrow0

EXPON DIVERGENCE of xileftkright SPECIFIC OF d1



KADANOFF BLOCK SPINS RENORMALIZATION foralld

AS LANDAU BUILD BLOCK SPINS

SI1bxsum_iinBISi leftbright1

NORMALIZATION
BUT

bxSINCE SOME SPINS IN BI ARE REVERSED
SPINS
in BITHE SUM IS NOT EQUAL TO NI

With xd

sneq ISING VARIABLES

NEW LATICE CONST MAGNIFIED

aba NB b1 A NUMBER

baba

xioverline3cdotaoverlinezetaaoverline3baxi
CORN LENGTH IN ABSOLUTE

units eg.cm overline3overline3bRightarrowoverline3overline3b l

overlinexi REDUCED IT'S AS SYST FURTHER

away from Criticality
SAMEAS WHAT WE SAW IN d9



SCALE TRANSF TO GET BACK to original

alpha1ldotsdxalphafracxalphab
Brock SPINS ISING VARIABLES OCCUPYING

THE SITES OF A LATTICE W SAME LATTICE

SPACING A AFTER DISTANCE RE SCALING leftx1bright
BUT LESS SPINS NNbd

FOR THE Id ISING CHAIN WE CALCULATED

BY DECIMATION THE NEW HAMILTONIAN

NrightarrowfracN12 7 KrightarrowK I arightarrowaba2a

IN GENERAL WE DON'T KNOWHOW TO DO IT

PROPOSE

Hleft3SIxirightRbHleft3Sixiright

FOR A TRANSFORMATION WITH SCALE FACTOR b



PROPERTIES

COMPOSITION

APPLY TRANSF b APPLY TRANSF b

SHOULD BE EQUIV TO APPLYING

TRANSF b2 IT'S MULTIPLICATIVE

Rb2RbRbRightarrowRbnleftRbrightn
N TIMES

HYPOTHESIS

THIS TRANSF SHOULD HAVE A FIXED POINT AT

CRITICALITY

Hleft3SIxirightHleft3Sixiright
For xi r gg ba gga



WE CAN WITH A STAR THE FIXED POINT

IN SIMPLE CASES EXACT SAME FUNCTFORM AS ORIGINAL

IN OTHERS CHANGES ARE POSSIBLE

THE NEW PARAMETERS AT THE FIXED POINT TO BE

FOUND

RbHH H LARGE SCALE

PROPS

COUPLING CONST FLOW NB FORM of HAMLT

MAY CHANGE WRT

ORIGINAL ONE

Hleft3si5rightsum_AJASA
eg All POSSIBLE GROUPS OF SPINS

NOTE THAT IN A GENERIC PROBLEM ONE

COULD START WITH TWO BODY INTERACTIONS

AND GENERATE MANY BODY ONES AFTER

DECIMATION

betaJAKARightarrowleftKrightleftK1K2ldotsKkright
ENSEMBLE OF
PARAMETERSleftKrightRbleftKright ADIM

b FINITE SCALE of TRANSF



TRANSFORMATION OF COUPLING CONSTANTS RG

TAYLOR EXPAND
NONLINEAR

Kalphasum_betaRalphabetaleftbrightKbetaldots
LINEAR

WHERE WE'RE MEASURING Kalpha FROM CRIT POINT

EVENTUALLY SMALL

eg fracTTcTcbetah
in FM PM

MEANING KalphaKalphac

PROBLEM

THAT'S WHY THERE'S NO ZERO th ORDER

eg.FM PROBLEM

KAleftbrightKBleftbrightHhcdotocdott

HCleftbrightKDleftbrightHhot

IDEA DROP h.o.tt I KEEP Just linear

WORKING CLOSE TO CRIT POINT



For b1 No Transformation IDENTITY

Aleft1right1 Bleft1right0 Cleft1rightRightarrow0Dleft1right1

USE SYMM TO kill SOME TERMS

eg ISING leftSirightarrowSirightleftHrightarrowHrightleftKrightarrowKright
cleftbright0Bleftbright0

kAleftbrightk h o t ALREADY
DROPPED

HDleftbrightH

Finally APPLY TWO TRANSF IN A ROW BOTHWITH

SCALE b IT SHOULD BE THE SAME AS APPLYING ONE

WITH SCALE b2

AleftbrightAleftbrightAleftb2rightDleftbrightDleftbrightDleftb2rightAleftbrightbykyk0

DleftbrightbyHTHEREFORE

yH0



To Move Away From crit w transf eg
kbykk

1

TO MOVE AWAY FROM CRIT

W TRANSF PERFORMED

IN SUMMARY

kbykkHbyHH
Ex WITH TWO CONTROL

PARAM TERM UNEAL

in S TERM QUAD

in s

NOW IN FREE ENERGY

FleftKHrightFleftKHright AT CRITICALITY
NB This f is

NfleftkHrightNfleftkHrightfleftKHrightleftfracNNrightfleftKHright

THE FEE ENERGY
DENSITY ALSOCALLED

JABOVE



fleftkHrightbdfleftbykkbyHHright

HOMOGENEITY PROP PROVEN

CHOOSE NOW bk1yk

fleftkHrightkdykfleft1fracHkyHykright

fracdyk2alpha
DeltaequivfracJHJhfleftkHrightk2alphagfleftfracHleftkrightright

WE FOUND THE SCAUNG FORM

RELATION BETWEEN PHYSICAL EXPONENTS

AND THE POWERS IN PALAM TRANSF



Recall 1dIM
CALCULATION

ARGUMENT
THE ADIMENSIONAL ONE

beginmatrixoverlinexileftRbleftkrightrightoverlinexileftkrightendmatrix
ASSUMING overlinexisimleftkkcrightnu POWER LAW DIVERGENCE

frac1bleftbeginmatrixRbleftkrightRbleftkrightkkendmatrixrightnuleftbeginmatrixRbleftkrightkkkendmatrixrightnu
leftbeginmatrixdRbleftkrightdkkkendmatrixrightnu

FROM HERE

lnbnulnfracdRbdkkh
vlnb
h fracdRbdkkh



FOR THE POWER LAW Rb bykk

fracdRbleftkrightdkfracddkleftbykkrightbyk
lnfracdRbdkJklnb

vnicefrac1yk

NOTE THAT yk1v yufracd2alpha
dU2alpha WHICH IS THE JOSEPHSON

IDENTITY DERIVED ABOVE

WE ALSO HAD DeltaequivfracyHykfracdyk2alpha
WHICH IMPLIES

yHDeltafracd2alpha



THE TRANSF of

POWER CAW DIVERGENCE OF xi

AGAIN USING NOT k for Dist FROM CRIT POINT

REPLACING knoverlinexileftkurightoverlinexileftbnyukright
USING FLOW AWAY

From criticality
n TRANSFORMS

bnoverlinexileftkright

MULTIPLYING BY bn

bnoverlinexileftbnyukrightoverlinexileftkright

CHOOSING bnleftfracbkrightfrac1ykleftbk1rightfrac1yk
ONE HAS bnynkleftbk1rightynynkb
REPLACING ABOVE



leftbk1rightfrac1ykoverlinexileftbrightoverlinexileftkright
ISOLATING THE K DEPENDECE

overlinexilefturightsimk1yk

THE REST IS A NUMBER b1ykoverlinexileftbright

2 SHOWED POWER LAW DIVERGENCE

with

v1yk
n



WHAT HAPPENS IF THERE ARE MORE

THAN ONE CONTROL PARAM

Hbetaheg tfracTTcTc
For MAGN SYST

H

K
ranglet0

V

DEPENDING ON WHICH DM IS TAKEN

THE CRIT EXP MEAS COULD BE Diff

eg V From xilefttrightnu
WHILE nuH FROM xisimleftHrightvH

HOW CAN ONE SEE THIS



From scaling term of xi

In lefttrightnugxileftfracH1betaSright
G gxileftyrightarrow0right ct H0

12 gxileftyrightarrowinftyrightleftfracHlefttrightbetadeltarightfracnubetadelta t0

THEN 1 xisimlefttrightv AT H0

WHILE 2 xisimHnu 481 AT t 0

Depending on Direction in Param

SPACE WE GET EXP

ALSO IF WE CHANGE THE WAY IN

WHICH PARAM IS CHANGED



ANNEALING OF TEMP

TlefttaurightTcccdotlefttauftaurighta
Tcctaufawedge taucdot TIME

TENDS TO

circtautauftauftau0circTc

SAY lambdatauftauDelta
PARAM

I WE MEASURE AS A FUNCTION OF lambda

WHICH CONTROLS DIST FROM CRIT

POINT

In lambdanulambda

V DIFFERENT VALUE



SAY ONE TAKES A PATH

k2ccdotk1betadeltap
wedgeK2

p 1

eg betadeltap2
betadeltapnicefrac12

c

k1

xileftk1k2rightsimk1nug5leftfrack2k1beta8rightsimK1nug5leftcK1betadeltaleftp1rightright

swarrow

p1 THE ARGUMENT yrightarrow0For K1rightarrow0

ggleftyrightarrow0right ct Rightarrowxisimk1nu



PC 1 THE ARGUMENT Y
00

FOR R1rightarrowinfty

WE HAVE TO USE

gxileftyrightsimyfracnubetadelta
THEN

xisimk1vk1fracbetadeltaleftp1rightbetadeltanu
simk1pu

simK2fracnubetadelta

Rightarrow3simk2fracnubetadelta

K1simK2frac1betadeltap

So for p1 K DOMINATES

p1 Kz DOMINATES



fnicefrac115ZAIM betanicefrac18

betaSfrac1815simfrac1100sim001
VerySmall

k2k1betadeltapk2d

ZAIM

THROUGH k2
p051

1

pas
THROUGH k1

k1
1

0 1



CAREFUL

WHEN WE DISCUSSED WIDOM

JOSEPHSON ETC RELATIONS

BETWEEN EXP

WERE DERIVED FOR USUAL WAY
OF MEASURING DIST FROM

CRIT POINT

betaHTIc
le



GENERAL ANY NUMBER of con PUNGS

TRANSF PARAM
ABSOLUTE VALUE HERE

leftkrightRbleftkright

overlinexileftkrightfracoverlinexileftkrightb TRANSF CORR LENGTH

FIXED POINT FROM CORR LENG pit

xirightarrow0 xirightarrowinftyOR

INTERESTINGTRIVIAL

UNSTABLE UNDER
FLOW

STABLE

ATTRACTIVE REPULSIVE

CLOSE TO THE FIXED POINT

leftkrightRbleftkrightRightarrowalpha1ldots A PARAM



KalphaleftbrightKalphasum_betaRalphabetaleftbrightleftKbetaKbetaright
LINEAR FORM CLOSE TO leftkright

DROPPING
h o t

deltaKalphaleftrightRalphabetaleftbrightdeltaKbetaRalphabetaleftbrightfracpartialKalphaleftbrightpartialKbeta

Dist From
CRIT DONT

leftKright AT

FIXED
POINT

MATRICIAL FORM

deltakmathbbRSK PARAM x PARAM

MATRIX

DIAGONALIZE WITH UUT UTU 1

cupdeltaK UR U USK

D



SKAPPA is SK

ROTATED BY U
deltaKleftbrightDleftbrightdeltaK

DIAGONAL MATRIX WITH
EIGENVANES leftlambdaalpharight IN DIAGONAL

FROM TRANSF Composition RULE
MULIPLICATVE

lambdaalphaleftbrightbyalphaRightarrowyalphafracdlnlambdaalphadb
DERIVATIVE Justified since b cont

CLOSE TO 1 ASSUMED

THE TRANSF OF PARAM YIELDS lambdaalphaleftbright
yalpha

DIVERGENCE of
OBSEN eg

overlinexileftkrightsimk1yk
FOLLOWING THE DIRECTIONOF K



CLASSIFICATION OF PARAMETERS

yalpha0 RELEVANT INCREASES

yalpha0 IRRELEVANT VANISHES

yalpha0 Marginal h.at

IN VIEW OF WHAT WAS DISCUSSED FOR

THE TWO PARAM CASE THE EXP TO

MEASURE AFTER THESE TRANSF HAVE

TO BE STUDIED Carefully

WHICH PARAM CONTROLS

BETTER CHOOSE THEM FIRST AND THEN

APPROACH CRIT POINT FOLLOWING ITS

DIRECTION



COMMENTS

RG TRANSF MOVES within a

PHASE DOESN'T GO ACROSS PHASE TRANS

Repulsive Fixed Points CRIT

POINTS DECREASES UNDER RG

o IN DISORDERED PHASE RG TOTrightarrowinfty

IN ORDERED PHASE RG TO Trightarrow0

THE EXAMPLE WE SOLVED 1dIM Tc0
SO THE FLOW WENT TO Trightarrowinfty

For 2dIM 0Tcinfty so flow away
FROM IT IN THE TWO PHASES


