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Lecture 01: Introduction and Van der Waal’s Equation of State

What we will discuss here in mainly the equilibrium physics of phase transitions which is both interesting
and intriguing. Phase transitions are generally the result of the collective behaviour of interacting
particles which produce some change in the thermodynamics of the system. For interaction between
particles, we require a pair potential, which describes the behaviour of the interaction. One of such
potentials is the celebrated Lennard-Jones potential (LJP) which goes as:

== [(@)- ()

where 7 = |r; — r;| is the interparticle distance. This is used as a model for intermolecular interactions
in many systems. Another “lesser” realistic (but simpler to handle) model can be described by the

potential,
00 r <71
U= {—50(7;9)6 P>
The above potential tells that the minimum possible separation between molecules is 7, since u(r) blows

up below r = r,. Hence the particles act as hard spheres (spheres which cannot penetrate each other) of
radius 3. For r > 7o, u(r) ~ r~% which implies dipolar interactions.

(a) LIP (b) London

Figure 1: Interaction potentials. (a) Lennard-Jones potential. The vertical line denotes the r at which
minima occurs (b) London dispersion potential.

Note that these interactions are mostly power-law interactions, u(r) ~ r~%. Let d be the dimension of the
space in which we are working. Then, it can be shown or motivated that if s < d, then the interaction is
long-ranged which is not ideal for us. Extensivity can break down and some other issues (like negative
specific heat) may occur in this case. One such example is that of gravitational systems where u(r) ~ %
If s > d then the interaction is short-ranged. Since u(r) blows up when r = 0, in general, it is advisable
to impose a hard core repulsion (like in the London force) which ensures that everything stays okay,

since interactions act only after r > ry !

1.1. Van der Waal’s gas

Let us see an example of this using the Van der Waal’s equation which is a correction to the ideal gas
equation PV = NkgT and successfully explains the condensation process of gases.

We will work in canonical ensemble here. The canonical partition function is written as,

1 d3pi d3(]i —BH
2V = g [T «
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where H is the Hamiltonian of the system. The N! factor has been put to include the indistinguisha-
bility of the particles and h3 factor has been put to make the phase space volume dimensionless. The
Hamiltonian consists, as usual, of a kinetic and a pair potential part.

pr 1

— ? . .

= Z o T §ZU(|qz —qj)
@ i#]

The momentum integral can be carried out nicely since this is essentially a Gaussian integral. Using
independence of the kinetic terms we get,

3 N n 3N/2
Z, = { &p e_ﬁpz/Qm} = 47T/192e_51”2/2m dp| = [M} /
’ h3 h3 12

0

Defining the thermal wavelength Ay = /,/2rmkgT, we have

3 i
z = N[)\?)N/Hd qi e PUHa})

where U({q;}) denotes the interaction term in the Hamiltonian. Tackling this part is extremely hard,
since the interactions are between pair of particles, hence independence cannot be assumed.

1.2. Uniform Density Approximation

One of the most popular ways to deal with interactions is through perturbation, however, perturbations
are generally taken to be continuous and hence, non-analyticity (an important aspect of phase transi-
tions) cannot be effectively captured. We will use the method of mean-field approximation, which treats
the interactions as an “effective potential” which can be found out self-consistently. To simplify our
calculations, let us define the number density of the gas, in terms of the delta function,

Z 56 q (lz (1)

Then the interaction term becomes,

2U =3 > u(lg; -

1 jF
= ZZ/d3q1 0 (a1 — i) - ul|ar — q1)
1§l
= ZZ/d3QI 8@ (a1 — i) /dqz 8 (a2 — q;) - u(lar — ql)
i jFi
/d3q1dq2 SN 6O (ar —ar) - 6P (a2 — aqy) - u(lar — q2f)

1§l
= /d3(hdq2 n(qu)n(q2)u(|qr — qz|)

We will use a heavily unmotivated approximation where we will treat the density to be uniform, inde-
pendent of the spatial coordinate, that is, n(r) = n Then,

n? 313
U= 7/d @1d°q2 u(|qr — qz|)

Let us define the variables R = (r1 +r2) and r = r; —ry from which we have ry = R+3andry; = R-3.
The Jacobian of this transformatlon can be written as,
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Using the new variables, the integral becomes,

3p 93 2V 3 3
d°R d°r u(r d’r u(r 2V d°r u(r)

where we have used n = N/v and r, is the hard-core cutoff. Now, assume a power-law interaction for
S . .
r > 1, u(r) = —50(%0) using which we get,

g 8N, 7’ 2 L _AmeNPrs 5
= - T mridr — = ——F0——r
rs 2V (3 —s)

o0

70

As we can see, U is finite only when 3 — s <0 = s > 3 where 3 was our spatial dimension. Assuming
s > 3, we have 7% — 0 and we have
degN2rs deaN2r3 aN? 2meyrs
U:#S’S:— 0 = - where, a = — 2"

W(3—_s) 2V (s 3) % ’ s—3

We get an ‘effective’ interaction potential using the uniform density approximation. From here, the
partion function now becomes,
e,@aN2 /v H
Z2=——— / dg;
N3N ’

Now, the integral is simply not equal to V| since we have assumed a hard-sphere gas and each particle
has some finite volume. Assume that each particle occupies a small volume w, which cannot be occupied
by the other particles. If one particle occupies volume say V', then the second particle can occupy V —w,
the third occupies V' — 2w and so on. Then the integral will be just,

N 1

J Tas =TT =) =TIV = )V = (8 = )
B )
SV - VA2 o))

N
Nw:|N/2 < Nw 1/2
~VN[1- == = 1—)
v { v 14

where we have made the product over ~ N/2 pairs. Now, assume Nw < V from which we can use the
approximation (1 + z)" ~ 1 + nz to get,

V-5 =P - -

We see that the available volume is reduced by a factor of Nw/2. This was the final step and we can
now write the partition function,

oBaN? [V NwlV
ZINVT) = N3N [ - 7} 2)
The free energy can be obtained from the partition function using F = —kgT In Z,
N2 Nw
Mﬂa— — NkgT In [V — 2} + ¢(N,T)
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and from here, we can find the pressure P = —(25)
alN? NkyT ( aN2>
P=- — |[(P+ %) (Vv — Nb) = Nk T 3
V2 +>U/__¥f) + V2 ( ) B ()

This is the Van der Waal’s equation, where we have defined b = «/2. This can be written in an alternate
form using the number of moles, n = N/n, where N, is the Avogadro’s number:
a'n? a’
(P+W)(V—nb’) =nRT — (P+ 7)(Um—b’) = RT
’Um

where a’ = N2a and b’ = bN, and v,, is the molar volume.

Lecture 02: Stability of Thermodynamic Systems

We will discuss about the conditions under which the system in consideration is stable. This will in turn
help us to understand phase transitions which are consequences of instability!

S(U,V,N) S(U,V,N)
AU

S(U + AU, V,N) S(U — AU, V,N)

Consider two identical subsystems, with entropies S(U,V, N), separated by an adiabatic wall. Suppose
we remove an amount of energy AU from the first subsystem and transfer it to the second, the total
energy changes from 2S(U,V,N) to S(U + AU) + S(U — AU, V, N). Suppose that the entropy of the
system looked something like in the diagram below.

S

S(U + AU) 6

L(S(U + AU) + S(U — AU))
5(U) 9
[ o

S(U — AU)

Then, the resultant entropy after this transfer would be greater than the initial entropy. This would
lead to inhomogenities in the system. Within one subsystem, there would be an uneven re-distribution
of energy within different regions. This loss of homogenity indicates a phase separation!

Thus the stability condition is the concavity of entropy, that is,
S(U—-AU,V,N)+ SWU+ AU,V,N) <25(U) (4)
Taylor expansion of the left hand side leads to the condition (under the limit AU — 0)

825>
(52 I )
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This implies that the curvature of the entropy should be downwards! It might happen that we obtain
a ‘locally convex’ entropy curve from some calculation or from experimental data, which does not obey
concavity.

This conver intruder cannot describe the equilibrium state and we have to obtain the stable thermody-
namic fundamental equation from this curve. To do that, we construct all the superior tangents, that is,
tangents which are above this curve. Now, within the family of tangents, there will be one line which
will touch the curve at two places.

In the diagram, tangent at any point after A (but before E) will cross the curve. Now, the tangent at A
will touch the curve at E. If it had not touched, it would have either intersected the curve or gone above
E (If it has intersected the curve, then the tangent at A should not have been considered at all since
we are considering only superior tangents. If it had gone over E, this means that there must be some
points after A, where this touching will occur. In any case, what we want to say is that, there will be a
‘common tangent’ at points A and E).

Now, take the envelope of this family of tangents and this will be the fundamental thermodynamic equa-
tion that describes the equilibirum states.

Any point on the straight line denotes a phase-separated state, where part of the system is in state A
and another part is in E. This happens because of the convex curve of entropy, which creates an inho-
mogenity.

Note that in the region AB and DE, entropy is still concave, hence these are called metastable or locally

stable states. These states satisfy Eq.(5) but does not satisfy Eq.(4) while the region BCD satisfy neither
condition.

NOTE:
A generic condition for stability is given by dP§V < 0 where P and 6V represent a small deviation
from the equilibrium value. We can write,

1 0%P
20V?2

oP

>
0>oV Y

oV +
T

(V)2 +
T

(V)3 +...
T

60V ©)

The first term has (6V)? which is always positive. Hence to make this term negative, we need

OP
—_— <
ovir —

Suppose that g—{; . 0. Then the second term has (§V)3 and irrespective of what sign 3271; . has, 6V
can always be chosen to make the overall term positive. Hence the only option we have is that
0*P ‘
ov?2

T_
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Similar to the first term, we have the third term as,
o3P
— <0
ov3ir —

These define the stability conditions for our thermodynamic system.

2.1. Stability Relations for Potentials

We will now discuss what are the consequence of stability on the thermodynamic potentials, F' and G. We
will use the fact that for a mechanically stable system, the specific heat and the isothermal compressibility
must be positive for all temperatures. It can be motivated since compressibility and specific heat are
related to number and energy fluctuations, oy and og respectively, both of which are positive.

(BF

From appendix A, we see that S = — .fTT)V y from which we get:

a2F> (85) 1
- =—| = =——C, <
<8T2 VN T/ v 7 =0

Similarly, we can use S = —(g—g) p from which we get:

62G> <as> 1
—_— = — —_— = — — <
<8T2 PN T/ pn Tcp—0

From this, we infer that G(T, P, N) and F(T,V, N) are concave functions of temperature. Apart from

temperature, since F' depends on V and G depends on P, let us check for pressure and volume too. We
_ (090G _ OF

note that V = (W)T,N and P = _(W)T,N

0’G > (8V)
— === =-VK: <0
<8P2 rn  \OP/)ry T
< 0*F ) ( oP > 1
6V2 TN 8V PN V’CT -
where we have appropriately used the definitions of isothermal compressibility and heat capacity. Using

this, we find that G is a concave function of pressure and F' is a convex function of volume. From the
above expressions in Eq 7, we can also write

(7)

59),,~{5),.)

2.2. Stability Analysis of Van der waal’s solutions

Recall the Van der Waal’s equation from Eq (3),

aN?

(P+ %05 )V — Nb) = NkoT

At high temperature, the P vs. V curves at constant temperature (isotherm) follows the usual ideal-gas
curve. However, there exists a critical temperature 7, (which can be found out from the equation), such
that, for T' < T, there always exist a region, where the slope g—{; is positive. Since K = —%(g—g

)N,T’
this implies a negative compressibility, which, as motivated before, is unphysical.

This leads to a breakdown of the theory and Maxwell subsequently proposed an ad hoc remedy, similar
in line to the construction of superior tangents that we noted earlier.
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V

Wi Va

Consider the diagram above. Here, for a subcritical temperature, we see a region between V7 and V5
where the slope is positive. This region corresponds to the concave intruder (since free energy is a convex
function of volume) in the free energy plot. Similarly as before, we replaced the concave part with a
straight line denoting the commong tangent. This corresponds to joining the region between V; and V3
in the P-V plot with a straight horizontal line. It can also be shown that the horizontal line is at just
such a value of the pressure that the areas labelled A and B are equal and hence this construction is also
called equal-area construction.

Lecture 03: First Order Phase Transition

Let us now see some qualitative aspect of phase transition. Each phase transition can be viewed as a
result of the failure of the stability criteria. We will see some characteristic aspects of first order phase
transition'. However, let us first note some geometric interpretation of the thermodynamic potentials.

3.1. Geometric Interpretation of Potentials

We will consider the relation G = F' + PV which can be obtained from the Legendre transform of the
internal energy.

'In modern language, these are called abrupt phase transition

10
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T>T,

P 1%

Figure 2: Relation between G and F. (a) Variation of Gibbs potential with pressure at a temperature
T > T. (b) Corresponding plot of Helmholtz potential with V' (¢) and (d) denotes the P-V diagrams
constructed from these potentials

In the above figure, observe the plot of G vs. P, which is smooth. We draw the tangent line at a P = Py

and this intercepts the y-axis somewhere. The equation of the tangent is G = PV +cas V = (g—g)T N

and it passes through the point (FPy, Gg). Thus we have,
Go=P)Vo+c = c=Gy— PV

The tangent has an intercept of Gg — FPyVp and so the remaining length as shown by the arrow in is Fig.2
(a) is Go — (Go — PyVp) = PyVp. From the length of the intercept of the tangent, we can obtain the
Helmholtz potential for this value of Py. We also obtain the volume from the slope of the tangent. The
corresponding F' vs. V graph has been plotted using these values. Also, plotted are the V' vs. P graph
(using the slope of the tangent of the Gibbs potential) and the P vs. V graph (using the slope of the
tangent of the Helmholtz potential ). This is the case for T > T.. Now let us see the case when T' < T,
and the phase transition has occurred. We will see this with respect to the Van der Waal’s equation.

11
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T<T,

- q4-—-——-——-—"-"-—-"=-"=-"=-"=-—=-=- - - -+ - — = \_—‘\\
| \\ \
[ RN
I =N
___________________________ ! ________\:\
|
! !
1 i 1%
I |
| |
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: |
I |
_& ! l
/—5 R[> ! |
o] N I -~
Dl ~— /7 |
~— | I 7 \ |
I I I l \I
- : Yoo T
\ |
| \_'/ |
|
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14
P ‘/liq Vgas

Figure 3: Plot of different quantities for T' < T

In this scenario, G will have a ‘kink’ for some pressure P = Py, since for first order phase transition,
2
the derivative of the free energy is discontinuous. At this point, (%) — 00 (even though this quantity

cannot be defined exactly at P = Py) and using Eq.(8), we get (g—{;) = 0. Thus we expect that the
corresponding plot of F' has a straight line portion, as is shown in Fig.3 (b) with a blue dashed line.

Let us now see how the plot of G in (a) is actually constructed. For that, we need the isotherm in (c).
Let us start at A and then, integrating we have

b
G(P)—G(Py) = [ VAP
/

and we do this for all values of P. This creates a closed loop kind of plot, since for a single P, we have
three values of V. Note that, this disappears for higher temperature since then, Van der Waal’s equation
consists of only one real and two complex roots.

What happens physically? Let us suppose our system is in a temperature bath and the temperature is
fixed. So, consider the isotherm in (c¢) and start increasing pressure from P4. The system will follow this
isotherm. At Py, there is a unique volume and thus a unique state of the system. Now, if we increase
further, for each pressure, we will get multiple values of volume, so there are different states to choose

from.

Consider the blue points (all having same P but different V'). Of these, the state x is unstable and hence
the system has two states B and B’ to choose from. The state chosen is the one with the minimum
value of G which is determined from panel (a). As clearly seen, the physical state chosen is B. Increasing
pressure further, we get to C where the kink is there.

On increasing further, we see that the state chosen is D’ since this has lesser value of G. The blue and

12
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gray dashed lines in (a) denote the branch of G with higher value of G and thus, is not chosen. The
green dashed line represent the unstable region where the states, say x,y or z lies. We see that in (c),
no state from the dashed region is selected and hence after C', there is a volume jump, denoted by AV.
The physical isotherm is thus the one created from the Maxwell equal area construction (as discussed
before) and the straight line in the isotherm denotes the coexistence of two phases.

P,
The points C and C’ are determined by the condition that G(P.) = G(P.) and hence, f VdpP =0,

P
which proves that the areas divided by the line segment are indeed equal.

T, T T, T

Figure 4: The left column shows the variation of G and S with temperature for first order phase
transition, clearly showing an entropy discontinuity. The right column shows this for a higher order
phase transition.

There is also an entropy change associated with phase transitions. For first order phase transitions, there
is an abrupt entropy jump since entropy is defined as S = —(g—CT;) p and G has a ‘kink’, making it non-
differentiable at the critical point. This entropy jump is associated with the latent heat L = T.AS. For
higher order phase transitions, where G is smooth (but some higher order derivative is discontinuous),
there is no latent heat since S is continuous. However, the specific heat C' ~ g—; diverges at the critical

point.

13
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Figure 5: G vs. V plots for different temperatures.

From the previous analysis, we saw that in some interval, we had three values of volume for each pressure
(out of which one was unphysical). A physical scenario to imagine is when suppose we have water above
its boiling point (so it is in vapour phase). The Gibbs potential has its minima at two volumes as shown
in Fig.5 for curve at T7. The system takes the minima which is lower (the right one).

As we decrease the temperature, at some temperature, both the minima become equal, as for T5. This is
the critical temperature. As temperature is reduced further, the other minima becomes the more stable
one. The system was in the right minima which was till now the stable one. It still remains in the right
one, however, it now becomes metastable. In a very small timescale, due to some fluctuations, a nucleus
of condensed liquid (the stable state) forms which grows rapidly and the entire system undergoes the
transition.

3.2. Grand canonical basis of phase coexistence

Having seen the physical picture, we will discuss how the liquid-gas phase transition is brought about
by considering the partition function that we had found out earlier from Eq(2). However, we used the
uniform density approximation for this which is not entirely correct at phase coexistence since the gas
(low density) and liquid phases (high density) have weirdly different densities (however, each phase can
be assumed to have a uniform density separately).

This problem can be circumvented by considering the grand canonical ensemble where we fix the chemical
potential x4 and the number of particles (and in turn, the density) is appropriately adjusted for different
phases. The grand partition function Z is defined as,

=, T, V)= ) " Z(N,T,V) (9)
N=0

where Z is the canonical partition function. We can appropriately modify the canonical partition function
to write is as an expontential:

2
66,uN—Hn Z

= exp [BuN] - exp [BGN } - exp {N In (V —

2

N
= exp [BuN] - exp [ﬁa } - exp {NlnN%—Nln —;)} - exp [—lnN!—Nln)\?;]

[ BaN? V w

= exp _,BMN+ 7 +NInN+ Nln v 3 —InN!'—=Nln)2
) N2

= exp B,LLN%—BC; -l—MrﬁV—FNln(]‘\/[—;)—M—i—N—Nln/\?}}
A

— exp _*B“ +Nln<]‘\/[—;)+NA}

14
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where we have used Sterling’s approximation, In N! & NIn N — N and A := (1 + fu —In\3). We can
now use the saddle-point approximation to evaluate the sum, which gives only a significate contribution
for some N = N*.

N*2
= v exp |22 +N*1n<]‘vf*—%>+zv*4 (10)
From appendix A, the grand potential is,
In= faN*2  N* ( %4 w) N* }
—PV =®&=—kTIn= P = ~ 1 - = A
T2 = P ="y v v\ T Ty
We define n* = %, where n* is the solution of the equation gi’ = 0 where ¥(n) is defined as,
1
U(n) = Ban? +nln (— — f) +nA
n 2
Carrying out the differentiation g—gl’, we obtain
1 w n 1 1 1 w
26an+ln<ﬁ—§> —l—%_% X <_ﬁ> +A=0 = |A= [~ —2ﬂan—1n<g—§> (11)

Substituting this value of A in ¥U(n) we get,

1 - ! !
II/(n*)ZﬁaN*ZJr%*ijJrl_nMu—zﬁa”*z—n*ln = 3) = T g PaNT

2 n* 2
Comparing this with Van der Waal’s equation, this gives us P = P.,, where P.,, is the canonical
ensemble pressure. This tells us that the grand canonical and the canonical pressure are identical at
particular value of the density n*. Here we have assumed only a unique n* which maximises the sum.
However, the sum in Eq (10) can be peaked at multiple different values of densities and the appropriate
uniform density is chosen for that value which maximises ¥(n).

Figure 6: Plot of U(n) vs. n at different temperature. Green plot is for T' < T, and blue is for T'> Tec.
The lower density corresponds to gas and higher density correpsonds to liquid. At n = %, U(n) - —oo
which has been shown by the blue vertical dashed line.

In the above figure, the blue curve denotes T' > T, and the green curve denotes T' < T,. For both T' < T,
and T' > T, we have two peaks in the ¥(n) vs. n plot, however, only the right peak is chosen for T < T,
(corresponding to liquid density) and the left peak is chosen for T > T, (corresponding to gas density).
Considering contribution from both peaks,

In=~In (evw("ﬁq) + evw("gas)) =VU¥(ng,)+In (1 + eV(\P(ngas)qu("Tiq)))

In the thermodynamic limit, if ' > T,, ¥(n?,,) > ¥(n},) then InZ ~ V¥(n?,, ) and hence the gas phase
dominates. For T' < T¢, ¥(n},,) < ¥(n},) and hence the liquid phase dominates. From this, we can say
that only in the thermodynamic limit, there is a singularity in the density at T = T, (there are no phase

transitions in finite systems)!
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Lecture 04: Yang-Lee Theory for Phase Transition

We will now discuss about a mathematical basis of condensation based on Yang and Lee’s theory of
phase transition [I] which is based on the analysis of the zeroes of the grand partition function. The
partition function seems to be an analytic function since it essentially consists of sums of well-behaved
exponentials.

However, phase transitions are characterised by non-analyticity which leads us to think about how the
analytic partition function will capture the essence of the non-analytic phase transition. As discussed
before, true phase transitions occur only in the thermodynamic limit and in the thermodynamic limit,
partition function can indeed become non-analytic (since the limit functions of a sequence of analytic
function need not be analytic).

4.1. Singularities and Phase Transition

We will write Eq (9) in terms of the fugacity z = e’* and also consider a finite system with volume V'
(and then take ultimately take V' — o0). Only a finite number of particles, say M, can be crammed into
this finite volume, hence

M
Bz, V)= Y ZNZWNV,T)=14221+ 22+ ...+ 2" 2y (12)
N=0

Note that the above equation is a well-behaved polynomial of degree M in z and its coefficients Zy are
all positive which implies that Z(z, V) has no real positive root. From the grand potential ® = —PV =
—kgT In =, we can write the pressure P and density p in the thermodynamic limit,

T
P = lim i In=(z,V)
<N>_Z(91nE )~ lim N) lim 2z 0InE(z, V)
N 0z p_VHoo %4 _V*)OOV 0z

These quantities will not have any singularity unless Z(z,V) = 0 which cannot hold true, unless we
cosider a complex fugacity. Then for finite V', the algebraic equation = = 0 has M roots appearing in
complex-conjugate pairs. As V increases, the number of roots also increases (linearly with V') and moves
around in the complex plane, excluding the real axis. In the limit V' — oo, some of these roots touch the
real axis and this describes a phase transition. With regard to this, we discuss two theorems as stated
in the original paper.

Theorem 1:
For all positive values of z, the limit

1
L= lim V]nE(z,V)

exists and is independent of the shape of the volume holding the particles, with the assumption that
the surface area does not scale faster than V2/3.

Moreover, L(z) is a continuous, monotonically increasing function of z.

Theorem 2:
Suppose in the complex z plane, there exists a region R containing the positive real axis, which has

no roots of =, then lim %821;}65 is uniformly convergent and the limit function is analytic for all

V—o0
z€E€R.

Moreover, the operations lim and ZOQ can be interchanged.
V—o0 z
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The above theorem implies that,

a(BP)
0z

. z0ln=E o(., 1. _
p= lim — = z% lim =InZ | ==z

Voo Vo 0z Voo V (14)

If such a region R does not exist, then the limit does not exist which makes sense physically, since
the density p as defined in Eq (13), does not assume a single value at the condensation point. Hence,
everything depends on the existence of R

e AsV — o0, if a region R exists which fully encloses the positive real axis, then P exists from Thm
(1) and is an analytic, increasing function of z. From Thm (2), p also exists and is an analytic
function of z. It can be shown that p is also increasing with z. P and p are related by Eq (14).
The system under consideration is in a single phase.

Roots of E(z, V)

P P P
<7

o
OO
o(ﬁ T = / / \
° o
I z I Z I

o On the other hand, if the roots of Z(z, V') approach some specific values z = ¢1,t5... on the real
axis as V — oo, from the figure below, there will exist regions R1,Rs... within which Thm (2)
will be satisfied piecewise and hence, within these regions, the system exists in a single phase as
argued before. At the points t1,t3. .., the pressure P will be continuous from Thm (1), but p might
have some non-analyticity since this does not satisfy the condition for Thm (2). The system now
possess multiple phases.

=

Roots of Z(z, V)

° R2 R3 y./il \r
o z |::> H N | |
°s t1 to : /z . : \'\
° 7o Lo o 1
o I t1 g z I th ta ~ % 111 4

pm Pl Py Pz

It is to be noted that the discontinuity in the density is only possible in the thermodynamic limit.
For finite system, we will get a continuous crossover due to finite-size effects.

If %—JZD is discontinuous, then we have a first-order phase transition as shown in the figure above. If

%—IZD is continuous but %71; is discontinuous, then we obtain a second-order phase transition.

From this discussion, we observe that the study of phase transitions can be reduced to just studying the
distribution of the zeroes of the grand partition function.

Lecture 05: More on Van der Waal’s Equation

In the previous section, we saw a mathematical theory of condensation based on the zeroes of the grand
partition function. Let us now move back to the Van der Waal’s equation and try to analyse the critical
point.

17



PH4202

Adv. Stat Phys Lecture Notes
P
g
g Z
o Unstable 2 c
=N T<Te
Vv

Figure 7: Van der Waal’s isotherm. The figure shows Van der Waal’s isotherms for T' < T, (T > T,.)
with blue (red) lines. The curve for T' = T is shown with purple line. Maxwell’s construction is shown
with green dotted line. The red line denotes the binodal line and the gray line denotes the spinodal
line. The yellow region denote the metastable state while the green region denote the unstable states.

In Fig.??, we see the Van der Waal’s isotherms at different temperature regime. There exists a temper-

ature T, such that at a particular point (V,, P.), the isotherm has zero slope and zero curvature. Thus
the critical point is characterised by

oP ’*P 0
ov vz
Defining v = %, from Van der Waal’s equation we can write,
kT a opP ksT 2a 0*’P  2ksT  6a
P = - A - _
v—b 2 oV (v—b)2+v3 —

vz (v—b3 vt (15)

Equating the derivative to zero, we get 2a(v. — b)? = ksTv? and equating the second derivative to zero,
we get 3a(v. — b)® = ksTv?. Dividing both these equations, we get

%(vcfb):vc = 3(v.—b) =2v. = v.=3b

_ a

Substituting this in any one of the above equation we get kg7, = 28—% and substituting v, and 7, in Van
der Waal’s equation, we get P. = 57>. Thus our critical parameters are,

a 8a
=4 c=3b kT, = —
s Ve =3 B 27b

5.1. Approaching Universality

The Van der Waal’s equation depends on the microscopic details of the system, a and b. These vary for
different gases and hence, the equation cannot describe universal properties. However, let us define the
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reduced parameters,

P v T
H = — = — = —
. "Tw 7T
We now put these in the equation of state, which gives us
a Ila a Sat
(HPC + 1/2’[}72 ) (V'Uc — b) = kBTTC — (27b2 + 9]/2b72 ) (SbV — b) = ﬁ
N 3ab <H+ 3>< 1) 8ar
el Py Z) = 220
2712 V2 3) " 27 (16)

= |+ 5)(-3) =7
)My ) =22
V2 3 3
The above dimensionless Van der Waal’s equation in terms of the reduced parameters, is independent of
a and b and is thus universal, in the sense that, different gases are expected to follow the same equation.

The generalisation is known as the principle of corresponding states, which says that all fluids when
compared with respect to reduced parameters, have the same compressibility factor. The compressibility

factor is defined as Z = kf;—”T, with the critical value predicted by Van der Waal to be,
P.v. 3ab 3
Lo = = =—-=0.375
kT 22 x 328

Experimentally, the critical value of the compressibility factor is found to be in the range 0.28 — 0.33,
thus, Van der Waal’s equation does not provide an accurate quantitative estimate.

T T T T T T T T T T T T
100} X ?
s l
o =)
095 - 4
|
+ |
80+ 4
0-80 c\ I
| {
0-85+
T/T,
0-80F
+ Ne 4 N,
075 s A O,
= Kr o CO
070 x Xe o CH,
0-85
0-60
0-55 L L 1 L L L L L L s s L i
00 02 04 06 08 10 12 14 16 18 20 22 24 26
Plos

Figure 8: The Guggenheim plot for different gases with reduced parameter, showing that the trend
follows a universal function (Source: Guggenheim (1945) [2]).

5.2. Critical Opalescence

Critical opalescence refers to an enhanced scattering of light by a substance in this critical region. Such
enhanced scattering renders the substance milky white in reflected light.

As we know, at the critical point, K = —%(%)T — o0 since the slope of the isotherm is zero at the
critical point. As K1 « oy where oy is the number fluctuations in the system, there is a huge number

fluctuation, due to which the scattering of light is intensified.

5.3. Critical Point Behaviour

We will now discuss the behaviour of gases in the vicinity of the critical point to analyse universality.
For T' > T,, there is always a unique volume corresponding to each pressure and hence, we can apply
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Taylor expansion around v. to write the pressure as,

103P
)24 227
T(U Uc) + 6 81)3

192P
2 Ov?

P(T,’U) _P(T7UC)+88];| (U_vc)+
T

(v —ve)® + O[(U ;Cvc>4]

Each of the coefficients are functions of temperature and hence, can be Taylor expanded about 7.

P(T,v.) = P(T¢,ve) +a(T —T.) + O [(T — Tc>21

N—— Tc
P
0 2
o rmyrol(TE)]
v T e v Te,ve Ve
0

2P 92 T —T.\?
W - 1)2 +b(T—Tc)+O[( T >

T\ ve Teyve ¢
o*pP T-1T,
508 :'3*0{( T )}

T ve

At the critical point the slope and the curvature vanishes and hence the first terms in the second and
third equation is zero. Using the stability condition in Eq. (6), @ > 0 for T' > T, and ¢ > 0. b can have
any arbitrary sign'. Let us put these expression in the original Taylor expansion.

b
P(T,v)=P.+a(T-T,) —a(T —T,)(v —v.) + i(T —T.) (v —ve)? — g(v — v.)? + higher orders. . .
(17)
From this, we can predict the following things about different quantities:

o Let us consider only upto linear order in (7' — T,) and (v — v.), hence we neglect the fourth, fifth
and higher order terms. This gives us an approximate analytic solution for the pressure,

‘ P(T,v)=P.+a(T -T;) — a(T — T;) (v — v.)

We obtain %—f = —a(T — T,) and hence the isothermal compressibility at v, scales as,
1 ov 1
lim K(T =~
T—1>I;1;" ( ' UC) Ve oP T — Tc

Experimental results identify the exponent as v &~ 1.3 where (T, v.) ~ (T — T.)™".

e At T =T, the isotherm behaves as

P=P.—(v=-v) = (P=P)~(v=-u)

Experimental results identify the exponent as ¢ ~ 5.0 where (P — P.) ~ (v — v.)°.

The above analysis cannot be applied for T' < T, since then for each pressure, we have two volumes and
Taylor expansion cannot be effectively applied. Let us do the analysis in an alternate way using Eq.
(16). Consider the two volumes vy, and v,,, for which the pressure is same at say some temperature 7'
Then, from the equation we can write,

. 87/3 3 81/3 3
=7 -1/3 2 y-—1/3 2
9 g ! 1

!These a, b are not the ones appearing in the Van der Waal’s equation.
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From this we obtain,

1 1 11 V2 — P 3 — 1) (3, — 1
8T _ :|:3|:22‘| :3[ 92 2l‘| — |7 = ( v )( Vg2 5 )(l/l—|—7/g)
vg—1 py—1 Vi vy Vv 8yg Vi

Note that the equation is symmetric in v, and v; and v, = 1 = 1 at the critical point, which implies
that we can write

€ €

hd y=1—-

2 2

where € = v, — 1. We substitute this in the expression for 7, leading us to

__202-%)e+y) _ (-%) (- () (4 D) =1 2 o

s[1+5)1-5)]" 4(1-2) 16 4 16 2 16

Then substituting for the real variables, we have

vg =1+

(Ugas - vliq) ~ (TC - T)l/Q
Experimental results predict an exponent 5~ 0.3 where (vg.s — viq) ~ (Te — T )8,

Van der Waal’s equation thus does not provide a perfect quantitative description of condensation, how-
ever, qualitative descriptions are more or less accurate. The exponents 3,~,§... are called critical
exponents and many people dedicate their lives in finding the numerical value of these exponents.

Lecture 06: Correlations and Fluctuations

In here, we discuss a bit about an important quantity, the correlation function, which is an important
quantity to look at while studying phase transition. Recall from Eq. (1) that the density was given by
a sum over delta functions. We define the density-density correlation function (or simply the correlation
function) as,

g(r,x') = <[n(r) = (n(r))][n(r') — <n(r’)>]> = (n(r)n(r')) = (n(r)) (n(x))

where n(r) — (n(r)) denotes the fluctuation of the density from its average value and (-) represent
the thermal (ensemble) average, using the distribution. For translationally invariant system, we have
G(r,r') = G(r —r') and also, n(r) = n(r’). Then the above equation can also be written as,

G(r—1') = (n(r)n(r)) — n?

where (n(r)) =n. As |[r — /| — oo, that is, the distance between two particles become very large, we do
expect them to be independent and no longer ‘correlated’. Thus, G(r —r’) — 0 as |r — 1| — .

The correlation function kind of quantifies the fluctuations in the density. Earlier, we saw that the
isothermal compressibility also characterises the number fluctuations. Then, these two must be related
on some level. To see this, we note that

(=) = ([ @ fnle = e} [ @ {n6 — (nc)))})
. / @’ ({n(r — () Hn(' — (o)) }) = / / Brd® Gr — ')
Introducing the variables r” = r — 1/ and R = r + ', the integral changes accordingly.
(=) = [&r [&rg6 =v [age)
The number fluctuation can also be written as,

(v — () = WV’“BTICT — (N ey TKC
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Consider an ideal gas, with PV = NkgT which gives us,

(9P) MBI e L(V)_ V]
ov)p V2 T V9P NksT — nkgT

Using this, we can write the dimensionless compressiblity as,
(ICT> _ (Vv =))?) Vfd3r G(r /d3
K (N) (N

The above is a very simple example of the fluctuation-dissipation theorem which relates the correlation
to the linear response of the system (compressibility, in our case).

Since the isothermal compressibility diverges at T, the integral also diverges and this implies that the
correlation function also becomes long ranged. The correlation length £ (the characteristic length scale
after which G(r) decays) becomes as large as the wavelength of light and the density fluctuations scatter
light strongly, resulting in critical opalescence, as mentioned in sec. 5.2.

6.1. Structure Factor

Let us now try to quantify the scattering intensity when our fluid is subjected to some radiation. Assume
a quasielastic scatetring, that is, the incoming radiation has much larger energy than the typical excitation
energy of the system. Hence, the system can only absorb or emit very small amounts of energy and very
small energy transfer occurs.

From elastic scattering, |k| ~ |k’|, the momentum transfer vector q = k’ — k has a magnitude,

0
lq| = \/]k\2 + |K/|* — 2|Kk||K/| cos  ~ \/2\k|2(1 — cos ) = 2|k|sin (2>

Now, suppose that there are N particles in the target and the scattering amplitude for scattering from
particle 7 is a;(q). Then the total intensity of the scattered radiation is given by,

2

N
I(q) = Z:ay (a)

The scattering amplitude for particles at r; and r; are related just by a phase factor,

aj(a) = as(a)e )
Using this, we can write the internsity as,

2 N 2 2

N N
Z(a) = ( > ar(@e ) = Jay(a)* { [Doe ) = ar(q)? ( |D e (18)
j=1 j=1 j=1
as ‘eiq'rl‘ = 1. If no correlations exist between the particles, then S e~ @(®i—r1) = N 4 7 gia(rj—r1)
7 71

and > <e_iq'(rﬂ'_r1)> ~ 0 due to randomised phases which leads to,
i#1

7°(q) = Nlai(q)|®
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Then we can write the dimensionless intensity as,

Z( ) iq-r; al —iq-r; _ 1 iq-(r;—r;
r s {(Ge) Go)) -+ 5e)
/dgrd?’ ! <<Z(5 (r —r;)d )(r’—rj)eiq'(rr/)>>
= th/d?’rd‘gr' <eiq'(r r/ ( 5(3) 5(3)(r —r])>>
N/d3 dST/e (r—r’ << r—rz><z5 I‘—I‘J>>

—/d?’rdgr/ elar(r=r) n( >

—/dg a3 ) (G — 1) + n?)

Again using the same variable substitution, we obtain
2 . 2,2
/d3 —zq rg V /d37“ e—zqr — ]‘([/d?)r e—zq-rg(r) + V]\? 6(3)((])

The last term contributes only when q = 0 which is for § = 0 (forward-scattering) and is omitted in
most cases. Hence, we define the structure factor S(q) as

S(q) _ ;I(q) — /d37‘ efiq-rg(r)

S(q) is just the spatial Fourier transform of the correlation function. S(q) becomes extremely large as
we approach the critical point, for small values of |q].

Lecture 07: Introduction to Ising Model

The Ising model is a prototypical model to study phase transitions in magnetic systems. Since its
fomulation by Lenz in 1920 and subsequent 1D solution by Ising and 2D solution by Onsager, Ising
model has penetrated deep into all fields. The Ising model is defined fairly simply, by the Hamiltonian,

H:—JZUiJj—hZJj (19)
(i7) j

where o; € {+1,—1} is a random variable which is given an interpretation of a classical spin. J and
h respectively denote the spin-coupling constant and the external field. The notation (ij) means that
the spins ¢ and j are nearest-neighbours. The Ising model provides interesting numerical and analytical
artefacts till date which makes it an important system to study. The 1D solution is fairly simple, using
a transfer-matriz method which is provided in Appendix B.

7.1. Mean-field solution

In the mean-field solution for the Ising model, we ‘throw’ away the fluctuations in each spin, which makes
the spins interact with an ‘effective’ field resulting from the average orientation of the neighboring spins.
Consider the identity,

(0i = (03))(0j — (o)) = gio; — 0i{0j) — 0 {(0i) + (03) (o)) (20)
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The LHS is zero since we are neglecting the spin fluctuations in the mean-field and hence the Ising
Hamiltonian in Eq. (19) becomes,

H = —JZO‘Z‘ <Uj> — JZUJ' <O‘j> + JZ <O‘l> <O‘j> — hZUi
(i) (i) (i) ¢
Due to translation invariance, (0;) = (o) = (o) and hence can be taken out of the sum.

H=—J(o)Y oi—J (o Za]—i—J thm

(i) (i)

=-2J(0)> oi+J (o) Z hZaZ

(ig) (ig)

For each spin oy, let us suppose that we have v neighbours. Since the sums are now independent of j,
these can be reduced to a sum over spins,

N
S s =S M) T =53 00) = H=-s10) Lot 7y 0 ~h Lo
(i) i =

JENN(2) =1 i (21)
N
= b o+ INY (2

where he = h + Jv (o) is kind of the mean field which is subjected to each spin. The Hamiltonian
depends on (o), however, given the Hamiltonian, we can also calculate (o) from the partition function.
This leads to a self-consistent equation which we need to tackle!

JN’y

Lecture 08: Mean-field solution for Ising model

We will continue our discussion of the mean-field solution of the Ising model. Previously, we had reduced
the Hamiltonian to a simplified expression, with an effective field.

JN~

- (0)? (22)

Hyr = —heﬂzo'i +

This is simple to solve, since this is N independent spins in a field. The partition function is,
Z = Z eﬂheﬁzﬂi . e~ B (23)
{oi}
where & = % <o>2. Since the particles are independent, the sum over spins can be simplified as,

N

Z = Z e | o=BE — [2 cosh(ﬂheﬁ)]Nefﬁgo
oce{-1,1}

From this, the free energy is obtained as,
F(T,h) = —kgTIn Z = kT[BE, — N In(2 cosh fheg)] = & — NkgT In(2 cosh Sh.g)

From the free-energy, we can obtain the magnetisation,

OF
M = 3B~ = NkgT tanh Sh.g x S = N tanh Sh.q

The magnetisation per spin is thus obtained as a transcendental equation,

(o) = 5 = tanh (85 (o) + ) (24)
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We are interested in finding whether we have any spontaneous magnetisation in the system, that is,
magnetisation without an external field. Thus, let us take the case when h = 0. Now, define z := %,
so that the equation changes to,

BLJV = tanh x
Now, note that 5J~ should be dimensionless as x is dimensionless. This implies that Jv should have
dimension of kgT'. Let us define kg7, := J~v which leads us to,

(;;) x = tanh(z)

Given a temperature T, the left-hand side is just an equation of a line, with slope % Let us analyse the
situation graphically.

1.0 | N e e T>T,
* e T < Te

0.5

0.0 -

tanh(z)

—=0.5 |

K
—5.0

Figure 9: Graphical analysis of the transcendental equation

In Fig.9, we have plotted tanh(x) and two straight lines, with 7" > T'c and T' < T,.. For T' > Tc, we see
that the line does not cut tanh(z) at any point other than = = 0. However, for T' < T, we see that two
solutions exist, other than the trivial solution z = 0. As tanh(—x) = — tanh(x), if one of the solution is
x = +x0, then the other solution is z = —z(. A solution of x corresponds to a solution of (o). Thus,

o T'>1T,: (o) =0 is the only solution and there is no spontaneous magnetisation.

o T <T,: Apart from (o) = 0, we have two other solutions (o) = +my.

The mean-field solution, which predicts a finite critical temperature, is clearly wrong for the 1D case,
where we know that no phase transition occur at any finite temperature. In 1D, the fluctuations are too
strong to throw away, since there are only two nearest neighbours to interact with.

For the Ising model, two important things to note are dimensionality and lattice structure. However, in
the mean-field Hamiltonian, v (which is the only parameter depending on the topology of the lattice)
cannot distinguish between these two factors. For example, for a cubic lattice in 3D, we have six nearest
neighbours. Also, a triangular lattice in 2D has six nearest neighbours. Hence, these two lattices have
the same v, however, Ising dynamics in both the lattices are expected to be quite different.

Mean-field analysis becomes exact if we increase the dimensionality of the lattice and also if we increase
the range of interaction, that is, we include higher order neighbours also. This ensures that the interaction
between the spins is indeed an effective interaction.

Lecture 09: More on Ising Model

We have predicted a phase transition for the Ising model using mean-field approximation. However,
the approximation seems to be inconsistent on many grounds, working well for higher dimensions and
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long-range interactions. It predicted that in 1D too, Ising model has a spontaneous magnetisation at
some finite temperature which cannot be. Even though we have solved the Ising system for dimension
d =1 in appendix. B (and it has been painfully solved by many stalwarts for d = 2 case too), let us see
some arguments on why phase transitions cannot occur for 1D but it is possible in 2D Ising system.

9.1. Phase Transition in 1D Ising System

We will show that for T > 0 in d = 1 zero-field Ising Model, there exists no long-range order. Consider the
ground state of the Ising model at T' = 0, which is ordered, with all spins aligned in the same direction.
Under open boundary conditions, this configuration has minimum energy E, = —J(N — 1).

Pt A A N N A

The above configuration has entropy S = 0, since all the spins are aligned. Hence, the free energy of the
system is F,,a = F —TS =—J(N —1).

On increasing the temperature, the spins flips randomly due to interactions and this increases the energy
of the system (since the interaction term is —J(—1) = +J only if neighbouring spins are oppositely
aligned). We need to check whether this destroys the long-range order. Now, consider a configuration
with one domain wall' introduced at some point in the Ising chain, as shown in red below.

RO B A /\’ WL

\

Introducing the domain wall increases the energy, due to the spins on either side of the domain wall.
Ey=—-J(Ny —1)—J(N_—-1)—J(-1)=—=J(N —-1)+2J

Thus introducing one domain wall incurs a cost of AE = 2J. Now, since there are N spins, this domain
wall can be placed at any of the (N — 1) positions. Then the entropy of the system with one domain
wall is S = kg In(IN — 1) and the free energy is F,, = —J(N — 1) +2J — kgT'In(N — 1). The change in
free energy is,

AF = Fy, — Fyna =2J — kgTIn(N — 1)

In the thermodynamic limit N — oo which implies that AF' — —oo. The system can always lower the free
energy by creating a domain wall for any temperature 7" > 0. In fact, the free energy is further lowered
by introducing arbitrary number of domain walls, untill no domains remain at all. This implies that the
long-ranged order is unstable and there is no spontaneous magnetisation at any finite temperature in the
zero-field d = 1 Ising model.

9.2. Phase Transition in 2D Ising System ( Peierls’ Argument)

The situation becomes a bit different for d = 2 Ising model. To prove the existence of phase transition
at a finite temperature in d = 2, consider a case where all the outer layer spins in the lattice are of the
same type, say T. Now, consider the spin in the center of the lattice, highlighted yellow in Fig. 10.

'In simple terms, a domain wall is an imaginary boundary which separates domains. Domains are regions with the same
kind of spins, that is, all up or all down.
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+ 4+ + |+ |+

+ |+ ] ]+
o+ | ] |+

||+ [+ ]+ ]+

Figure 10: 2D Ising lattice; the outer layer have all same spins while the center spin is oppositely
aligned with the outer spins.

If there is spontaneous magnetisation at some finite temperature, then the probability of the center spin
to be oppositely aligned to the outer spins become zero (since the lattice becomes ordered). Also, note
that the central spin is not particularly important and is just a representative of the bulk spin.

(++ +++\ (++ +++\
+ + + +
Q;:< + + > D QO;:< + - +>
+ + + +
++ |+ +] + ++ |+ +| +
\ J \ J

Now, consider 2 to be the set of all configurations where all the outer layers have spin 4. Naturally, if
we define €2, to be the set of all configurations where the central spin is — and all the outer layers have
spin +, we have €, C €0, as shown in the above figure. To have a phase transition is to show that the
probability of any configuration {o} € Q; — 0 as N — oo.

To show that, we define a shoreline which is an imaginary closed loop separating + spins from — spins.
So, along the boundary of the shoreline, we have all opposite spins on either side. A given shoreline thus
separates spins o; and o such that o; - 0; = —1. Note that, in the interior of the shoreline, there can be
+ or — spins.

We define another set of configurations, €2, in which every configuration has the central spin to be — and
all the outer layers have spin +. In addition to it, there is a fized shoreline S surrounding the central
spin. Clearly, 2, C €,

( +1 +| +]+ \ ( + |+ + |+ \
+ + /‘\m +
Qo = < + - + > D) Qs = < + I — ) 4 >
+ + + LT |+
\ + |+ ]+ +] + ) \ + |+ |+ ]+ )

Figure 11: The set of configurations showing the shoreline with a green line.
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The probability of a configuration inside €, is given by,

Prob({a}er):% Z e*m{({"}):% Z exp | 5J Z oioj |exp | BJ Z gi0j (25)

{o}eqs {o}es (ij)es (17)¢S

where we have broken the nearest neighbour sum into two parts: spins which are separated by the
shoreline and spins which are not. Note that if the spins are separated by the shoreline, then o;0; = —1
and the sum is just —n(.S), where n(S) denotes the length of the shoreline. Thus, the probability becomes,

Prob({c} € €) Z e 8IS exp | BT Z 0i0; (26)
{o}eqs (ig)¢S

The remaining sum, where spins are not separated by the shoreline, is hard to calculate exactly and we
need to find an estimate for that.

||+ ]+
+ + + +
+ +]+]+]+ + + +|+]+]| + +
* - -]+ + + |+ ]+ +
+ | | | 4| | +]| 4| cpinflip |+ N e R
+ N within + +| - -+ +
shoreline
+ +] -] - +| + + +| |+ H]+ ] +
+ +| +| + + + +l+H +
|+ [+ +] + I e I e I o [ (R
{o} € Qs {o'} €

Figure 12: Flipping of all the spins inside the shoreline, taking o — o’

We consider a specific configuration {o} € €, and then flip all the spins in the inner side of the shoreline
as shown in Fig. 12. We call this configuration {¢’}. If a spin in this configuration is outside the
shoreline, then o; = o} since the spins outside the shoreline remains unchanged. If the spins belong
inside the shoreline, then both spins have flipped and we have ala] = (—0i)(—0;) = 040;. If the spins
are separated by shoreline, only one of the spins (which is in the inner side of the shoreline ) changes

—0i0; = —(—1) = +1. Thus we have,

%0203:20 it 2 oiog=n(S)+ Y oo
ij

(ij)es (i5)¢S (i) ¢S

and ojo’ =

Note that n(S) > 0 always which give us the inequality,

Z O'ZO'J—ZUU —n( )<Za§a§
(i5)

(15)¢S (i7)

Also note that o; — o} is a one-to-one map and hence the sum of spins over €, is equal to the sum of
spins over €. Using this and the estimate of the sum, Eq. (26) becomes,

1
Prob({c} € Q,) < = Z e IS exp BJZO‘;O‘;

a’}eql i
{0} (i) (27)
e—BIn(S) .,
=—Z Z exp ﬁJZaiaJ
{0}y (i)
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Now, the RHS is the sum over all configurations in Q. Since e® > 0 for all x, this term is less than the
sum over all the configurations {c} € Q. Thus,

Prob({o} € Q) < e A/ Z exp /BJZUZ = ¢~ AIn(S)
{{)’}EQ (i7)

since the red term is just the definition of the partition function. Thus the probability of any configuration
in €, is less than e=#/7(5) | However, we were interested in the situation where the configuration belonged
to £, which can be obtained by summing over all such possible shorelines S.

Prob({o} € Q) = Y Prob(Q) < 3 e #/9)
{s} {s}
Note that the length n of a shoreline can be n = 4,5,6.... The minimum value is 4, for the shoreline
which contains only the central spin and this length increases. Then the sum over shorelines can be

written as,
[o.¢]

Prob({c} € ) < Z s(n)e Pn
n=4
where s(n) denote the number of shorelines with length n. The final thing to do is to have an estimate
for s(n). For this, note that shorelines are closed curves. To form a shoreline, start from any point P.
We can move in only three directions (not in four) since shorelines are self-avoiding, so we cannot move
in the direction in which we had already formed a line.

The number of ways to form a shoreline of length n is thus ~ 3™. Note that in this case, the choice of P
was arbitrary and we can essentially start from any of the n points. Thus, the number of shorelines of
length n is s(n) ~ 3"n. Substituting this in the above expression,

Prob({c} € Q) Z 3ne AN = Z nr't < Z nr' where, r = 3e7#7

. 1
= lim (1—|— >|T] |7]
k—00

and hence the sum converges if |r| <1 = ¢/ > 3. The value of the sum in the RHS is ﬁ and
hence,

From the ratio test, we have

(k+ 1)rk+1
krk

Ak+1
Gk

lim

k—o0

k—o0

zlim‘

r B 3e=H87
(r—12  (3e ) —1)2
As 8 — oo (corresponding to T — 0), Prob({o} € €,) — 0 and hence for sufficiently low temperatures
all spins in the systems tend to align even without an external magnetic field, proving the existence of a
phase transition.

Prob({c} € Q) <

9.3. Symmetries of the Ising Model

The zero-field Ising Hamiltonian has an obvious symmetry of o; — —o;, which is broken if A # 0. In
non-zero field, from Eq. (19), we can see that if h — —h and {0} — {—0c}, then the Ising Hamiltonian
remains invariant.

H(J’ h, {U}) = H(Ja —h, {_U})
This is called the time-reversal symmetry or Zy symmetry. Let us see what happens to the partition
function under h — —h.

Z(=h,J,T) = Z exp [-BH(=h, J,{c})]

{o}

=Y exp[-BH(=h, ], {—0})]
{o}

=3 exp[-BH(h, J,{o})] = Z(h, ], T)
{o}
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where in the second sum we used the fact that changing 0 — —o will not matter since we are summing
over both —1 and +1 spins. The free energy is just the logarithm of the partition function, hence it also
enjoys the symmetry,

F(=h,J,T)=F(h,J,T)

From the free energy, we obtain the magnetisation

_ 9F(h,J,T)  OF(~h,J,T) 9F(~h,J,T) _
Mh) === =~ oh ~9(=h) = —M(=h) (28)

From the above expression, if A = 0 then we have M(0) = 0 for all temperatures, which apparently says
that phase transition is impossible in zero-field!

This situation arises since we assumed the derivative of the free energy is well-behaved which is indeed
true for finite systems, however, in the thermodynamic limit, F' develops a kink for 7" < T, and hence
(%—5) develops a discontinuity as shown in Fig. 13 (a)

(a) F(h) (b) M

7M0

N\

Figure 13: (a) Free energy and (b) Magnetisation behaviour in finite NV and thermodynamic limit for
T<T,.

In the thermodynamic limit, near h = 0 the free energy behaves as,
F(h) = F(0) = Mo|h| + O(h%)

From this, if h < 0 then M(0~) = —M, and if h > 0 then M(0") = +M, which is clearly discontinuous
as shown in Fig. 13 (b). It is clear that if we take the thermodynamic limit first and then take h — 0
and if we first take h — 0 for a finite N and then take N — oo, we get two different behaviours. Thus,

the limits do not commute.
| 8F(h)> L ( 1 0F(h)>
Jim pim (750 ) # i g (575

9.3.1. Spontaneous Symmetry Breaking

When the Hamiltonian of the system has a particular symmetry but the statistical behavior of the
system breaks that symmetry, we say that the symmetry is broken spontaneously. As seen before, the
zero-field Ising Hamiltonian enjoys a Zy symmetry, under the exchange {0;} — {—0;}. For T' < T, in
the thermodynamic limit, we saw that

. 1
m= gy 2 (o) # 0

i
Hence, at all temperature H has a symmetry under the exchange of spins but (o;) does not. Thus we

say that the symmetry is spontaneously broken for T' < T..

This is different from the uninteresting explicit symmetry breaking in the h # 0 case, where the Hamil-
tonian itself does not have the Zy symmetry from beginning.

Spontaneous symmetry breaking seems a bit counterintuitive if we naively see a probabilistic view-
point of the situation. Since the Hamiltonian has Z; symmetry, the Boltzmann factor P({c}) =
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£ exp (—BH({c})) is also invariant under this symmetry. Then the expectation,

(o)) =Y 0:P({o}) = 0
{o}

The sum is zero because for a configuration {o;}, the opposite configuration {—o;} will have the same
Boltzmann factor, however, the o; factor in the sum will become —o;, which will cancel with the config-
uration. Thus, in the thermodynamic limit, we have to be careful with the calculation!

Consider the Ising model when h # 0. In this case, consider two configurations A and B which differ by
the fact that all spins in configuration B are the flipped spins of configuration A. Due to the field term
—h > 0; = —hINm, the probability of these two contributions will be

Py, exp[BhNm] Py

A —= = —28hN
Ps  exp[—ShNm] - Py exp[=25hNm]

In the thermodynamic limit, for h > 0, %‘z — 0 and hence the system must be in configuration A, with

magnetisation +m for any A > 0 (in particular, true for h — 0%). For h < 0, %‘i — oo and hence
the system must be in configuration B, with magnetisation —m for any h < 0 (in particular, true for
h—07).

Thus, in an infinitesimal field close to zero and in the thermodynamic limit, there is a large weight
assigned to states with particular magnetisation +m or —m, for h > 0 and h < 0 respectively. This is
equivalent to setting h = 0 but taking a restricted ensemble, where we exclude the configurations with the
‘unpreferred’” magnetisation and thus, their Boltzmann weight is identically zero. Two such probability
distribution can be defined Py and P_ based on the magnetisation values. I haven’t gone through the
rigorous mathematical arguments for this, however, Goldenfeld advised to refer to [}], where this has
apparently been dealt with rigor.

Lecture 10: Some more on Ising Model

In the previous section, we noted some properties based on the symmetry of the Ising model. Let us now
continue our discussion on the mean field solution, focussing on critical exponents, that we previously
saw in the phase transition in fluids.

10.1. Critical Exponents
Critical exponents are defined as the limiting power-law behaviour of some thermodynamic quantities
near the critical point.
In f(2
fO)~t = A=lim /()

t—0 Int
(T-T.)
Te

The variable ¢ is often taken to be the reduced temperature ¢ := + depending on whether we want
to approach from below or above T,.. The reduced temperature kinda is a measure of the distance from
critical point. It is taken to be dimensionless so that different models can be compared.

The critical exponents for 7" and T, are found to be always equal, if they exist (like for magnetisation,
m = 0 for T' > T, so no exponent can be obtained in that case and hence, magnetisation is approached
only from below T).

From Eq. (24), the mean field magnetisation was written as (o) = tanh(8h + SJ7v (s)). Let us denote

m = (o) and 7 = % = [J7. In terms of the reduced temperature t = TCT_CT, we have 7 = ﬁ Using
tanh(z) ~ z — %3 for x < 1, we get
m m m3
m = tanh(7m) :tamh(1 —t) = =0 30-0p +...
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Solving this, we get m = 0 or m? = (3t)(1 — ¢)2. Note that for T > T, t < 0 while (1 —¢)? > 0 V.
Hence, m? comes out to be negative, which is not possible. Thus for T > T, we only have one solution
m = 0. The non-zero magnetisation is thus interesting for us and let us check what is the scaling of this,

m? = (3t)(1 — ) = 3t + O(t?) = m ~ £(3t)"/?

Thus we obtain the first critical exponent from the mean-field analysis,

T.—T\" 1
m~< CTC ) where,,B:§

Now, let us check what happens when h # 0, along the critical isotherm T' =T, = 7 = 1. For small
m and ("/kgT.) < m, the magnetisation equation becomes,

m:tanh(ﬁh—l—m)z(ﬁh—l—m)—%(ﬁh—i—m)?’—i—...
m> [ 38h
:(5h+m)—3(m+1>+...

From this we obtain a scaling between the field and magnetisation,

3 m3 m3 5

Brl-mY =2 — = =T — hem

3 36(1—m2) 38
We obtained the second critical exponent from the mean-field analysis,
m ~ hY/9 where, § =3

We will now deal with the third exponent, but we have to be more careful here, since this will have scaling
both above and below T.. For this, again consider the transcendental equation m = tanh(Sh + 7m)
which, after expansion around small m and h < mkgT, can be written as,

3,.,3
m(l—T)—i—T:’,,”

h= B(1 — 72m2)

Differentiating and retaining terms only upto O(m?),

(8h> m?r? +(1—1)

om)y B(m2r2—1)?

The denominator cannot provide any more m? term and hence upto O(m?), the derivative is given by,

<aa:z>T - H(lmzt)z 1 i t)}

For T > T., m = 0 and for T' < T, m? = 3t(1 — t)? as found before. Substituting this above, we get

_<8m> CBE-1) 1 {1_ T. }_ 1
T\ Tt T keIl T—T) T ke(T-T)

S (om)  BL-t) _BA-t) 1 [ T. 1
=51,

= ~ = S
- t(2 — 3t) 2t 2ksT {TC =T } 2ks(T. —T)
We obtained the scaling of the susceptibility,

X4~ (T —=T,)~" where, 4/ =1
-

x—~ (T.=1T) where, v =1
For T > T, then x4 ~ %, in accordance with Curie’s law. We see that v =+ and hence, approach from
both side of the critical point is the same. Also, i—j = 2 which is called the amplitude ratio.
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Figure 14: Scaling of various quantities in Ising model

Fig. 14 (a) shows the Ising model phase diagram. For low temperatures T° < T, the system undergoes a
discontinuous phase transition in which m changes abruptly as it crosses from h < 0 to h > 0, denoting
a first-order transition. Shown in red is the coexistence curve, which ends at T.. Beyond T, m changes
continuously across the A < 0 to h > 0 transition.

As we vary T for a fixed h, the magnetisation varies smoothly as shown in Fig. 14 (c) until T, after which
it becomes zero. The Ising model shows a first-order transition as a function of h but a second-order
transition as a function of T'.

10.2. Bragg-Williams Approximation

This is kind of an alternate mean-field description of the Ising model. Consider the Ising lattice containing
N spins, with say, N, up spins and N_ down spins. Then the average magnetisation is given by,
N, —-N_ 2N, —-N N, 1

TN, TN N N ~am+l

The entropy of the system is defined as the number of ways by which a configuration with magnetisation
m can be produced. Hence, out of N spins, we choose IV, spins and the rest are set to N_, which gives
us,

N! N!
= NN | = (N(12+m))!<N(12—m)>!

Q(N,,N_) S = ks InQ(N,, N_)

Using Sterling’s approximation, In N! ~ NIn N — N we obtain,

N(1 N(1 N(1 - N(1 -
mQ~ (Nln N — N) — +m)ln( ( +m))— ( m)ln< ( m)>+N
2 2 2 2
Nl - (14+m) 1n<N(1+m)) _(1-m) ln(N(lm)ﬂ
L 2 2 2 2
I 1 1-—
=N|lnN — ( —;m) ln(1+m)—(2m)1n(1—m)—1nN—ln2}
[ 1 1—
— N2 = i 4 m) — mln(l—m)}
The mean-field energy of the Ising model is given by,
2
:_Jva ~ Nhm
2
We can now calculate the free energy and minimise it to find the equation of state.
2
1 _
FT,m,N) = U —T8 = — 2™ N — Nk T 02 = 2™ a1 4 m) — 2™ (1 = m)

2
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which implies that,

F Nk T Nk,T . 1
O Nym = Nh+ 2 (14 m) — 1 — n(1 — m)] = —JNgm — Np 4 DRy L
om 2 2 1-m
1 28(Jym+h) _q B(Jym+h) _ o—B(Jym+h)
LM apymth) g, = © € € = tanh(8(Jym + h))

1—m e2B(Jym+h) 1 1 - eB(Jym+h) 1 o—B(Jym-+h)

Thus we obtained the same previous self-consistent equation m = tanh(5.Jym + Sh) from this method.

10.3. Towards the Landau free energy

Instead of writing the Ising partition function Z(7,h, N) as a sum over all spin configurations, we can
write it as a sum over all possible magnetisations m. We can write,

Z(T’ h7 N) — Z Z efﬁH({U},N,h) ~ Z Q(m’ N)efﬁHMF(m’]\hh)

m {o}m

where Q(m, N) is just the degeneracy factor, which tells us how many states are there with magnetisation
m and Hyp is the mean-field Hamiltonian from Eq. (22). The above sum can be approximated by an
integral from —1 to 1, taking magnetisation to be continuous:

1
Z(T,h,N) = /dm Q(m, N)efﬁHMF(m,N,h)
-1

1
o /dm eh’lQ(m,N)e—ﬁHMF(mvah)

-1
1
—/dm ean(m,N)—B'HMF(m,th)

-1
1 Jrm2 kpT
/d 7,8N<%fmhf%ln9(m,N))
m e

-1

(29)

The blue term feels like some kind of thermodynamic potential but it depends both on m and h. Hence
this is some kind of pseudo-free energy called the Landau free energy denoted by L(m, h),

2
T
I b kT

L(m,h) = [(1+m)In(14+m)+ (1 —m)In(l —m)]

From saddle-point approximation, the integral will take the value at m = m*, such that NL(m* h) is
minimum. Thus,

oL =—yJm* —h+ -t
om

m*

[1+In(l+m")—1—-In(1-m")]=0

From this we obtain the same transcendental equation tanh(Sh 4+ SJym) = m as before. Let us see some
insights from the plot of the Landau free energy.
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(b) h #0

1 1
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Figure 15: £ vs. m at different temperature regimes. The curves have been appropriately shifted so
that L(m =0)=0

Fig. 15 (a) shows the variation of £(m) as m is varied between —1 and +1. For the zero-field case, £
is symmetric about m = 0. For T' > T, we have only one minima at m = 0 and for T" < T, we have
two mimima at +m, while m = 0 is a local maxima. The second derivative of the Landau free energy at
m =0

0’L
=—-Jy+ kT = — =0

om?
m=0 m=0,T=T¢,

0L
Om?2

ksT 1 1

2 1—|—m+1—m

m=0

from our definition of kg7, = J~. Thus, for all values of h, m = 0 is an inflection point for T' = T, where
the curvature disappears, as is evident in Fig. 15.

For T' < T,, £ has two degenerate minima for h = 0. However, when we take h # 0 then these minima
becomes non-degenerate, one becomes the stable minima and one becomes the metastable one (depending
on the sign of h). On increasing h, the magnetisation metastable minima keeps getting shallower and at
some h = h* (called the spinodal field), it disappears completely as shown in Fig. 16. The condition for
this is that gTEz =0 and

gfn% = 0, which gives us
m — tanh (Bh + BJym) =0 1 — BJvysech? (Bh + BJym) =0

Using sech?(8h + BJym) = 1 — tanh?(Bh + SJym) we obtain m* = +,/1 — /37!177 What happens is that,
for h > 0 the metastable minima is at m < 0 and this is given by m* = —,/1 — ﬁ while for A < 0,
mt=4+,/1— ﬁ is the metastable magnetisation. From these spinodal magnetisation, we obtain the

spinodal fields by substituting this in the expression of fh = tanh™!(m) — fJym according to whether
h <0or h>0.

1 {1+m*
*:71
Ph7 =g |3 =

} — BJym*
Hence to summarise, we have the following cases:
e h =0 — degenerate, equally likely minima at +m, for T' < T..

e h#0,h < h* — one stable and one metastable minima.

e h#0,h>h" — only one stable minima.
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— 0.0
— 0.24

Figure 16: £ vs. m for different values of h at T' < T.. On increasing h, the metastable minima at
m < 0 disappears.

The metastable state exists only between (—h*,+h*). At T' = T, we have Jv = 1 which implies m* = 0
and hence £h* coalesce to the same point. The phase diagram for h vs. T is shown below:

1.0«
‘s, === —h*(T)
ey === +h*(T)
.'.. metastable region
0.5 |- Cay . = First order line
e
< 00 —
e "
" i
O“
—0.5 |- “’ﬂ‘
‘!
.
.
‘0
—1.0 ] ] 1 |
0.00 0.25 0.50 0.75 1.00

Figure 17: Phase diagram for h and T. The blue shaded region denotes the states (h,T) where the
metastable regions exist. The black line denotes the first order phase coexistence curve, ending at 7.
Here T, is taken to be 1 for the simulation.

10.4. Hysterisis

On varying the magnetic field at some fixed temperature T" < T., we obtain a hysterisis in the Ising
model. Suppose we start with a high negative value of h > —|h*|. In this case, only one global minima
is present (see Fig. 18 (a)). As we decrease the field magnitude (take the field towards zero), then at
h = —|h*|, the metastable minima will appear, but the system will be sitting in the global minima. At
h = 0, the global and the metastable minima will become degenerate. On increasing h further in the
positive side, the previous global minima now become the metastable minima.
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Figure 18: Hysterisis curve from mean-field theory. (a) £(m) vs. m in different field regimes. The
global minima shifts on moving h from negative to positive. (b) Magnetisation vs. h curve, showing
the hysterisis loop.

The system should technically be sitting in the global minima, however, since it was previously occupying
the other minima (which has now become metastable), due to some kind of inertia, it still stays in the
metastable state, which happens until A hits +|h*|. After that, the metastable minima disappears and
the system is forced to relocate to the global minima.

As shown in Fig. 18 (b), the black arrows traverse the path when we start from h < 0 while the red
arrows show the same when starting from h > 0. We can see that the paths are not the same and the
resulting m(h) curve is not reversible in time. This is the characteristic case of hysterisis!

Lecture 11: Landau Theory for Phase Transition: |

We move on to a formal description of the process encountered in the previous lecture. Here, will be be
doing away with the microscopic details. Although, time and again, we will be taking the Ising model
as our basis to build intuition and stuff, the method can be possibly generalised to other systems. We
will define the system in terms of an order parameter which we will take to be a scalar. However, order
parameters can literally be anything as long as it can distinguish between two phases.

11.1. Order Parameter

Order parameters can be scalars, or in general tensors or an element from a group, it can be real or
complex; there is a lot of diversity. The basic necessity is that, it should distinguish between phases. It
is usually zero in the unordered phase and non-zero in the ordered phase. For example, in the Heisenberg

model with the Hamiltonian,

’HZ—JZO'Z"O']‘—h‘ZO'i (30)
(i) i

where the spins on the lattice are vectors, the magnetisation M is a vector, such that M = 0 for T' > T,

and M = Mn, pointing in some arbitrary direction 1 for T' < 7.

For the superfluid transition in *He, the order parameter is something called a pairing amplitude which
is kinda a complex matrix and has to do with formation of Cooper pairs. In superconductors, the energy
gap A is often taken to be the order parameter. In fluid systems, as seen before, we took the density
difference between the phases to be the order parameter. In each of these, the number of components in
the order parameter are different.
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11.2. Expanding the energy

The Landau theory has to do with expanding a function £ in powers of the order parameter. The function
L must obey the symmetry of the system. With all our might we write the phenomenological expansion,

L= iaz {KY, T)m (31)
=0

where { K} denote the set of couplings in the model (for example, in the Ising model, J was our coupling
constant and also h, kinda). The expansion in itself is not that helpful, unless we do something stupid
with it. We expect that m should be small in and around 7, and hence we truncate the expansion upto
m?, leaving us with the quartic free energy,

L = ag + aym + agm? + azm?® + agm*

For the time being, let us consider the Zy symmetry case as in zero-field Ising model. Thus, £(m) =
L(—m) which forces the odd terms to be zero viz. a; = ag = 0. Moreover, we want £ to be bounded
below, since we hope to extract physical insights from minimising the free energy. If £ has no finite
minima, then we can arbitrarily make that small by taking n — oo which is unphysical. Thus, aq4 > 0 is
taken to make £ bounded below.

All the coefficients here are dependent on temperature and the coupling. In the unordered phase, m = 0
and hence ag denotes the value of £ in the disordered phase. Since this coefficient is independent of the
order parameter, we can think of this as a smooth background field, containing the irrelevant degrees of
freedom, upon which the phase transition stuff is superimposed. We set ag = 0, that’s it! We expand

the remaining coefficients with respect to the reduced temperature, t = T%CTC:

az = al” + at + O(#?)

ay = aflo) + agl)t +O(t?)

(32)
We don’t need a4 upto the linear term also, since a4 comes with m?, which is itself assumed to be tiny.
So, we just take a4 to be some positive constant. We now minimise £, hoping to get some insights.

oL a2

a—m:2a2m+4a4m3202m20 or m= _ﬂ (33)

We assume m to be continuous across the transition, and hence ay(7.) — 0, which implies that ag)) =0.
To summarise, with all our assumptions, we get the expression for the Landau free energy upto m?* to
be,

L = ay(T — T.)m? + agm* (34)

where we have redefined the constants ao and a4 by absorbing some constants. Let us now add the
magnetic field term h, which breaks the Zo symmetry. The simplest way to incorporate this is through
a linear term. The free energy can then be written as,

L= 2(T T.)m?* + 4m —mh (35)

Minimising this gives us,

%:ag(T—Tc)m—{-mmg—h:O = aQ(T—Tc)m+a4m3:h

which is the equation of state. It is a cubic equation with potentially three roots.
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11.3. Finding Critical Exponents

Suppose h = 0. Then, from minimising £ we get,

as 1/2
m=0 m= <—(T—TC)) ~ (T —T.)'? (36)
a4
We can easily see from here that the critical exponent | 5 = 3 f Now, suppose h # 0. Then at T = T, we
o1
have agm?® = h = m ~ h'/3 which gives us the critical exponent | = 3 From the equation of state,
we find that
Oh om 1

= ay(T — T.) + 3aym? = —— =
CLQ( C)+ aamm Oh ag(T—Tc)—l—3a4m2

om

For T' > T, we have m* = 0 and for T < T, we have m* = |/—%(T' — T'c), using which we can obtain
the zero-field susceptibility,

1 ;
— > |y = 1
X1 = (T — T |
= ! = ! = [r=1
NS T (T — T,) — 3as 2(T—Te)  2ax(T.—T) -
The last exponent comes from the susceptibility which can be obtained from the specific heat C\, = —T g%
for h=0. For T >T., L=0asm*=0. For T < T, we have,
a3 a3 a3 a3
L=—2(T-T.)+ 2(T-T.)=-2(T-T.)) = C,=2T
2&4 ( c) + 4&4 ( C) 4(14 ( C) v 2&4

2
Thus, between T and T, we have AC = %T ¢ > 0 and thus there is a discontinuity in the specific
heat. It is clear from here that which is the remaining critical exponent.

Lecture 12: Landau Theory for Phase Transition: Il

We now add a cubic term to the free energy, which will lead to a first order transition.

12.1. First Order Transition

1 1 1
L= §a2(T — T.)m? — gagmg + Za4m4 ag,as >0 (37)
We can assume the ag > 0, if not, define m’ = —m. The free energy no longer enjoys the Zs symmetry.
Minimising the free energy gives us,
oL _ . r_ " 3 _ _ 2 7y
3 =a(T —Te)m —asm* +aym”> =0 = m=0 or agm”—asm+ax(T —T.) =0
m

The quadratic part gives us two solutions, namely,

2
as as as
= — % — | — =T —-T,
s 2a4 \/( 2a4) a4 ( 2

From this, we see that if a% < 4agay(T — T¢) then the above two solutions become complex and we are

2
left with only m = 0 as the real solution. If a3 > dasas(T —T.) = T < T.+ 4;2—?;4, then we have three

2
real solutions. Let us denote T = T, + 4;% > T., which implies that even above T, for T satisfying
T. <T < T*, three solutions do appear.
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Figure 19: Landau free energy £ with the cubic term. (a) Phase diagram in the a3 vs. t plane. The
blue line denotes the first order line a% = (9/2)azast while the dashed grey line denotes the spinodal
line a? = 4asa4t (b) Behavious of £ in different temperature regime.

Okay, now let us see the position of these three extremas. Note that m4 > m_ and m4 > 0 from the
form of the expression, so only the position with respect to zero needs to be ascertained for m_. If we
want m_ > 0, then

2 2
as as as
— =) - =(T~-T,) = T>T,
(2@4) = (2@4) a4( C) ¢

Thus, for T > T, we have my > m_ > 0 and for T' < T, we have m_ < 0 < m4. The position of the
extremas are fixed. Now, let’s look at the curvature.

oL
ke ao(T —T¢.) — 2asm + 3aym?
m

Atm =0, g% = ay(T — T,) which implies that for T' < T, we have a maxima at m = 0 and for T" > T,
there’s a minima at m = 0. From these facts, we have:

e For T' < T,., m4 are the minima and m = 0 is the maxima.
e For T'> 1T, m4 and m = 0 are the minima and m_ is the maxima.

Let us now see how the free energy behaves for different values of T' > T, to ascertain which extremas
are global. At m = 0, we always have an minima and hence, to find the global things, we neet to compare
the other extremas with £(m = 0), so we look at the case when £(0) = £(m.) (since m_ is the maxima,
we do not care about it). This is equivalent to simultaneously satisfying the two equations for m # 0,

oL

Eliminating m? from these equations and definining e = 7' — T, leaves us with,

1 1
4(3a3m — 2&26) —azm +age =0
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3az€e
az

from which we get, m = Now, this m must be equal to m, since this is the minima.

3a as \2 as \2 a
— (Je e\ (e a2
as 2&4 2a4 aq

3as\? 3as as
== <— O —

as a4 a4
9a2 2
a2 ay
9 9
= |a3 = §a2a4e
2a2 .
Define T** =T, + 9a324 < T*. We summarise all the cases below:

e For T' > T* we have only one minima m = 0.

e For T"* < T < T* we have three extrema, the global minima is at m = 0 and at m we have a
local minima. m_ is a maxima.

e For T, < T < T** we have three extrema, the global minima is at m4 and at m = 0 we have a
local minima. m_ is still a maxima.

e For T' < T, we have three extremas and m = 0 is a local maxima, while the global minima is at
m4. m_ is a local minima.

But where does the first order transition take place? Note that, for 7' > T** the minima is at m = 0 and
then, at T' = T™*, we have two minima at m = 0 and a finite m = m4 > 0. Just below T** we have the
global minima as m. which is not zero. Thus, there is a abrupt jump between the minima, which is the
telltale sign of a first order transition.

12.2. Tricritical Point

We now consider a free energy with Zy symmetry, but with a higher order term, mS.
1 9 1 4 1 6
L= §a2(T —Te)m* + Jam + gagm ag, az > 0 (38)
From the same old routine, we minimise the Landau free energy
oL
—— =m(az(T — T.) + agm?® + agm™) = 0 (39)
om
Denoting t =T — T, the trivial solution is m = 0 while the four other solutions are given by,
s a4 as \*  ap ay
= () B o ey (2
mn 2a6 2&6 ag mn 2(16 2a6

Suppose that, T > T, and a4 > 0, which implies that ast + aym? + agm* > 0 and cannot produce any

root, for all m and hence, % has a unique root at m = 0. For T' < T,, consider ast + asx + agz® = 0

where we defined x = m2.

The discriminant of this equation is a?l —4agaot. As T < T,, we have t < 0 and hence the discriminant is

positive. This implies the existence of two roots to the equation. However, note that the product of the
roots is ‘2—2; < 0 which implies that one of the root is negative and the other is positive. We discard the

negative root, as * = m? > 0 by definition. Then, apart from m = 0, only two root survive from this,
corresponding to 1 — m = +,/x, which are:
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Figure 20: Landau free energy £ with the sixth order term. (a) Phase diagram in the a4 vs. t plane.
The blue line denotes the second order line (a3 = 0) while the dashed grey line denotes the spinodal
line a3 = 4asagt (b) Behavious of £ in different temperature regime.

as the ‘=’ root inside the square root gives imaginary solution. To see this, note that Z—zt < 0 and hence,
2 2
a4 az a4 as a4
) - == () + =t > |—
( 2&6 ) ag \/ 2a6 ag 2a6

Let us now look at the case when T > T. but as4 < 0, which has all five real roots, provided a2 >
dasagt = aq4 < —2+/agaet. If ag > —2+/aqaet, then the quantity under the root becomes imaginary
and all the four roots become complex, so only real root is m = 0.

As L — oo as m — +0o, we must have three minima, separated by two maximas. From Zs symmetry
or otherwise, we can say that for T > T., m = 0 is always going to be a minima (and for 7' < T, it is a
maxima). We now need to check whether the other two minima are lower in energy than m = 0 or not;
so we check as before, £(m) = £(0) = 0 along with % = 0 which gives us two simultaneous equations,

6aot + 3a4m2 + 2a6m4 =0 (40)
ast + a4m2 + a6m4 =0
Multiplying the second equation by 2 and subtracting, we obtain:

4
dast + agm? =0 = m? = —ﬂt
Qa4

Substituting this again the one of the equations gives us,

4
as = ———=+asagt <0
4 /3 206

Now, we summarise the cases for T' > T,:
o If ay > —2+/asagt then only minima is m = 0.
o If —%\/ag%t < a4 < —24/agagt, then five real roots appear, but the global minima is still m = 0.

o Ifay < —%\/agaﬁt, then five real roots appear and zero minima is the local minima, while the
other two (degenerate) minimas are global.
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For T' < T, three extremas are three; m = 0 is a maxima while two other global minimas are present.

2
As before, there are two temperature scales involved, first is the spinodal temperature T* = T, + 4;24%
2
where the minima first start to appear and T** =T, + 163524% where the first order transition take place

(minima is the same as the minima at m = 0), as shown in Fig. 20. The point (¢t = 0,a4 = 0) in the
phase diagram, where the first and the second order line meet is called the tricritical point.

Lecture 13: Landau Theory for Phase Transition: 11l

In this lecture, we focus on how the order parameter changes and the emergence of interesting phe-
nomenon like hysterisis, for the m? and m® Landau theory.

13.1. Order Parameter Flow for m?

Consider the previous case of £ with m? term. We can change this to a one-parameter problem, following
a transformation. We want to keep the one parameter r associated with as, since this is where the
temperature dependence is there. The other parameters need to be scaled somehow. If we say, ag = cay,
then we obtain

a 1 1
L= a4<2a24(T — Tc)m2 — gcm3 + Zm"‘)

If we now define the scaling m = cu then we obtain,

1 1
Q(T —T)Pu? — Zctud + c4u4>

ﬁ_““( 3 1

2a4

The last two terms contain ¢*. If the first term also somehow had ¢* we can take it common. So let us
try the definition
ax(T — T, a3
72( c) =re® = (T -T,)="r
ay4 Q4
where 7 is our new parameter and the Landau free energy becomes,
Ly, 14,

1
L= a4c4(2ru2 - §u + Zu )

Rescaling £ by asc?, we obtain the following transformed function,
p(u) = =zru” — -u’ + -u (41)

which depends only on the parameter r (note that r contains the temperature dependence). The fixed
point for p(u) are found from solving ¢'(u) = 0,

1 1
ru—uwl4+ut=0 = u=0 uy =gk -
From the second derivative, we have ¢ (u) = r — 2u+ 3u?. For r > i we only have one fixed point, u = 0
and ¢”(u) = r > 0, hence u = 0 is a stable fized point. Now, for 0 < r < % we have three extremas for

p(u).
For this case, 0 < u— < u4 and hence, 0 and u are the minimas while u_ is the maxima (from the form
of the potential). We need to check which of the minima is lower, for which we check p(u) = ¢(0) = 0.

Multiplying this by 12 and ignoring the v = 0 roots, we have 6r — 4u + 3u? = 0. From minimisation
condition, we further have r — u 4+ u? = 0. Solving this simultaneously yields v = 3r and substituting
this in any one of the equation gives us r = % and u = % Hence, for r > %, u = 0 is the global minima

while u = u4 is the local minima and this becomes opposite for 0 < r < %.
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For r < 0, u— < 0 < us and hence u = 0 becomes the unstable maxima and the minimas are that
U = U+t.

1.5
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Figure 21: Hysterisis plot for ¢(u) with the cubic term. The black line denotes the stable fixed points
while the red line represents the metastable fixed points. The dashed green line denote the unstable
points.

So, say if we start from a negative value of u and r, then the system quickly moves to the red line (which
is locally stable). As we increase r, we move along the red line to reach past 7 = 0 (shown by the magenta
arrows in the lower region of Fig. 21), still following the same line, since the line is locally stable. In this
case, there is no hysterisis.

Instead, if we start from some positive value of u initially, the system moves to follow the upper black
line; it continues to move like this till r = %, at which point the line ceases to exist and it quickly drops
down to u = 07.

When coming back (starting with a high positive value of r), the system remains in v = 0 line, until
u = 0 becomes unstable at » = 0. At this point, the system jumps to the globally stable upper black line
and continues to move there (shown by the blue lines in the upper part of Fig. 21)).

Clearly, these paths, while going and returning, are not the same, and this demonstrates the hysterisis
in the theory.

13.2. Order Parameter Flow for m®

Let us move on to the sextic potential that we saw earlier,

1 1 1
L= §QQ(T - Tc)m2 + Za4m4 + gaGmG

We can perform the same kind of transformation here also. Taking ag common we have,

az 9, w4 1 6)
L= <— T T, — -
ag 2%( c)m +4a6m —|—6m

Taking the scaling ay = +c?ag '

and m = cu we obtain,
6
as c 1
£ = ClG(m(T — Tc)02u2 + ZU4 —+ ECGUG)

Defining the new scaling,

T-T, 2
a(T — Tc) =rct = (T -T,) = 4,
ae ag

Yf a4 is positive, then we take the + sign, else take the — sign.

44



PH4202 Adv. Stat Phys Lecture Notes

Taking ¢® common and rescaling £ by c®ag, we get the transformed function,

1 1 1
o(u) = §TU2 + ZU4 + 6u6 (42)

We do not focus on the case with the + sign. We will deal mainly with the negative coefficient of u*.
Minimising ¢(u) we obtain,
ru—ud+ud =0 = r—ul+ut=0

1 /1
=41/ =1/ - - =
u > 1 r u=20

Ifr > %, then the only root is u = 0 (other roots become imaginary). If 0 < r < i then we have all the

roots. If r < 0 then \/% —r> %, then there are only three roots, u = 0, &+ % + \/i —r.

which gives us the roots,

Note that ¢”(0) = r which implies that for » > 0, v = 0 is a minima and it is a maxima otherwise. For
r > 0, to check which is the global minima, we check p(u) = ¢(0) = 0 and ¢'(u) = 0, which leads to the
simultaneous equations,

6r — 3u® +2u' =0
r—u?+ut=0
solving which, we obtain u? = 4r and r = 0 or r = %. Then, for r > 1%, u = 0 is the global minima.

For r < 1%, uy4+ and u_4 are the global stable minimas. Between % <r< %, uy4+ and u_4 are the
metastable minimas. From this, we obtain the following u vs. r plot.

Figure 22: Hysterisis plot for ¢(u) with m®. The solid black and grey line denote the stable fixed points
while the red line represents the metastable fixed points. The dashed green line denote the unstable
points.

There is an obvious u — —u symmetry in Fig. 22. When r is positive, the flow is towards the fixed point
u = 0, which persists even when r < i. When it reaches » = 0, u = 0 becomes unstable and the flow
shifts to either of the global fixed points w44 or u_.

If we instead start from a higher positive value of u when r < 0, the system shifts to the upper black
branch and follows that line till r = % where the stable point is annihilated and the system abruptly
shifts to w = 04, where it remains on increasing r further. We thus see that between 0 < r < i, the

dynamics is irreversible and there is hysterisis.
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Lecture 14: Spontaneous Symmetry Breaking

Let us re-visit the spontaneous symmetry breaking seen earlier, through the perspective of Landau
theory. SSB, as stated before, refers to the fact that in some regime, the ground state does not respect
the symmetry of the Hamiltonian. For a finite system, we observe no SSB since everything is analytic.
In the thermodynamic limit, we had seen,

m = — lim —

h—0 Oh

. F ) . 1 OF
i N} 7= [%i%(zvahﬂ

With the definition of the partition function using £, we can write the free energy from Eq. (29) as,
oo
F = —kTIn / dme PNE (43)
— 0o

where we have extended the integral limits to £00. Taking derivative with respect to the field, we obtain,

OF [dm e PNE(—m) [ dm me=BNE
oh ~heT- =N [dm e PNL - [ dm e=BNE (44)

where we assumed that £ has the coupling term —mh with the field. Let us focus on the numerator
only, since the denominator is just the partition function and is always positive.

0 00
oF
lim — o lim [ dm me ?M£ = lim / dm me PNE 4 /dm me PNE (45)
h—0 Oh ~ h—0 h—0
—00 0
Now, in the zero field limit, £(m) = L£(—m) (presence of Zy symmetry). Let we change the integral
variable m — —m, using which we get

o0 (o.0]
oF
lim — o lim —/dm me PNE +/dm me PNEL =0 (46)
h—0 Oh ~ h—0
0 0

Thus, on taking the zero-field limit first, we get an overall zero magnetisation, even if we take the
thermodynamic limit after this. Let us now try to take the thermodynamic limit first and then take the
zero-field limit.

00 ) oo
lim _feT In /dm e‘ﬁN(Z_hm) = lim _hel In /dm e_ﬁN(E_hm)+/dm e_ﬂN(Z_hm)
N—oco N Nooco N

5o e 5

N—o0

= lim —k;[T In /dm (e—ﬁN(E—hm) +e—,3N(£~+hm))
LO
(47)

where £ denotes the Landau free energy without the field coupling. In the last step, we had used the
substitution m — —m as before. Let us suppose h > 0, then the integral can be written as,

[e.e]

. kT —BN(L—hm) —2B8Nhm

Jim =5 In /dm e [1+e ] (48)
0

For a finite positive h, if N — oco, then the blue term is really really small and hence can be neglected.

The remaining integral (evaluated by the saddle point approximation) takes the value where it peaks at

m*. Taking the thermodynamic limit and h — 07, we have:

. . 0 kBT —BN(Z(m*)—hm*)} . . . 0 r~ % ] "
- im e e = -t lm e [£0m) = ham”| = m (49)
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which gives a finite magnetisation. Suppose we had taken h < 0 initially,

[e.9]
lim _kBT In /dm e—ﬁN(Z+hm) [1 + €+2/3th} (50)
N—oo N

0
Since h < 0 then the red term goes to zero and exactly similarly, we obtain a finite magnetisation —m*
when taking the zero field limit after the thermodynamic limit. This gives us the correct prescription of
analysing the spontaneous magnetisation, depicting SSB.

Lecture 15: Landau-Ginzburg Theory

In the Landau theory, we had assumed an average value m of the magnetisation for the entire system and
used this as the order parameter. However, this method is too rough as it misses any spatial dependence
of the order parameter. m was spatially homogenous which perhaps is not what we want. We now
generalise m — m(x) where m(x) is now a field.

We focus on magnetic systems only, however, this can be applied to more general systems. To see this
clearly, divide the system into N’ different cells {I1,I5 ... In/}, each with a characteristic length ~ [ as
shown below. Here [ is a mesoscopic length scale, a < I < L where a is the lattice spacing and L is the
typical linear dimension of the lattice.

a

Figure 23: Coarse graining the lattice

Let the centre of cell I be x and define the local order parameter,

) = = Yo (51)

Lier

where N; is the number of spins in cell I. This process is called coarse graining, since we are defining an
order parameter, averaged over N; spins in each cell. Let us now define £ in this case. At first glance,

it seems that

N 1

L{mi}) = Z {ﬁaz(T —T.)m? + Za4m? — him;

(2
We have suppressed the x parameter, since x is dependent on i itself. Note that the above free energy
does not take into account the cost of maintaining the local magnetisation in adjacent cells. Every m;
is independent and this can lead to large difference in the order parameter in adjacent cells. We assume
that the spatial variation of the local order parameter is ‘slow’ and for this, we introduce a symmetric

coupling term,

)

N/
1 1 1
E({ml}) = Z [2CL2(T — Tc)ﬂll2 + Za4m;~1 — hzmz} + 5 ZC”(mZ — mj)2 (52)
ij
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where C;; is the short-range coupling and based on a characteristic cutoff length R, is defined as,

¢ li—jll<R
Cij = o
0 Ji—jll>R

There are some subtleties here though. Note that x can take only discrete values, based on the position
of the cell. Hence we assume that %/ is small enough that x can be taken to be continuous. Moreover,
within each cell, m;(x) is quantised in terms of N% We choose N; large enough, so that m;(x) can take
any value between —1 and +1. This allows us to replace m;(x) by just a continuous function m(x). Let
us now manipulate the coupling term now. Assume a 1D system for ease.

R/l

1

3 Zcij(mi - Z Z co(miyj — z)
ij % 1
! JR p (53)

-2 [ g

i =1

2

The thing in the bracket looks like the discrete version of a derivative. In the continuum limit, this leads
o (8xm(z))?, which becomes the gradient term (Vm(x)) - (Vm(x)) in general d dimensions. The sum
over ¢ can be converted to a d-dimensional integral,

Y=g ot

where 1% is the elemental volume in each cell with centre x. The sum over j is just a constant and
depends on the interaction range R. Thus, absorbing every constants into a single parameter v, the

coupling term becomes,
1 Y
B Z:Clj(mZ —my)? =~ §/dd:v (Vm(x))?
ij

The final expression for the Landau free energy is,

1=

Note that, £ has now become a functional, that is, it takes a function m(x) and spits out a scalar. The
partition function calculation becomes a bit involved, since it contains the term exp(—SL[m(x)]) and we
have to perform an integral. However, this is not an ordinary integral, since the integration variable is
now a function m(x).

5027 = Tm(x)) + jas(m(x))* ~ hem(x) + L(Vm()?|  (54)

What happens is that there are infinite realisations of the function m(x) and we need to ‘integrate’ over
all these realisations. The process through which it is done is called functional integral or a more cool
sounding, path integral. The formal notation of the functional integral is,

Z= / Dim(x) e8] 4% [3oa(T=T)m(0)+fas(m(x)) ! ~h(x)m(x)+3(Vm(x))’] (55)

Out of the infinite realisations of m(x), the one which gives the equation of state is the one which
minimises the free energy functional. For minimisation purpose, we have to invoke the concept of
function derivative since m(x) is a function. Thus, we have the equation of state as,
oL
m*(x) : — =0

(x) = 5
Before formally going down this rabbit hole, let us find the minima by simply calculating the variation
0L when the function m(vbzx) is varied from the minimising function as m(x) = m*(x) + dm(x), such
that at the boundaries, dm = 0.

5L = / A%z [aa(T = Toymém + am®sm — hom + 2 x 2(5(Vm) - (V)]
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Let us calculate the variation of the gradient term.
/H%%Vm}&Vm)z/ﬂ%(Vm)V@m)
= /dd:z (V2m)dm + Boundary terms
= —/dd;c (V2m)om

The boundary term is zero, since dm is zero at the boundaries. From the variation of the functional, we
obtained
oL = /ddm [aa(T — To)m(x) + as(m(x))® — h(x) — yV>m(x)]6m = 0

Since dm is arbitrary, we have the equation of state satisfied by,

ag(T — T.)m*(x) 4+ ag(m*(x))3 — h(x) — yV?m*(x) =0

Lecture 16: Kink Solutions

In the previous lecture, we introduced a spatial variation of the order parameter, m(x). Consider the
1D Ising chain as an example. Suppose in the extreme left end of the chain, we have a 1 spin while in
the extreme right, we have a | spin.

If we keep this constraint fixed, then it is evident that somewhere in the middle, there should be a spin
flip (that is, we cannot continuously deform the left side to bring it to the right side). This inability to
continuously deform a configuration aptly indicates that this is a topological artifact.

This spin flip is nothing but a domain wall if we think about it. The domain wall is also exotically called
a kink or soliton depending on the context and the type of system used. Note that if there are two kinks,
then there are two spin flips and hence these cancel each other (that is, the boundaries have the same
spins). Thus, this configuration can be continuously deformed to the ground state which is uniform.

s ks

ANEENE 2 IAUTARN
S |

Figure 24: Mapping of spins to the order parameter space.

The spins left and right of the kink can be mapped from the real space (of the lattice) to the order-
parameter space, where there are two points +1 and —1, as shown in Fig. 24. Thus a state (+,+) or
(—,—) will have all up spins and down spins respectively and hence are the ground states. The state
(4, —) ( state (—,+)) will have up spins on the left (right) and down spins on the right (left) of the kink.
These are the four topologically distinct sectors for the 1D Ising model. The state (—,+) is called the

kink state where we have up spins on the right of the chain while (4, —) is called the anti-kink state.

We want to see the variation of the order parameter across the domain wall. For this, consider the
following Landau functional,

SaalT — T)(m(x))? + Jas(m(x))* — hem(x) + L(Vm(x))?

cm@n:/ﬂx :

Now, suppose spatial variations persist only in one direction, while all the other (d — 1) dimensions are
spatially uniform. Hence m(x) = m(z) and let A be the integral over the rest of the spatially uniform
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(d — 1) dimensions (hence A ~ [971).

1 1 o 2
= /dx —ao(T — T,)(m(x))? + ~as(m(z))* — h(z)m(z) + ’y( m(x)) (56)
2 4 2 ox
Considering h(xz) = 0, we get the equation of motion:
d®>m 3
TRz as(T — Te)m + agm (57)
Multiplying both sides by ‘é—? we get,
dm\ d*>m 31 (dm v d 1 5 1 4
(da:) qpz = (0T = Tejm +amm ]<d > 7 2de > - LaQ(T_TC)m +4a4m}
d 'y 1
— 7() +1 (T — T.)ym? + —C
5\ q as m? 4a4m

where C is a constant determined by the boundary conditions. So let’s set m(z — +00) = Mo =

/-2 (T —=T,)>0and ‘é—’;’ = 0. Using this, we obtain the value of C

BT =T | L, T~ T _ [l ~ T

1
C = *CLQ(T — Tc) X <— 1@4 X 2

Substituting this value above, we get the equation as,
2 2
7y (dm 1 9 1 g (T = T2)]
0=—= () —as(T — T, - = =
2\ dx + 2a2( eJm” + 4a4m + day

o= N[ N2

from which get two solutions,

[2v dm 9 9
2 4 _
a4 dl’ (m mOO)

We take the —ve solution and then we integrate to get,

,/ / m2— /d:c— T — Tp)
ma}o

where x, is the centre of the domain wall and we assume m(z,) = 0. On solving the integral, we obtain
the solution,

2y 1 m .
\/:Zmoo tanh ™! <moo> = (z —xy) = m(x) = my tanh [W}
(x — )
VG /) P (T~ T) as) 72

Now, the red quantity has the dimension of length and we denote is by £&. Physically, £ denotes the
length scale over which significant change occurs across the domain wall. This is appropriately called

= My tanh [
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the correlation length since this is the scale across which correlations between the spins persist. The
correlation length is temperature dependent as seen above. It scales as, £ ~ (T, — T)_l/ 2 hence shows
a power-law divergence at T' = T.

1.0 |-

0.5 | 0.5 |-

/N /N
8 S
~— 00 ~— 00

—0.5 |- —0.5

Figure 25: Spatial variation of order parameter. (a) m(z) at T < T.. The black vertical dashed
line denotes the centre of the domain wall, while the green lines denote the extent of £. Within this
region, most changes occur across the domain wall. (b) m(z) for various temperatures. We see that
the correlation length gradually increases on increasing 7.

The domain wall incurs some energy cost in the system. This is reflected in terms of the surface tension
o defined as,

2
0= / [ag (T — T.)m?(z) + 1a4m4(w) + %(i—?) ] - Eag(T —T.)m? + iazymio (59)

The above is just the increase in energy from the uniform ground state. This gives us,

25 0

o= / Bag(T —Te) (mQ(ac) - mgo) + ia4 (m4(:v) - mio) + =

— 7 Bag(T T.)(m? —m2) + lea4(m4—m4 ) +%(m2—mgo)2} dz

- (60)
— / (m? —mZ,) BaQ(T —Tc) + ia4(m2 —i—%) + %(m2 —yg) dz
:_Z %(m2 —mgo)2 dz :_: % X Z(i?)z dz = ’y_Z Lﬁn (moo tanh <$\Ezo)>r dx

Carrying out the integral yields us,

2

_ymg, 4 <x — mo) B
o= h dx =
28% e V2¢ !

X V/2¢ / sech(t) dt = dyms,

252 3V2¢

Using the definition of £ from before, we get

4 A/nad|T. - TP

o= — o~ |T.—T? 61
373 o |Te — T (61)

The surface tension goes to 0 at T, and so domain walls are easy to form at the critical point.
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16.1. Physical Interpretation

At the extreme left end, m(z) — —mo and m(x) — +m at the extreme right end. Note that
+Meo

are the minima of the free energy density. Hence, the domain wall allows us to go from one minima to
another. There is anothe physical interpretation of Eq. (57). This equation looks exactly like Newton’s
law % = —%—Z, with m <> y and x <> t. Then this situation is like an inertial particle moving back and

forth between two hills, situated at mqg.

16.2. Topological Charge
Let us define the following quantity,

e = 7dx(dm):[m<+oo>m(°°> (62)

 2m, dx 2my
—0Q

gr is just dependent on the boundary conditions and hence, invariant under some local change of the
order parameter. For the ground states, (4, +) or (—, —), the topological charge is zero. For the kink
state (—, +) we have qr = +1 and for the anti-kink state (4, —) we have qr = —1. Two kinks (one kink
and other anti-kink or vice versa) is topologically equivalent to one of the ground states.

(a) (b)

X

Figure 26: (a) Kink-antikink pair (b)Antikink-kink pair

Such kink and anti-kink pairs are deformable and annihilate each other as seen previously.

Lecture 17: Fluctuation-Response Relations

Given a partition function we can obtain the free energy as F' = —kgT In Z and from there we can find
the expectation value of the order parameter,

OF [ Dm e PEm(r)
(m(r)) = _5h(r) - [ Dm e=BL

(63)

The second expression is just the definition of the expectation value. In a similar way, the generalised
susceptibility (with spatial dependence) can be found out as,

. S(m)  8%F
X(r—r) = h(r)  oh(r)h(r') (64)
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Using the definition of functional derivatives we can then write the variations,

6F =~ [t (m())oh(e') 8 m(x) = [ '’ x(r ~ ¥)3h(r'

We assume that £ has a term —h(r)m(r). Differentiating the expectation value with respect to the field,
we have

(o9
s

(m(r)) _ [ Dm e PEM Bm(r)m(x) B [/ Dm e PEm(r)] [f Dm m(r')Be P
Sh(r") JDm e=bL [[ Dm e=B£)?

1 , , ,
= o [(mEm)) = (m(x)) (m(r))] = BG(r - ')

(65)

where G(r —r’) is the correlation function defined in Lec. 6. Hence we get a simple relation,

x(r—1') = pG(r -1

Note that we have assumed translational invariance from the beginning, that’s why we were writing the
functions as a different of the two vectors r—r’. We can easily use the Fourier transform for translationally
invariant systems.

d
w1 = [ G55 Rl

Using this in the above relation above, we get x(k) = BG (k), which is an aspect of linear response theory.
The susceptibility is a response, which is linearly proportional to the correlation function, related to the
fluctuations in the system. Now, if the frequency of the external perturbation (like the Fourier modes of
the magnetic field) tends to zero, x must reduce to the static isothermal susceptibility,

X = lim X(k) = 8G(0) = 8 [ d'r G(x) (66)

17.1. Calculating the correlation function (Ornstein-Zernike relation)

Here, we outline a method to calculate the correlation function. For that, let us take the derivative of
the equation of state with respect to the field.

5h(($r’) lao(T — T)m(r) + agm3(r) — h(r) — 'yVQm] =0

From the definition of susceptibility, we have
[—YV? + aa(T — T.) + 3aym?®| x(r — 1) = 8D (r —r)
Using the linear response result, we have
[-V2 + as(T — T.) + 3aam?]G(r — v') = kg T6 D (r — v

It is evident that the correlation function is the Green’s function for this differential equation. Let us

focus on the spatially homogenous case, m(r) = m = 4/ %CJT) for T < T, and m = 0 for T > T,.
Then,

aQ(T—TC)}_lﬂ

R R L e

Y
and for T' < T, we have

a(Te — T))

(—’sz + as(T — T¢) + 3ay X ;
4

Y

93

= (—yV?*=2a3(T-T.)) = (-V*+£22)G(r—1') = kB—T5(d) (r—1')



PH4202 Adv. Stat Phys Lecture Notes

2as(Te—T)1~1/2 .
7} . These are the correlation length defined above and below T,.. We see the

where £ = [ 5

scaling of & with |T, — T'| and conclude that, & ~ (T, — T)™" for T < T, and & ~ (T — T.)" for T > T.
with v =1 = % from the mean-field theory. In summary, the two-point correlation function satisfies the

differential equation,

ksT
(-V2+ )G —1) = =W (r 1)
Y
Fourier transform of the equation yields,
~ kgT 1
k)= -2- __ - 67

This is kinda the Fourier transform of the Yukawa potential. Note that, at T' = T,, £ — oo and hence
G(k) ~ k=2. We can revert back to the real space correlation function using the polar coordinates which
we do now. For that, let us choose r' = 0 and write the Laplacian in polar coordinates in d dimensions

which gives us,
L2 (12 gy = BT
{ 1o\ ar +ET|90) = v

Let us define p := /¢ and G(p) = G(r/€). Moreover, the d-dimensional delta function gives §(¥(p¢) =
é%é(d) (p). Using these variables, the differential equation becomes,

5§D (r) (68)

where we have defined g := kBTT§2_d. g is a strength of the fluctuations since this contains the correlation
length. Now, if p # 0, then

0 0G d—1
dp dp p
Define G(p) = p~"F(p) and carrying out the derivatives,
Gl — —Vp_(1+V)F + p—VF/ — p—l/ (F/ _ E)
P
e _V[p7(1+1/)F/ . (1 + V)pf(zz+2)F} o fo(lJru)F/ + pqul/ (69)
— Iofl/F/l _ 2VF/p7(l/+l) 4 l/(l 4 V)pf(2+l/)F
— p—l/ |:F// _ 27VF,+ V(U_zi_ 1)F:|
P P
Let us substitute these in the above differential equation,
-1 2 1 -1 —1
G/,+(d )G/_G:p—y[(F//_VF/_'_V(V;— )F>+(d )F/_V<d2 )F_F:|
P P P P P
d—1-2v viv+1)—v(d—1) - p? (70)
:,O_V[F”—I- F o+ ; PF}:O
P P

Let us choose d—1—2v =1 = v = %—1. Then v(v+1)—v(d—1) = v(v+1—d+1) = v(v+2—d) = %
Finally, we get the simplified differential equation,

This is the modified Bessel equation and its solutions are given by the modified Bessel functions,

G(p) = p"(arlu(p) + 2K (p))
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Note that I, ~ e” and hence it exponentially grows up, which we do not want. Thus, we keep only K, (p)
in the solution and hence, G(p) ~ p~YK,. The constant can be fixed by another complicated process
(which I skip) and finally we get,

e P d=1
Slo) { 1 )

g s g Kz (p) d>2

1/2
Forp>1 = r>¢ K,(p) ~ (21;;) e~ ? and hence for d > 2,
g 1 g £ (7?5)1/2 e
g(T) - (27T)d/2 p(d,g)/g K% (p) — (27.‘.)(1/2 r(d—2)/2 ? €

(72)

B g2—d ks T 1 é-d/Qfl 7T1/2§1/2 i
N v 24/27d/2 pd/2-1 91/2,1/2
kT ad=d)/2  -r/¢ 1

Ty 20Hd)2 p(d-D/2 7 ¢(d-3)/2

For r < & (near T, where correlation length diverges), K, ~ 3T'(v)(5) " and we get the expression:

g 1 g €422 (d—2)(2§><“)/2
90 = Gy yamn a2 ) = oy an T\
AP W R NP
= 2d/2-d/2 7 (d-2)]2 5

kT 11 F(d—2
Ty Apd2 pd=2 2

> = G(r) ~ p(d=2)

Thus, near T' = T, G(r) becomes a power-law and it is self-similar. There is no inherent length scale.
It has been experimentally seen that the exponent is not exactly (d — 2), hence we add a correction 7,
which is a new critical exponent. Thus, .

G(r) ~ =2+ (74)
From mean-field, 7 is obtained to be zero. The critical exponents heavily depend on the dimensionality
of space. As d increases, the exponents becomes closer to that of the mean-field theory. In general, the
exponents are not simple rational fractions, however, in d = 2 due to conformal symmetry (about which
I do not have any idea), the exponents become rational numbers.

Lecture 18: Some More Fluctuations

By now, we have realised that the mean-field theory is very unstable and in many cases, it breaks down.
Let us analyse when it is effective and when it is not. In MFT, we threw away the fluctuations and
hence, if the fluctuations become more than the order parameter scale, then it breaks down.

In general, we see that the exponents do match for d > 4 using numerical results. What is so special
about d = 47

18.1. Ginzburg-Levanyuk Criterion

Suppose we consider only regions of extent upto order £ in each dimensions (so correlations persist). We

then define the correlation volume Ve ~ ¢ag where ag = is the volume of a unit d-sphere. Now,

/2
T(§+1)
within this volume, if the fluctuations are way smaller than the average value of the order parameter,
then we can say that MFT is kinda valid. Since the correlation is given by G(r) then, mathematically,

we can define the condition for validity of Landau theory,
[ d%r G(r)
e .

Ve < (m)? (75)
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This criteria is called the Ginzburg-Levanyuk criteria. We further analyse this,

/ddr G(r) < (m)?* elay
Ve

Now, from Eq. (66) the LHS just becomes the isothermal susceptibility’,

XoksT < (m)? €0y = (=) < (1)t~
where we used the reduced temperature ¢ = T;CTC and the various scaling laws, m ~ (—t)3,x ~ (=)™
and { ~ (—t)~". From this, we finally obtain:

(_t)‘rJrZﬂfl/d > 1 (76)

As t — 0 (near T,.), this condition is only satisfied if v + 25 — vd < 0, since then the LHS becomes less
than 1 and blows up when the denominator becomes arbitrarily small. The criteria gives us,

v +26
v

<d (77)
Defining d. = Wtw as the upper critical dimension, we see that for the Ising universality class (that
is, those systems where the mean-field exponents are equal to that of the Ising model), d. = 4 as
v =1, =v = 1/2 which tells us why d = 4 is important.

From our previous discussion, we saw that for T < T,

g

~l2 d_ edf p\—d)2
2a2Tc(—t):| == g :gl(_t)

=[] = €=

where £ is the rest of the constants, having no temperature depedence. For T < T, the susceptibility is

equal to,
1 1

T 20T, —T)  2asT.(—t)

X
Then, for T' < T~ the Ginzburg criteria gives us,

—t)1¢ k
< Oldflli(*t)_d/2 . az(—1) BA4

kT, —————— _ Bt
pre 2a9T.(—t) a4 Qa%chfozd

< (—t)*

2
Note that, from sec 11.3, the discontinuity in the specific heat was found out to be AC = %T v which
exactly appears hear also. Define the GL reduced temperature as,

- r/(H)

) = |t 78
() [4AC’§fad (78)
which tells us that MFT is valid only if (—£)(4=9/2 > (—t;)(*~9/2, This relation is also dependent on

the dimension.

e Ford > 4: Ast — 0, since (4—d) < 0 the LHS can become arbitrarily large and hence the relation
is always satisfied, since the RHS is just a finite constant.

e Ford < 4: Ast — 0, the Ginzburg criteria is not satisfied. There exists a temperature T, obtained
from tgp, such that between T, — T, and T, + T, the Landau theory is not applicable. This region
is called the fluctuation dominating window. The fluctuation dominating window is not universal
and depends on the system. It is very, very narrow for conventional superconductors, so narrow
that it cannot be probed by experimental means and hence experimentally it always matches with
the MFT results.

In Eq. (66), the integral is over the whole space, but it is well approximated by the integral over the correlation volume,
since G is a rapidly decaying function.
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e Ford = 4: Landau Theory is strictly not valid, however the Ginzburg criteria is marginally satisfied.
There are some logarithmic corrections due to fluctuations.

fluctuation
dominating

Mdow (MFT invalid)
I .
! :

MFT valid | MEFT valid

T

TC — TG Tc Tc + TG

Figure 27: Fluctuation dominating window

This explains the significance of d. = 4 as the upper critical dimension. Although we considered the
Ising universality class, this procedure is also valid for other classes, however, d. # 4 for those systems.
Similar to the upper critical dimension, we do have a lower critical dimension d;. Below d;, fluctuations
are so strong that they Kkill all the ordering and hence the mean-field theory is not even qualitatively
correct (For Ising class, d; = 1). Between d; and d., we can qualitatively explain things using MFT but
it will not provide quantitative accuracy.

Note: MFT is valid at T' = 0, since at this temperature, no fluctuations exist. Also, when d — oo and
for infinite-range interactions, MFT is valid.

Lecture 19: Gaussian Approximation

We will try to incorporate some simple correction to MEFT, to take care of the fluctuations. We try to
approximate the functional integral in some way. For that, assume some deviation from the uniform
magnetisation,

m(r) = mq + ¢(r)

For T > T,, we have m, = 0 and hence the Landau free energy becomes,

Llo()) = [l | Jax(T - TG + Ja(6(x)* ~ hxo(x) + 1 (Vo))

We neglect terms greater than the quadratic order and also take the zero field case, which gives us,

Sar(T = TG0 + 1 (V)| = [dle ro0x) (79)

Llo(] = [ d'a

Let us consider a finite volume V = L%, which will lead to the discretisation of the functional integral.
If we decompose the field in terms of its Fourier modes, then the momenta will take discrete values in
the d-dimensional space,

2w
k=— c z4
7 n n
We define the Fourier transform as,

di% .
$(x) = 2m) M Xy

1 o Ve
» Z ekxg V— /
- (
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We will work with the discrete case (finite volume) for now. Let us substitute this definition carefully in
the Landau functional.

) vQZ (Vo (™) [V (Gr0e™ )] + ST = To)ugnoe 110>

kK’

2V2 > [k K+ an(T = To) frepee
k. k’

There is only x dependence on the last exponential term. Integrating this over all the spatial dimensions
of our system ', we will get a Kronecker delta,

/ddﬂ? f(x V2 [k K 4 ao(T = To) ] dudie (Viiqaer o) = [VE* + ax(T — T.) ]| $up—x

1
kX 2V k

Since the field ¢(x) € R, we have ¢_y = 51*( which means that,

[ate o) = o

~ ~ 1
2 [—vk-k’+a2(T—Tc)]¢k¢kfak+k/,o:W; [yk? + aq(T — T,) W

Observe that ¢(x) = ¢o + 3 XDk which implies that, k = 0 is the uniform mean field solution while
k£0
k # 0 denotes the fluctuations. Previously we had performed a coarse-graining to define the Landau-

Ginzburg theory, which imposed a mesoscopic length scale . Thus, |r| > 1 = |k| < 7. Hence, there
is a cutoff for the momenta, let us call it A. Thus the sum is restricted to only those momenta k which
satisfies [k| < A.

L[{dx}] = % [Vk* + ay(T — T,)] \MQ (80)
k
[k|<A

Now, divide the k-space into two halves,  and Q' such that if k €  then —k € Q'?. We need to focus
only on one half, since if k € Q then —k € " and these are not indepedent. Then the Landau functional
becomes,

Lid =3 X R+ ol — T[] (81)
ke
[k|<A

Now, let us find the partition function, where we need to perform the functional integral. Since the
functional now depends on the Fourier modes, the functional integral measure will also change, which
we write as,

z = / De(x) e PLB)] = / [] fuediy =Pl

Let us elaborate this a little bit explicitly, getting rid of some subtleties.

o Firstly, note that E#Zk and 51*; are in the same footing as the real and imaginary parts of Eﬁgk, SO
henceforth we will use the real and imaginary parts in the integral measure which we denote as,

Re ¢k = ¢k and Im qﬁ (bk

e Secondly, the limits of the product needs to be ascertained. Firstly, due to the same constraint
that the field is real, the positive and negative modes are not independent. Moreover, we also need
to take care of the cutoff. As a result, the product has the same limits as of the sum.

o While changing the measure to the Fourier modes, some constants surely crept in, which we would
simply write as NV, since these would not be much of use.

!'Note that the space is still continuous, even though the volume is finite
20One way to construct these regions can be to choose any arbitrary vector a and define 2 := {k|k -a > 0} and Q' :=
{klk-a < 0}
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Then the partition function becomes,

2= [ T1 abfadl exp |~ (4 + aa(T = T (B + (37 52)
ke
|k|<A

where we have converted the exponential of the sum as a product of exponentials. Each integral has
independent d)ff /T going from —oo to +00 and the integrand is a Gaussian. Thus, for each k, the integral
gives two Gaussian results, one for the imaginary and other for the real part. So the partition function
becomes,

kg TV
Z =
N‘kl;{] vk2 + ay(T — T) (83)
|k|<A

The free energy is then found by taking the logarithm,

ks TV ks TV
F=—kgT|InZ, + 1n< ) ( )
° ’ kEZQ k2 + ay(T — Te) Qo R+l -T)
[k|<A

In the last part, we included the sum over all k-space, which introduced the factor of 1/2 there. Next, we
will calculate the heat capacity using this free energy and see whether any changes from MFT is seen by
the introduction of fluctuations.

Lecture 20: Heat Capacity from Fluctuations

From MFT we know that the critical exponent o = 0 and there is just a finite discontinuity across the
transition point. However, in experiments, we have seen that the heat capacity actually diverges at the
critical point. Let us see whether we can explain this behaviour using the fluctuations. The heat capacity
at constant volume is given by,

oS/V) _ P E/V)

Co= T4 =T

We had calculated the free energy with incorporated fluctuations, in the previous lecture. The fluctua-
tions are incorporated in the second term of the free energy, where the sum over k is there. Let us focus
on that part only.

C, 0% | 1ksT

? = W 57 Z In (WkBVT) —1In (’Ykz + QQ(T - Tc))

|k|<A

=——— In (kg VT) — In (vk T-T, 1—

2V aT HZ:A n (wksVT) = I (47 aa I K=
_ ks {l B 2a, B azT }

2V Hqeh T  vk2+ay(T —T.)  (vk2+ ay(T — T¢))?

kg dik P B 2a, B a?T }
2 N 2m)d LT k2 +ay)(T —T.) (vk2 + ax(T —T,))?

k|<A

where we have converted the summation to an integral, taking V' — oo. Now, we shall change the
integral to polar coordinates. The angular part will be integrated out as the integrand has no angular
dependence, giving us the solid angle S;. We are then left with,

A
ks 1 /kdfldk {1 B 2a, B a’T
d T k24 ay(T—T.) (vk?+ ay(T —T.))?

Let us focus on these integrals one by one:
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e The first integral is,

1 A9
/kd 1dk: T=7T4 — just a finite constant

e The second integral is,

17 2 ;
= [ kdlag a2 / Kk 2d;
g 0/ R+2T-T) 7 ) k24672

Let us define q = ¢k = dg = &dk. Substituting this in the integral,

A
20, 9_g d g1
e q T
0

Since we are interested at points near T, where £ — oo. Let us break the integral into two parts.
The second part is for large g (¢ > 1) while the first part is for ¢ < 1 or ¢ ~ 1.

¢ Ag 1° o2 Ag
/dq ¢+ /dq ¢P=5] 4 ~ (w+ €772
/ / ), |d-2],

where w is some constant, obtained from the first part. The integral overall becomes,

2a,

22w+ §d72)§27d ~ 2 (=9
8
& blows up at T = T, and hence the contribution would be finite if 2 —d < 0 = d > 2.

e Let us now focus on the third integral

k‘iB 1 /k’d_ldk‘ agT
2 )1 ) G+ a(T - T)?

We do a similar kind of substitution q = £k which gives us,
Ag

alksT 1 'f47d/dq g1
2y* (2m)? ) (1+e?)?

Again, separating the integral into two parts gives us,

Ag
/d /dqqd1+/dqq 5~ w+£d4)
0

Then the contribution from the third integral becomes,
aksT 1

292 (2m)

The contribution would be finite if 4 —d <0 — d >4

.54—d(w/ + 5d-4) ~ 54—d ~ (29

For d < 2, both the integrals diverge while for d > 4, both converge. For 2 < d < 4, the first converges
while the second diverges. The scaling of the specific heat with the reduced temperature then becomes,

Cp o t™078) 447 C79) =8 — |0, ~ (279

Hence, we see that the fluctuations have shifted the exponent « from the mean field value of zero to

= (2 — %) and we do get a diverging behaviour at T' = T, in agreement with reality. However, this is
just a qualitative thing, since this exponent does not numerically agree with the experiments. Next, we
will see a bit about correlation functions with fluctuations.
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Lecture 21: Correlation due to Fluctuations

With respect to fluctuations, let us see how the correlation function changes. To begin our calculations,
let us start with the following,

1 [dofad] [a| e 1 [dsfidsl [(0f) + (6l)]e "

ke

7 2 _ k| <A _ |k|<A
ol == Tasgaag e [ Jaafady
[kl<A |k|<A

where £ is the same as in Eq. (81). From this structure, we can see that if k # g, then the numerator
and denominator gets cancelled. Thus all we are left with is just the integral over q:

J 40§04 [69)° + @) exp (- b + (T - ] [G)° + G
T d6gadh exp (~ha? + T - TR + (@4)])

130 G e (<P b + T - TO)G)) | 004 G e (~P b + T - T](54)°)
J 46§ exp (~Phe? + e ~TI(G5)°) Jadh exp (e +ax(T - T)SY)’)

These two integrals are same and are typical Gaussian integrals, whose values can be found using Ap-
pendix C:

[ da 2%e~ca"’ ks TV

2 x =
f dz e—ca®® ’)//{72 + CLQ(T — Tc)

Thus, the average correlation is obtained as,

~ ksTV
<‘¢q‘2> N vq% + ax(T — T,) (84)

We can also use a heuristic equipartition method to get to this in an effortless way. From equiparition
we know that each degree of freedom gets a contribution of ¥87 /2. Then, in Eq. (80) for each k = q, we
have:

1 ) ~ 12 1 ~ |2 VksgT
2V [7q + a2( C):| }Qﬁq‘ 2 B ‘¢q‘ ’yqz + (IQ(T o TC)
We thus obtain that in the Fourier space, VG (k) = szi%. Putting k = 0 here gives us,
~ ksTV
VGglk=0)= —————~ =kzTV
g( ) a, (T o Ta) B XT

where xyr = ﬁ is the isothermal susceptibility. Hence, in this case the static susceptibility rule still
applies.

21.1. Hartree Approximation

We will now attempt to incorporate the quartic term in the calculations, which we neglected previously.
In doing so, we will be doing some extremely stupid stuffs, without any justifications and some answers
will emerge. This approximation is called the Hartfree/self-consistent field/random phase approximation.
What we do is, we consider a ¢* theory but replace two of the ¢ with their average value, that is,
¢4 N ¢2 <¢2>
There are six (= 402) ways to choose which two out of the four ¢’s to take in the average. So the
Landau functional becomes,

2ol = [ ate | 2(Vep + BT - T8 + 55 (¢7) (85)
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The effect of this is that the theory becomes ¢? but the coefficient of ¢? gets modified.

/
L) — Br )= 2w -1+ 20 ()
Then the correlation found out before becomes,
W7 N2 +a(T—T.) k%2 + an(T — T,) + 3ay (¢2)

Now, note the following,

) ) Copoatk o dkk ks T
()= 66x1000) = 6% = [ 553609 = | e T e

This is already a self-consistent equation for <¢2>. From the expression of the isothermal susceptibility,
xr' = ay(T = T.), we get:

ot —a(T-T.) / ddk ksT
3a, I C e
Near the critical temperature, the susceptibility diverges and hence x;z! — 0. Now, there is no apriori

reason to consider the same critical point as in the ¢? theory. Denoting the new critical temperature as
T* and changing to polar coordinates,

Sak Ad—2
T. —T*) = kgT* - dk k43 = | 2 T
3a4( ) " _/ [ 2m)dy2  d —2
From here, we obtain the value of T,
30,8,k A2 ]
= [@%d;jz EEr “} Te = T"<T. (86)

The transition temperature is depressed below that of the mean-field value. Also note that, as d — 2,
T* — 0. This gives us the concept of the lower critical dimension, below which the critical fluctuations
become so violent that no phase transition at a finite temperature is possible. Hence for d < d; = 2, no
phase transition is possible.

Lecture 22: Continuous Symmetry-|

Till now, we focussed on a scalar order parameter, with only one component. Previously we had men-
tioned in passing that order parameters can be of any type. Here, we discuss about systems with
multicomponent order parameter. Consider the order parameter,

$1(x)
P2(x)
P(x) = ¢>3(x)

¢N'(X)

Since there are N components in the order parameter, the simplest way to impose symmetry is to consider
a free energy which is invariant under O(N) transformation, that is,

¢oa — ¢o =R’ 05 R'R=

where R € O(N), the orthogonal group. We have suppressed the position dependence in ¢ above, since
this is an internal symmetry, where the spatial points are not varied under the symmetry transformation.
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The free energy will be constructed out of scalars which are invariant under this transformation. The
simplest such case is,

az

Lo = [d%e |1 Ve Ve + 2 (T -T)(@- ¢)+ 29 + ... (37

gradient part

homogenous part

where V-V ¢ = 0;¢,0;¢; where the sum is over the repeated indices. The homogenous part is analogous
to the ‘potential energy’ while the gradient part is analogous to the ‘kinetic energy’. The Landau free
energy is invariant under any O(NV) transformation by construction, so the symmetry of £ is G = O(N).

The homogenous part depends only on |¢| and hence if we minimise it with respect to the norm, we
obtain:

oL
=0 = ay(T — To)|@| + aul |’ = 0
5|¢|
Thus we obtain |¢[ = 0 for T > T, and |¢| = |/32(T. — T) for T < T,. Note that minimisation of the

free-energy fixed the magnitude of ¢, however, it still can have any orbitrary direction for 7' < T, (for
T > T,, ¢ = 0 since norm of a vector is zero iff the vector itself is zero). The minimisation condition
gives us one constraint in the symmetry broken phase (T' < T),

a
G+od+ 4ok = 2T -T)

In other words, ¢ € SN~! the (N — 1) dimensional sphere embedded in the N dimensional order
parameter space. What happens is, when T" < T, the system ‘chooses’ a particular direction along the
sphere, in which the ground state ¢ points, which we call as spontaneous symmetry breaking. Let us
choose the ground state to be ¢, = (m,,0,0,0,...) (any other point on the sphere would have been
equivalent but the calculations would be messier). If H is the symmetry of the ground state, then for
any R € H we would have the invariance, R¢, = ¢,. Now, note that:

(R¢0)T(R¢0) = (¢0)T(RTR)(¢0) = (¢0)T(¢0)
P

which implies that R is a orthogonal matrix. Now, from our choice of ¢, we have:

(¢0)j = (Repo)j = Y Rjr(bo) = Rj1mo
k

From this we observe that if j # 1 then R;; = 0 and for j = 1 we have Ry; = 1. This implies that the
first column of the matrix is just (1,0,0,0,.. .)T. As R is an orthogonal matrix, then each row must also
have unit norm. Since Ry; = 1 already, the remaining elements of the first row must be all zeroes, to
maintain a unit norm. Now we have the structure of the matrix as,

1 0
R= ( )
0 Muw—_1i)x(v-1)

We now again use the orthogonality of R to obtain,

RTR_(l 0 >T<1 0 )_ 1 0 (1 0 )
0  Muv—pxv—1)/ \0  Mn_1)x(n=1) 0 My 1xv-1/\0  Muy_1yxv-)

1 0
= =1
(0 'V'<TN—1>x(N—l)'V'(N—l)x(N—l))
which implies that MTM = 1 and hence M € O(N — 1). This implies that the symmetry of the ground

state H = O(N — 1). Thus, the O(N) symmetry of the theory is spontaneously broken down to its
O(N — 1) subgroup.

63



PH4202 Adv. Stat Phys Lecture Notes

Recall that the Ising model possessed Zs symmetry where there were two degenerate ground states and
the system had to choose one of them. In here, we have the ground state space to be the entire sphere,
all having the same energy. Hence, there are infinitely many degenerate ground states to choose from in
the symmetry broken phase.

Figure 28: Homogenous part of the Landau functional for n = 2. This is the famous Mexican hat
potential. The minima is spherically symmetric.

22.1. Fluctuations

Let us choose the particular ground state my = (m, 0 0 --- 0)" and now we consider some fluctuating
field ¥ such that,
mo + Y1
V2
p=m,+¢ = .
(U

For simplicity, let us take N = 2 and thus we have m = (m, + ¥1,12), where 1 is parallel to m, while
1o is in the transverse direction. Substituting this in the Landau functional and doing calculation for
T < T,, where m2 = — (T — T¢) we have:

a4

£= [ s [J(Fma 0, 2)? + G T = To) (o +0)” +03) + G (fmo -+ 1)? +03)]

4
:/Mmgwmﬁ V%ﬂ—%ﬁm@%ﬁ%ﬁ%m+ﬁ)

+ (
8 (o 00)* 4 04+ 2mg +01)03)
2 _|_(

= [t (V00 + (V)] + % o+ )+ 2em0% — (28 + 2m303 + dmdyn + 2miv3) |
= /ddx % [(V1)? + (Vi2)?] + % [(mg + 4mdwT + 6map?) — (2my + 2mav7 + Am%zﬁ)ﬂ

= /ddx % [(qul)2 + (ng)Q] + m2ay [@D% — im%”

= [ate | 2[00 + (V)] + 3 Ras(Te ~ TR - £,

where L, represents the v independent part of the functional. Except for the gradient, there is no
quadratic term for 5. We now write this in the Fourier space as before,
1 ~(1)12 ~(9)[2
L= > [k 4 20T = D[R + w250 - £, (88)

2v |k|<A

We see that the coefficient of Jl({l) has a term 2a3(T, — T) other than the k2 while no such thing occurs
for 1;}((2) term. We can find the correlation function in the parallel and transverse directions (using say
the equipartition theorem),

1 1

g (k) ~ Tt 2001, = T) Gi(k) ~ e

(89)
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The transverse correlation function G, (r) in real-space is then the Coulomb potential (~ 1/r) and hence
has a power-law decay with infinite correlation length, while the paralle one G (r) in real-space is the
Yukawa potential, with an exponential decay and correlation length ¢ =2 = 2ay(T, — T).

We also have a pole in G, (k) at k = 0, which is called the Goldstone mode (which is gapless). If
general for the O(/N) model in the symmetry broken phase, if instead of 2 components, we had taken a
general N, component order parameter, in each of the (N — 1) transverse components, we would have
gotten transverse modes with infinite correlation length and only 1 mode with a finite correlation length.
The mode with finite correlation length is called the Higgs” mode (which is gapped).

The above is the manifestation of Goldstone’s Theorem which roughly says that to each broken gener-
ator corresponds a massless field . Well, broken generator means those generators g of G which do not
keep the ground state invariant, that is, ¢ is not a generator of H. Since the number of generators of a
group is equal to its dimension, we have the number of Goldstone bosons to be,

n = dim G — dim H = dim O(N) — dim O(N—l):%N(N—l)—%(N—l)(N—Q):(N—l)

which is exactly what we found from the correlation function thing. Now, note that any broken generator
will not keep the ground state invariant and will take to some other vector on the sphere. This new
vector is also another ground state, since its magnitude is the same as before.

Thus, any broken generator shifts us from one ground state to another, without costing ‘energy’ (since
the Goldstone modes are gapless). From this, we see that the dimension of the space of the ground
state is equal to the number of Goldstone bosons. For example, the ground state belongs to SV ~! whose
dimension is (N — 1) which is equal to the number of Goldstone bosons that we found.

Lecture 23: Continuous Symmetry-I|

Let us understand the gapped and gapless modes more closely. For that, consider the fluctuation v to
the ground state as defined before such that we can write,

o

Instead of writing the fluctuation in terms of the transverse component 9(x), we write it as a local
change in the direction.

1

mo

We can define tan § = m;lf e Considering the fluctuations to be small, we can effectively take tan 6 ~ 6

and [¢1| < |m,| which gives us 12 =~ myf. Then the transverse fluctuation is completely characterised
by 6. From Eq. (88), we can use the same equipartition theorem to find that,

VG, (k) = <‘§k‘2> _ VkgT Gk = ksT

ym2k? ~ ym2k?2

!This is in the context of QFT where propagators of a field have the form D(k) ~ ern? where m is interpreted as the
mass of the particle.
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We now calculate the correlation function in real space, which gives us

d T .
gl(r) — / (dk kBiezk{' _ kB C (90)

271)4 ym2k? 7m2 d

where we defined this integral in terms of Cy which is the d-dimensional Coulomb potential for a unit
charge at the origin, which can be easily seen, since it satisfies the Poisson equation,

d .
v2Cu() = [ gy e (KT =0 o1)

We can use Gauss’ theorem to evaluate this.

1= / d%e V2Cy(r) / dle W - (VCy(r) ]( dS - VCy(r) (92)

Since the source is at the origin, Cy must be spherically symmetric and hence the gradient is purely

radial, that is,

ve - 4

Substituting this in the equation above and integrating over a hypersphere, we obtain

deA dfdA: dCd%dS—l

r
Since % on the surface of a hypersphere is a constant, as it is dependent only on 7, so we pull it out
of the integral. The remaining integral is just the surface area of the d-dimensional sphere given by
Ag = Sqr?! where Sy is the solid angle (or area of a unit sphere in d dimensions), which implies,

r 1 L
% - % — Od == i /dr’ 1d 1 = S (d-2) [rd_Q Tg_2:| d ?é 2 (93)
dr Sqrd— ) hl(m) d=2

where we imposed a lower cutoff to r, since the Landau-Ginzburg theory is a coarse-grained theory with
a characteristic length scale below which correlations do not have any meaning. Since G|, « Cy we have
the long-range behaviour (r — oo) of G, (r) as,

L d>2

a
To
2

Gi(r)~ —d 5 5 d<?2 (94)
In(7/rg) > 00 d=2

For d > 2, the phase fluctuation is then finite while for d < 2, they become asymptotically large. As
the phases 6 € [0,27), the divergence implies that long-range order of the phases is completely washed
out for d < 2. This is the consequence of the Mermin- Wagner Theorem which states that systems with
continuous symmetry cannot have long-range order in d < 2 at any finite temperature. Thus for such
systems, the lower critical dimension is d. = 2.

Now, let us examine the correlation function of the order parameter itself, that is, (notcompleted)

Lecture 24: Higgs’ Mechanism

Instead of considering a two-component vector order parameter ¢ = (¢1,%»)", we can equivalently
consider a complex scalar field, 1) = 1)1 + g = |¢0|e?®. Then the O(2) invariance under a global rotation
changes to U(1) invariance of 1 under a global phase shift. Then the Landau functional becomes,

L= [dle [2(V0)(Ve) + 2T - T)oms + ) (95)
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We integrate the gradient term by parts, after which we write the Landau functional as,
a a -
L= /ddaz b [—%VQ + (T -T)+ f(w*w)}zp = /dda: W Hip
where H is a non-linear Hamiltonian and £ is just the expectation value of this Hamiltonian. Let us

now move on to superconductors.

Technically, we can treat superconductors using the BCS theory, which is a microscopic approach, how-
ever, here we do a coarse-grained study using the Landau-Ginzburg theory. Till now, we had neutral
fields, but since superconductors are basically condensates of electronic Cooper pairs, these are essentially
charged and hence, will couple to electromagnetic fields.

To incorporate this, we impose a local gauge invariance and the gradient term is changed due to minimal
coupling

iq
VoV _- A
- h

where ¢ is the charge of the field and A(x) is the vector-potential (which introduces a magnetic field
h =V x A). We also get a contribution of ﬁ(V x A)? from the vector potential. Thus, the modified
0

Landau functional becomes,

cv.al = [ate o [{(v - 2a)ul (v - Ao} |+ 2 m @+ St (v A
' 2m h h 2 c 4 2110
(96)
where we now introduced a % factor in place of v, to make it look more quantum-mechanical. To find
the equation of state, we vary L separately with respect to ¢ (or better, ¢*) and A. Let us start with
the gradient term which is the most complicated.

L e R R B S| LN
/{5 )} -wwr (o~ 0]} ()
s, f[{(5~ e} (40) -5 {(5~ o]
(-

The variation of the other terms are straight forward. Doing this, we obtain the equation of state:
. a a
(ihV + A+ (T = T+ F o =0 (97)

This equation handles the average behaviour of the order parameter. Let us now find the variation with
respect to A. Let us focus on the term,

5A/(VXA)2:2/(VXA)'(VX6A)
_9 / (V % A)i(eijnd; (5A)1)
- / 0;(V % Aieijn(6A))
9 / e1jidj (V x A)i(0A)y
:2/(V><(V><A))-(6A)

And the variation of the kinetic terms become:

in [[{(v - “a)e} {(v-2a)0}] = [Bwrww—uvur) + Clapp
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Then what we get overall from the variation of the vector potential is,

, .
lyxpy il

q * * q2 2 _
- vy - vy + LA =0 (98)

Let us define the current,
qh

2tm

2
3= (0 — ) — LA

which gives us the equation in simplified form as,
V x B = pyJ

This equation handles the electrodynamic degrees of freedom. Suppose we want an uniform solution
with zero current. Then the gradients will vanish and also J = 0, which gives us A = 0 and from the

equation of state we get,
a
o = ==(T' ~ T2)
a4

24.1. Gaussian Fluctuations

24.2. Meissner Effect
Lecture 25: Scaling Relations

Till now, we have had numerous (apparently pointless) discussions on the critical exponents «, 3,7,9 ...
blah blah. There are so many of them and we are now interested in finding some relations between
these exponents. It turns out that all these are not independent. Finding a few of them will help
us to calculate of all them through relations called the scaling laws. These can be obtained from the
static scaling hypothesis which treats thermodynamic quantities near the critical points to be generalised
homegenous functions.

The beginning to all these was perhaps an attempt of exploratory data analysis, where we look for
pattens in data and find an explanation for them. The ultimate basis for this is the OG renormalisation
group, which we will deal with later.

25.1. Scaling for Magnetisation

From our previous discussions, we know that in the zero-field and for T < T,., m ~ (—t)? (where
t = (T —T,)/T. is the reduced temperature) while at T = T,, m ~ h'/9. Let us now combine these into
a single expressions, showing dependence of magnetisation on both 7" and h,

A t>0
m(t,h) = {(—t)ﬁf_((_’;)A) 20 (99)

where A is a “new” exponent which is introduced and is often referred to as the gap exponent. Fi are
well-behaved universal functions'. This is still a bit ad hoc and we need to justify writing this expression.
However, let us come to what we can do, provided this expression is valid. Firstly from the experimental
data, if we plot m/|t|® vs. h/|t|*, then we expect that all the data across various systems will fall on
the same curve. This is called data collapse and is very useful for estimating the exponents (but we do
have to “guess” the exponents for the collapse, since these are not known beforehand).

We can also extract information from various limits of this scaling. Let us first take h — 0 which gives
us,
tPF.(0) t>0

mit,h) = {(—t)ﬁf(()) t<0

S0, these functions will be same for every system belonging to the same universality class
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Based on the previous discussions, we expect F4(0) = 0 and F_(0) = const. # 0. Now, let us take t — 0
keeping h to be small but non-zero. Then (h/t®) — oo, but we want m to be finite in this limit and to
follow m ~ h'/%. This forces us to assume a power-law behaviour for Fy with some exponent 0,

h p
Fi(z) ~a? = m~|t|® x [ ] i e

It

The exponent of || must cancel since we know m ~ h'/% and hence we can conclude § = Ap and p = %.

This gives , which implies that A is not anything new, just the product of two previously
obtained exponents.

Let us now move on to the derivatives, starting with susceptibility.
am Jéj 8 h 1 B—A 1
X Dl = 84 i(mﬁ)ho =~ RO

Using the form x ~ |t|”7 we conclude that § — A = —y = . Using the above two

expressions for A, we obtain our first scaling relation,

B3 =B+ (100)

which is known as the Widom scaling law. The validity of this relation is seen across multiple experiments
for diverse systems. Moreover, the relation is independent of the dimension of the system. Even though
the actual exponents differed from those predicted by the mean-field approach, the scaling law still
seemed to be valid, which implies a more fundamental basis of scaling laws.

25.2. Scaling for Free Energy

Let us now try to find a similar thing for the free energy. For that, let us assume a scaling form of F'(t, h),

F(t,h) = fAﬁ(i)

We consider the scenario only for ¢ > 0. Differentiating once with respect to the field gives us the
magnetisation

Then this tells us that , from the previous scaling form. Differentiating F' once with respect
to the temperature gives us,

oF ~( h ~( h ~( h ~( h A
ot 4 A d tA g tA 4 tA) A
Differentiating again with respect to temperature,

*F A—2 A—1 = h\,—an1
W:)\(/\_l)t [# ]+ Mt {—hA]—“ <tA)t —hx(...)}
In the zero field case (h = 0), only the first term survives and the specific heat is then,

aQF A—2
CU X W ~t

From this, we at once conclude that A — 2 = —a = . From the above two expressions, we
have a+ 8+ A =2 = a+ [+ (8 +v) = 2. Using this, we get our second scaling relation,

a+28+y=2 (101)
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which is known as the Rushbrooke’s scaling law. Let us see whether these laws apply for the mean-field
theory or not! For MFT, the critical exponents are:

1
a=0 625 y=1 =3

Then we have,

Rushbrooke: a + 28 +~v=0+1+1=2 v
3 1

1
Widom:,@+7:§+1:§:§.3:ﬁ5 v

Lecture 26: Further Scaling

The scaling forms used in the previous lectures all come by assuming that the thermodynamic quantities
are generalised homogenous functions. So let us discuss a bit about homogenous functions in general. A
function f: R — R is called homogenous if

fx) = g(A) f ()

where g()\) is some function. A simple example is, f(x) = 22 since f(Azx) = A\2? = M\2f(x), with
g(X\) = A2, Note that, g(\) cannot be any arbitrary function, it must satisfy some properties. For this,
note:

fA(pz)) = g(A

which imposes the condition g(z)g(y) = g(xy) V x,y. This eventually forces the form g(z) = x” which
has an elegant proof, considering g to be differentiable.

N

g f(z) = f(A)z) = g(A) f ()

—~

If g : R — R is a differentiable function and g(z)g(y) = g(xy) V¥ z,y then for all z, either g(z) = 0 or
g(z) = z* for some A

Proof. Let any arbitrary y = yo. Differentiating both sides, we get:

= ! (1 Integratin
g/(fl?)g(yo) _ yOgl(nyO) vV oz 1 g (yO) _ g( ) tegrating g(yo) _ Ayé‘
9(%o) Yo

where, after differentiation we have taken the g as a function of ygy since yg was arbitrary and then
replaced ¢/(1) = A. The initial condition g(1) = (g(1))?> = g¢(1) = 0 or g(1) = 1. If g(1) = 0 then
this implies A = 0, implying that g is identically zero. Otherwise, if g(1) =1 then A = 1 which gives us
g(z) = 2

We can extend the definition of homogenity to arbitrary number of variables.
fAzy, Aze ... Axy) = g N) f(z1, 22 ... 1) = f(AX) =N f(x) xe€R"

The cool thing with homogenous functions is that if we know the value of the function at one point,

then we know it at every other point, since given f(z9) = ¢, we can always choose A = w% such that

A
fly) = (%) f(xo). We now extend the definition of a homogenous function to generalised homogenous

function (GHF); a function f :R™ — R™ is called a GHF if,
FOARz, N2, .. A" xy) = N f(21, 20, ..., 2p)

where {a;} and k are some arbitrary numbers. Note that these are not independent, since if we choose
an arbitrary A = u!/% then we have,

f(,ual/kxlaﬂ/aZ/ka; » .,MaTl/kxn) — Mf(x17$2, e ,:En)
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Then all a; — a;/k which is just a rescaling. The GHF can thus be defined by always choosing k = 1
and hence the final definition,

FOA 2, \2x9, ... N xy) = AN (21, 22, ..., 2y)

Let us now focus only on the two variable case, which is F(¢,h). The static scaling hypothesis states
that the thermodynamic potentials are GHFs near the critical point T.. Then the free energy can be
written as,

FO\%t,\"™h) = \F(t,h) — —;[F()\att,)\“hh)] = —)\;}L[F(t, R)] = A" Im(A%¢, N ) = mi(t, h)
Now, suppose we take T' > T,. Then we choose A such that A% = —% — X\ = (—t)~'/%. Taking the
zero-field limit we get:

(=) ~ m(t,0) = (—t)~ @ Dop(1,0) — | g = L2

Ay

Now, suppose we take T' = T, and choose A such that \*» = % = X\ = h~'/%_ Substituting this in the
scaling form above, we get:

Qay

W%~ m(0,h) = h= (@ D/anm 0 1) = |5 =

1—a,

Solving these we get,
0 1
= a = ——— 102
144 "B +9) (102)
We get a,, and a, in terms of the critical exponents (and vice versa). Now, differentiating m with respect

to h gives us the susceptibility:

ay

AZETIX (N X ) = X(t, )
For T > T, taking h = 0 and choosing A such that A% = %, we get the following
7 x(,0) = D/ (1,0)

from which we can read off the exponent as,

28
2a, —1) -1
’}/:( h ):14—51 :(6—1)B:>ﬁ6:,6+’)/
e B+3)

which was the Widom’s scaling law that we had earlier derived. One thing to note here is that, if we
had taken T" < T, then also the same calculation follows, which would give us the same expression for ~.
Hence we can conclude that v =~/

Doing the same thing for the specific heat will lead to the Rushbrooke relation (which I skip since it
has become very boring at this point of time!).

26.1. A small note

The scaling laws that we derived manifest as inequalities when derived from thermodynamic principles,
considering stability of physical systems. Let us try to derive the Rushbrook (in)equality!
Consider the first law of thermodynamics for a magnetic system with field H and and magnetisation
M:
ou oU
dU =T7dS — MdH = T:<—> Mz—(—) (103)
0S5/ gy 0H/ g

We can now define the specific heat at constant magnetisation and at constant field as,

as> <65>
= —r(&2
Cu <8T o Cu T/ 5
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Lecture 27: Kadanoff’s Block Spins

In the previous lecture, we used an ad hoc assumption of the thermodynamic quantitites being generalised
homogenous functions. We now try to give a proper justification of why this turns out to be okay(ish)!
For that, consider our favourite Ising model with N spins, given by the corresponding Hamiltonian,

H = —JZO’iO'j *hZO’i
(ig) i

3

Figure 29: Kadanoff’s block-spin construction

Let the system be defined on a d dimensional lattice, with lattice spacing a. Now consider an arbitrary
number, [ > 1 and partition the lattice into cells of dimension la. Hence, in a single cell there are [
spins which implies there are N’ = N/ 1% such blocks. For each such block I, define the block spin as,

= o (104)

where m; denotes the average magnetisation of block I and is given by:

=10 3 (o) (105)
el
What we are doing is essentially a coarse-graining procedure, where we are treating a block of linear
dimension la, to be an effective spin S;. The total number of spins then decreases from N to N1~%. Since
all spins within the correlation length will be correlated, we assume that la < £, so that each block will
behave as an effective single correlated chamber, with all of the spins pointing in the same direction on
average.

We now make a bold assumption that the block spins {S;} also follow the same Hamiltonian, which is
not apriori evident. The new Hamiltonian for the block spins will have the same form but with different
coupling constants, say J; and h;

(1) I

For this ‘block’ Hamiltonian, the lattice spacing is la and this also has fewer spins than the original
Hamiltonian. Let & denote the correlation length in units of a while £ denote the same in units of la.
Since the actual physical correlation length ¢ is unchanged, we have

§=6a=¢§(la) = § = Ell_l <&
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This says that the block spins are further away from criticality than the original system, which implies
that the system is now at a new effective reduced temperature ;.

Since the block spin Hamiltonian is of the same form, the total free energy should also be the same for
both. Note that we consider only the singular part of the free energy (which actually determines the
critical behaviour).

Nf(t,h) = N'f(t;,l) = NI f(t;, hy) = f(t,h) =1"f(t;, ) (107)

where f(t,h) is the free energy per spin. We now assume that the new couplings are related to the
original ones by,

t; = tiYt

108
hy = hi¥n (108)

where y¢, yp, > 0 are some positive numbers. Substituting this in the free energy equation above, we get:

Fv hy = 1f (e ) 2R paml e ) = 1f (¢, h) (109)

The equation above seems to be the definition of a generalised homogenous function, however, there’s a
subtlety; to be a GHF, we need the parameter A to be arbitrary. However, in this case, A = [, which is
constrained by 1 < | <« % However, let us do away with this and just say that [ can take any values.
Hence, f becomes a GHF and the rest of the procedure to relate the exponents y; and y, to critical
exponents follows as before.

27.1. Correlation Function

We now analyse the correlation function for the block spins,

G(ri, t1) = (S1S5) — (Sp) (Sy)

where 7, = |r; — r;| in units of la. Since the physical distance remains the same, we have r; = r/l. Let
us substite the definition of the block spins in the correlation function,

Gt =1 ZZdZZ ai05) = {o3) (o) (110)
el ieJ

Now let us find some relation between the couplings and m;. For that, note from the definition of the
block spins,

hZal =h) Y o= h|7mudzks*I = hlZSI

I i€l

We can thus make an equivalence, h|m;|l? = hy = |my| = (h;/h)I~% = 1¥»=9. Substituting this in the
correlation function we get:

Glr, ) = 172 3" N " (oiog) — (03) (05) = 1721 19 (050) — (03) (o) = P0G (r, )

i€l ied

where we assumed that if we take o; in the I*" block and oj in the J*™ block, then for all such (,7),
the correlator will be same and equal to G(r,t). Let us also introduce the factor for field, which gives us
finally

g(g et ) = G (1t h)
Let us choose [ such that [t¥* = 1 which gives us,

g(ﬁl/yt’ 1, t—yh/yth) _ t—2(d—yh)/ytg(T’ t,h)
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Define a new function F such that,
g(ﬁl/yt, 1, t—yh/yth) = (,rtl/yt)—2(d—yh)ﬁ(,r,tl/yt’ 1, t—yh/yth)
Substituting this above, we get:

(rt! /o)== F (o 1, gmon/vep) = =20 G (it h) = G(r,t,h) = -2 F(pet/ve gmun/vep)
(111)
We know that near T,, G(r) ~ r~("19=2) and thus we expect that,

d+2—-n

2d—yn)=n+d-2 = yp = 5

Now, rt*/¥ should be dimensionless and define &€ = ¢t~ /¥ and we also know that & ~ ¢~¥. From this we
get y.v = 1. We can also get something with the exponent ~. For that, note that G(r) ~ r—(1td=2) and,

€
/dr P 270 ey
Ve 0 0

I
2
I

=

;_]

2
—
[oW

Y
<
«
2
2
—
o,
]
=
a
L
\.3\
=
+
¥
K
I

Equating this, we get v = (2 — n)r which is another scaling relation. We can derive a hyperscaling
relation, which is explicitly dependent on the dimension d of the system. For this, consider Eq. (107)

f(t,h) = 174f (1Y hIYr) = Cy(t,h) = 1=¢ - 12%C, (t1Yt, hi¥r)

Choosing t¥% =1 — | = t /¥ we get,

Cv(t’h) — t(d—2yt)/ytcv< h ) M C»U(t) — t(d_Qyt)/thU(O) — o= 2yt - d
tyn/yt e

And from the correlation function we saw that y, = % Then, substituting this we finally obtain,

azu-(g—d>:2—du = dr=2—«

14

which is called the Josephson scaling law and is dependent on the dimension d of the system. Note that,
for the mean field exponents, & = 0 and v = %, we have d = 4 and hence, this is not valid for any d.
The thing is, Josephson relation does not hold good for d > d. where d. is the upper critical dimension
(note that mean field exponents are valid only for d > d. and hence the hyperscaling law does not hold
for the mean field exponents). Let us summarise all the scaling laws that we had found so far:

e a+ 25+ v =2 (Rushbrooke)
e [+~ =5 (Widom)
e dv =2 — o (Josephson)

o v=(2—n)v (Fisher)

Lecture 28: Introduction to RG

We will have a sketchy introduction to the enlightening concept of the renormalisation group. RG can
explain universality (why vastly different models seem to have same critical exponents ) and can also
predict these exponents. RG is an approach to approximately calculate the sums involved in the partition
function.

Renormalisation basically means doing certain transformations or reparameterisation, in the hope that
it will make the theory easier. It is called ‘group’ since two such transformations leads to a third
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transformation (composition rule). First let us use this for the 1D Ising model. Consider N Ising spins
on a 1D lattice with periodic boundary condition (i.e. o1 = on+1) with the following Hamiltonian,

N
H = —JZaiaH_l
i=1

For this case, we take the zero field condition. We define K := 8J and using this, the partition function
becomes,

Z = Z Z Z eKZiG'iUH—IE Z Z Z eK(0102+0203+0304...aN01)

o1=x102==+1 on==%1 o1=1102==+1 on==%1

Note that the even spins, say o9, appears in two consecutive terms. We can first do the trace over the
even spins then, which gives us,

N/2
z Z Z Z . Z H (eK(U2j—1+U2j+1) + e*K(02171+02j+1))

o1=x1o3=*%105=%1 on==%1j=1 (112)

N/2

= Z Z Z s Z H [2 COSh(K(O’ijl + O'2j+1))]
o1=F1lo3=F1o05==%1 on==%£1j=1
Next, if we assume that there exist some function f(K) and K’ such that

2COSh(K(0’2j_1 + 02j+1)) = f(K)eK/@j’l@j*l v j (113)

then the partition function will take the following form,

N/2

Z = (f(K))N? Z Z Z Z HeK'@jfl”zHl (114)

(Tlij:l 0’3::|:1 (T5Z:‘:1 (J'N::tljzl

If we forgo the indexing, the red colour is exactly the partition function for a 1D Ising chain with N/2
spins and coupling constant K’. Thus, the partition function with NV spins and coupling K follows,

Zn(K) = (F(K)) V2 Zy0(K') (115)

‘ Original system — K

= 00000000000 -

1 2 3 4 5 7 8 .-

}

1 3 5 T oo

Tracing out

Decimated system— K’

Figure 30: The process of decimation by taking partial traces of few spins, leading to a renormalised
model.

Now, let us focus on our claim about the existence of this transformation. Eq. (113) is valid for all
possibilities of o941 € {41, —1}. From this, we get:

2cosh(2K) = f(K)e™  f(K)e X =2

Dividing and multiplying the two expressions above give us,

cosh(2K) = 2K’ 4cosh(2K) = f*(K) = K' = %lncosh(ZK) f(K) = 24/cosh(2K)
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Now, we know that the free energy —fSF = InZy ~ N = N( where ( is the free-energy per spin (or
atleast its singular part, which actually contributes to criticality). Using this in Eq. (115), we have

N((K) = glnf(K) + gC(K’) — ((K)= %lnf(K) + %C(K’) —> | ((K") = 2((K) — In [2Vcosh 2K]|

(116)

This is a recursion equation (or a map). So starting from a value of K, we can find a decimated system
with coupling K’. Now, doing the same procedure again we get K and this continues,

K—>K 5K"—...
Also, note one thing. We have 2K’ = In cosh(2K) from which we get:
oK' =Ine*f +e72K —In2 =ne?£(1 4+ e 4£) —In2
= 2K +In(1+e %) —n2
= K’:K+%ln(1+6_4K) ~In2<K

From this, we see that the decimated coupling constant is less than the original coupling. Since we
defined K = [J, this means that the new coupling is all the way farther from the critical point.

The opposite recursion relation (obtaining K from K') is given by,

K — %cosh_l(ezK/) C(K) = %lnf(K) + %C(K/) — %(1112—1—[(’) + %C(K')

1 . (117)
= |((K) = §(In2 + K') + 5((K’)

Now, when K’ is reall really small (so T is very high), then the contribution from the interaction is
negligible since SH = K> --- — 0. Then the system effectively acts as a collection of non-interacting
spins. So suppose we have N’ spins in this case of very small K’, then the partition function is simply
2N" which implies that SF = N’In2, hence ¢(K’) = In2.

Starting from say K, = 0.01, we have ((K,) ~ In2 and we put this in Eq. (117) to get the new value of
K. Now we take this to be K’ and put it again in Eq. (117).

Now, one thing which can probably happen is that, the transformation gives the same output as the
input. Then the process will continue in a loop and will be essentially terminated. This situation
occurs when we encounter a fized point of the map. The fixed point K* is then given by the condition,
2K* = In cosh(2K™), which has solutions K =0 (T" — o0) and K — oo (T'=0).

Hence, starting from any value of K, we will always land to K = 0. Thus, for a finite K, we never arrive
at an ordered state viz. there is no phase transition in 1D Ising model. Only for K — oo do the spins
order.

4t
6,
3t 5
4,
2 <3
2,
1,
1
OF:; ] ] ] ] 0k i ! ® ® 9
0 1 2 3 4 0 10 20 30 40 50
K n

Figure 31: The decimation process. (a) Starting from K, = 3.5, we map it onto the curve K' =
% In cosh 2K and repeat the process. The black dashed line represents K’ = K line while the green line
represents K’ = % In cosh 2K line. The process converges to K* = 0. This type of diagram is called the
cobweb diagram (b) z,, vs. the iteration n. We see that x,, converges to 0 after around 20 iterations.
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Lecture 29: Stability Analysis

In the previous lecture, we saw a map over which we iterate our system to perform the decimation. This
map resulted in two fixed points, K* = 0 and K* — oo for the 1D Ising model case. K* = 0 was a
stable fixed point and hence starting the process from any K, > 0 resulted in convergence to zero, which
denoted the infinite temperature, non-interacting case.

29.1. Stability in Non-Linear Systems

Let us proceed to understand a general procedure to analyse the stability of these kind of maps. We will
focus on the logistic map, given by:

Tpt1 = pan(l —zy) xn € [0,1] (118)

Consider the function f(z) = pz(l —z) = —u[(a? — %)2 - i] It has a maxima of 4 at z = 3. Hence, if
i > 4 then the maxima goes beyond 1 and then Eq. (118) no longer maps [0, 1] to itself. And we should

always be positive. Hence, we keep the control parameter 0 < pu < 4.
Let us now calculate the fixed points. Let x* be the fixed point which implies,
1
f@)=2" = pr*l—2z")=2" = 2"=0 or z*=1-—— (119)
7

Now, we calculate the stability of these fixed points. “Stability” refers to the situation that if we start
at some point around x*, then do we fall into z* or go away from x*. For this, consider a sequence €,
such that,

Tn =2+ €,

Then, the fixed point condition x* = f(z*) gives us,

T+ enst = Tt = flan) = F@* + en) —2 F(2*) + enf'(27) = 2* + enf ()

The above condition implies |f/(z*)| = and this tells us a lot. From the map, we have f'(z*) =

nt1
€n

mu(l — 2z*). For * = 0 we have f/(0) = p and for 2* =1 — % we have f'(z*) = 2 — u. For stability, we

need the sequence {|e,|} to be decreasing, that is, |ep+1] < |6,] = |f/(x*)| < 1.

> Stability of * =0

If |f/(0)] = |pu| < 1 then z* = 0 is a stable fixed point. Thus, for 0 < p < 1 we have z* = 0 is a stable

point of the map. This means that starting from any value of z,, we will eventually converge to 0.

> Stability of * =1 — %

If | f/(x*)] = |2 — p| < 1 then 2* = 0 is a stable fixed point. The condition leads to,
-1<2—pu<l = J<—pu<-1 = 1<pu<3

Thus, for 1 < 4 < 3 we have x* =1 — % is a stable point of the map. This means that starting from any

value of x,, we will eventually converge to 1 — i Note that the point of convergence will now depend
on the value of pu.

Beyond p = 3, none of the fixed points are stable and there are some other complicated things like
period-doubling and chaos going on. It can be shown that for 3 < r < 1 + /6, there is a stable period-2
orbit, which means that instead of f(z*) = z* we have f(f(z*)) = z*.

Similarly for 14+ v/6 < p < 3.54409 ... we have a period-4 orbit. This way, period-2" occurs for different
tn (fn is the value where the first bifurcation occurs). Successive bifurcations come faster and faster and
ultimately u, converges to us (= 3.569946 for the logistic map). For p > pis, the dynamics become
chaotic.

These behaviour can be demonstrated using the orbit diagram, generated numerically. What we do is,

7



PH4202 Adv. Stat Phys Lecture Notes

we choose a particular value of p and then, choosing some initial value, we iterate the map for quite
some generations (to kill of the initial transient behaviour). Then, we plot z, for multiple successive
iterations.

Tn

T

1.00

0.75t,,

& 0.50¢

3.00 3.25 3.50 3.75 4.

0.25

0.00 ¢ i . . ‘
0 1 2 3 4
L

Figure 32: Orbit diagram for logistic map. We see that at y = 1, there is a bifurcation. At u = 3,
there is another bifurcation (period doubling) and so on. The inset shows a zoomed in region between
3 < p < 4 which shows further bifurcations. The red line shows the v =1 — i line.

Now, finally let us plot the cobweb diagrams for different values of p which will make the case a bit
more clear.
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Figure 33: Cobweb diagram for different 1. The upper panel shows the cobweb diagram of the logistic
map for different values of p while the lower panel shows the corresponding convergence of the map
under successive iterations. For the third panel, there is no convergence but there is a periodic orbit
with period 2 and in the last panel, there is no pattern as such, the evolution is chaotic.
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29.2. Stability in RG

As seen in the previous discussions, the recursion relations, like say Eq. (116), are called RG transfor-
mations and for a general system with a set of coupling constants K = [K], is denoted by

K| = R[K] 1>1

where R; is the non-linear transformation defining a “flow” from K to K’. The subscript [ refers to the
change in length scale after such transformation. Like in Fig. 30, if the initial spacing between two spins
was a, after decimation, the spacing between two spins become a’ = 2a. The physical length remains
same, which implies A = a = %/, hence | = 2 in this case.

There cannot be an inverse transformation in general, because we are tracing out degrees of freedom
after each decimation step and there is no way to get that information back again. If we do successive
transformations R;, and R;,, we get

[K/] = Rll[K] [K”] =Ry, [K,] =Ry, - Rll[K] = Ry, [K]

Hence, product of two transformations is equal to another transformation and thus exhibits a ‘semi-
group’ structure (it’s not a group since the inverse does not exist in general). Also note that it doesn’t
matter whether we perform R;, first or R, first, so these transformations commute.

If there is a fixed point [K*] for the RG transformation, then [K*] = R;[K*]. Under Ry, the length scales
are reduced by factor [ and the correlation length of the rescaled couplings will be ¢[K’] = ¢[K]/I. For
the fixed point,

§LK™]

l
The fixed point where £ — oo is called the critical fized point (since correlation diverges at the critical
point) while those with £ = 0 will be called the trivial fixed point.

Let us consider the fixed point K* = (K7, K3, --) and some deviation K = (6K;,dK>,...) from this
fixed point. We now Taylour expand the quantity:

K = = ¢{[K*]=0 or (K']— o0

oK,

K,

KL ({Kn)) = KL({Kp + 0K, ) = K5+ >

Now we can also write K| = K 4+ 0K, in the vicinity of the fixed point. Equating both we get,

0K/
0K, = Z M K where M,,, = 8K7: (120)
n K*
The matrix M) = [M,,,] is the linearised RG transformation where the superscript now denote the

length scale of the transformation. Let us focus only only one coupling for the moment. Then the matrix
M becomes just a scalar number, let us denote it by A®). Using the semi-group property, we have:

ADOAT) — AW (121)

This is a functional equation in [ and I’. To solve it, let us first differentiate the above equation w.r.t I’
for a fixed [ and then put I’ =1,

v w w !
A(,)dM A" ) L AD ldA( ) _ Al
dl’ aqery ar d(ll) dl
where ¢ = dﬁgf/) at I’ = 1. In the last step, we replaced the variable II’ — [, since the function and
derivative are both w.r.t the variable (II). Doing this we obtain the differential equation,
AD
c # = dAT — ImAD =clni+d = AO = AP

[

The condition in Eq. (121) implies that AY = 1 for non-trivial result and hence we obtain that A®) = I
where c¢ is a number independent of [ and we will see its implications later.
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Lecture 30: RG for 2D Ising Model

Let us continue our discussion on RG and focus on some other things. Previously we saw that, for a
critical fixed point K*, we should have the correlation length £* either zero or infinite. However, we know
that under successive RG transformations with say R;, the correlation length only decreases (since [ > 1)
from & — & = £/I. This implies that, starting from K, and on successive transformations, £* — oo at
K* can only happen if £ — 0o also at K (and also in any intermediate point of flow from K to K*).

This constitutes a surface, called the critical surface (or a critical manifold, if we want to sound cool!),
say C, such that if K € C then K converges to K*. Any K ¢ C will move away from K* (even if initially
it moves towards it).

What it physically means is that, there are infinite directions in which, if we start, then we will not
converge to the fixed point. Only starting on the particular critical surface will lead us to the fixed
point.

Now, let us rediscuss about the linearisation of RG, from Eq. (120). Let us denote the eigenvalue and
eigenvector set of M with {\,,&,}. Negating all pathologies, we assume that the eigenvectors form a
complete set and hence we can expand any vector in terms of these eigenvectors, using which we get:

0K =) us6, K =Y usé, (122)
el g

Substituting this in Eq. (120) we get,

Zulgég =M [Z uaégl = Z AoUs €y
g ag g

Since the eigenvectors are complete, these form a linearly independent set from which we get v/, = Ayt .
The quantities {u,} are called scaling fields of the given problem and are crucial to understand critical
behaviour. Under successive transformations, u, — [Ag] "ty

Since u, is directly related to d K then we can have three possibilities:

> If |A\;| > 1 then u, grows under successive transformations and hence d K “increases” along these
directions, denoting the flow away from the fixed point. The scaling field is then referred to as
relevant.

> If [A\;] < 1 then u, decays under successive transformations and the scaling field is referred to as
irrelevant.

> If [A\;] = 1 then u, ~ O(1) and remains mostly constant, upto the linear approximation. It does
not affect the ‘critical behaviour’ much but can introduce logarithmic factors. We then called this
marginal scaling field.

On the critical surface, we have all the relevant variables equal to zero and hence, everything flows to
the fixed point. Thus, only the irrelevant eigenvectors span this space.

Away from the critical surface, we have both relevant and irrelevant fields; the former drive the system
away from the fixed point while the latter bring it closer to the fixed point. The net result is an initial
approach to the fixed point but a final recession away from it.

The number of relevant eigenvalues is called the codimension of the critical surface, denoted by ¢ and is
equal to the difference in the dimension of the coupling constant space and the dimension of the critical
surface.

30.1. RG for 2D Ising Model on square lattice
Let us see RG in play for the zero-field 2D Ising model, whose Hamiltonian is given by

—BfH =K 0i0; (123)
(i)
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~ - ~
—_—
" ~
Critical ~
Surface

Figure 34: RG flow in K-space. The blue arrows denote the relevant flows, outside of the critical
surface while the green arrows show the irrelevant flows towards the fixed point (red marker), on the
critical surface. The critical surface is denoted by the yellow region.

where K = 8J. Then the partition function becomes,
Z = Z exp KZUin = Z Hexp [KUin]
{ox} (i) {ow} (i)

As before, let us take a particular spin, say o(; ;) (where (i, j) represents the coordinate on the lattice),
and then trace it out. The term oy; ;) appears in:

ZN = Z _ Y exp [Koj-1)0(,j)] - exp [Ko(ja1)0)] - exp [Kojy0(i-1.5)] - exp [Ko( o) -
Upiziqfﬁj ‘li,j)
= D> - [2cosh (K(0G 41) + 0 -1) + T(r1g) T 0-15)]
Opti,qj =+1

Again, we need to convert the resulting expression in the form of the original Hamiltonian with respect to

these spins, as much as we can. Note that this will not be that much easy as in the case of the 1D counter-

part, since there are now a total of 16 possibilities for the terms in [2 cosh (K(a(mﬂ) + 03 j—1) T OG415) T T-1,5))
Note that all the 16 possibilities will not yield a unique sum, some will be repeated. Only 4 cases turn

out to be non-equivalent:

\
/

o When all are equal, i.e. 051 = 0415 = 0; j4+1 = 0jj1.
e« When one is —1, i.e. 0515 = 04115 = 0441 = —0 1.
e When two are —1, which has two cases,

> 0i-1,j = 0it+l,j = —0ij+1 = —0jj-1

> 0i-1,j = —0Oitl,j = —04j+1 = O4,5-1

Now, if we want the decimated system to be of the form of the original Hamiltonian viz. the nearest-
neighbour 2D Ising model, then the term in the partition function involved with these spins would be,

oA .  BEOG 1) +06,5-10 115 T 1)
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Figure 35: Decimation of the 2D Ising model. The hollowed out spins are the ones traced out, leaving
behind a decimated system, which when rotated by 7 and scaled appropriately, resembles the original
system, specially in the thermodynamic limit.

which will be an issue since the given 4 possibilities of these spins exceed the number of parameters A
and B to fix. We can make this work by considering higher order interactions, giving us,

!/

. [k
2cosh (K (0(i41) + 0(i-1) + O(is1g) + (i 19)) ) = ebexp [2 (065-106-15) + 65 1941)
T O(i-15)%(ij+1) T U(z',j+1>0(z‘+1,j>>
+1 (0<i+1,j>0(z’—1,j> + U(m—n%jm)
+ M U(z'u)0(i+1,j>0<z’,j+1)ff<i,j1)]

where L' and M’ are new couplings which are introduced. Imposing the spin possibilities gives us four
equations relating the new and old couplings,

2 cosh(4K) = Kot2K'+2L/+M 2 cosh(2K) = oM

124
9 — KG—2K'+2L/+ M 9 — oKi—2L'+M' (124)
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After a few manipulations, we would obtain:

1 1 1 1
K, =12+ ~Incosh2K + - Incosh 4K M’ = -Incosh4K — ~Incosh 2K
: 2 8 ? 2 (125)
K = 1 In cosh 4K L'= 3 In cosh 4K

Now take another value of the spin to trace over, say o(; 2 ;), and repeat the process. The process contin-
ues till all N/2 spins are summed over. Note that, the nearest neighbour interaction term o ;11 ;)0 j+1)
with coupling K’ will appear when we trace out spins o) and also when we trace out O(i+1,j+1)- Lhis
terms then appear exactly twice in the decimation process and hence we had taken KTI when we wrote
the new couplings. Doing the decimation process until N/2 spins are traced out, will give us a partition

funciton of the form,

N'K]
Zy =e¢e" 70 Zexp K’ Z 0;0;6 + L/ Z O';-O';g + M’ Z J;-U;gafo’,;n
o’ (3k) ((5k)) plaquette

with N’ = N/2 and ((-)) denoting the nearest neighbour coupling and plaquette sum denoting the four
spin interaction over a square plaquette. There is no exact correspondence between this and Eq. (123).
The latter has only nearest neighbour terms while the former has all sort of complicated things going
on. Things will only get worse when we do another round of decimation, such that N’ — N/4, leading
to higher order spin interaction terms.

> © > N » o

»—©0 £ © ® / > Y
> > »— b v
N.N interaction N.N.N interaction Plaquette

interaction

Figure 36: Type of interactions generated after one round of decimation.

To make a way around this problem of not having a correspondence with the original Hamiltonian,
we assume that the initial Hamiltonian was also of the same form, with all these interactions, but the
corresponding couplings were 0. So L = M = 0 for the original system. Then we can write,

ZN({K,0,0)) = NS0z (K, L M) = (K 0,08) = — LK + S C{K", T, M'))

The number of parameters will increase after each round of decimation and the problem will become
intractable unless we do what we love to do: take weird approximations! In here, we will assume that
only the nearest (K) and the next-nearest neighbour interactions (L) are important and further, that

these are very small (so cosh(z) ~ 1+ % and In (1 + %) A~ %), which changes Eq. (125) to,
K'=2K* L['=K?

Furthermore, let us suppose that L # 0 in the beginning. Then, considering this we would have obtained
the transformations as

K' =2K*+L L['=K?
Now, we need to find the fixed point of these transformations.
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This gives us two set of fixed points, (K*,L*) = (0,0) and (K*,L*) = (1/3,1/9). The first one is the
trivial fixed point, corresponding to infinite temperature, while the second one is the one of our interest.

Considering deviations from the fixed point, K = K* 4+ 0K and L = L* + §L, we get:

K*4+0K' =K' =2(K*4+6K)>+ (0L + L*) = 2K** + 4K*6K + L + L" = K* + 4K*6K + 6L
L*+6L =L = K2+ 2K*K = L + 2K*0K

From this, we get the following in matrix form,
((5K’) _ (4[(* 1) <5K> <5K/) _ (4/3 1) <(5K> (126)
oL ) \2K* 0/\4L oL)  \2/3 0/\4L

Before the transformation, we have the lattice spacing as a and after transformation, the lattice spacing
becomes a’ = av/2 which implies that [ = /2. The linearised RG is thus,

w2

Lecture 31: More on RG

As a final thing, we will find the eigenvalues of the linearised RG matrix around the fixed point K =
(1/3,1/9). Let us diagonalise the matrix,

4/3 _ 4
det(MY2 — 1) =0 = det(/?;/g)\ _&):0 s )\<)\—§>:§ — 3\ —4A-2=0

which gives us A4 = %(4 + \/40) ~ 1.7207,—0.3874. Thus, |A;+| > 1 and hence it is a relevant eigenvalue,
while |A\;| < 1, rendering it irrelevant. The corresponding eigenvectors are,

Ly (1 1 - 1
Ut = @ N<0,387> U—= _@ ““<—1.7207>

uy is a relevant direction while w_ is an irrelevant direction which defines the critical surface. Sup-
pose we start initially at the point (Ko, Lg) and successively apply the recursion formula. Upto linear
approximation, we can expand the deviation (Ko — K*, Ly — L*) in terms of the eigenvectors, that is,

Ky K* I transformations K K~ l l
(1)~ () e ne s, () () e stn o

Now, suppose that after [ transformations, we want to reach the fixed point as much as possible. This
cannot happen if ¢y is non-zero to begin with, as then, after the transformations, the deviation will grow
along u.

As an example, consider the original Ising model with nearest neighbour interaction only, that is, Ly = 0.
We start from some Ky = K. # 0 and we have to take c; = 0 (since we want to go to the fixed point
eventually). Then the above equation tells us,

(Ig) - C@ Ot C‘(—(\/r3+z)/3>

1 PSRN 1, 1 . .
m which implies K. = 3 + 32+ vi0) ~ 0.3979. This is the critical

point for the nearest neighbour 2D Ising model, however, this is quite off from Onsager’s exact solution
K. = 0.4406. Then starting from (K., 0) we will always go to the fixed point.

From which we obtain c¢_ =
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Now, suppose we have Kq # K, which implies that, after [ transformations we no longer go to the fixed

point.

Appendices

From the first law we have the energy conservation equation,

AU = TdS — PAV + pdN

and thus the internal energy is a function of S,V and N. We know that the internal energy is a
homogenous function of degree 1, on physical grounds, since if we scale the system variables by A, U is

also appropriately scaled (extensitivity)

U(AS, AV, AN) = AU(S, V, N)

Now, from Euler’s theorem of homogenous functions, we know that any homogenous function f of degree

k can be written as,
1,42...4n —i:1 zaxi
Using this theorem for U, we have

ou ou ou

Substituting the values from the first law, we obtain U =TS — PV + uN
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A. Legendre Transformation

From classical mechanics, we know that the Legendre transformation is used to convert Lagrangian
L(z, ) to the Hamiltonian H (z,p) and vice versa. Note how we switch & in L for p in H. We will call
the variable that we want to switch to as the ‘conjugate’ of the variable we are switching. The Legendre
transformation of the Lagrangian gives us the Hamiltonian,

H(z,p)=pi—L

A function f(x) with the Legendre transform f*(p) satsifies f(x) + f*(p) = xp. We will use this for
thermodynamic quantities also, however we will use an alternate definition using minus sign, f(z) —
f*(p) = zp. From the first law, we know that,

U =TdS — PdV + pudN

As clearly seen, the conjugate variable pairs are (S,7T), (V,—P), (N, p). We will consider the starting
point as the internal energy U (S, V, N) which is a function of S, V, N from the statement of the first law.
However, in any experiment, keeping these as control parameters are way too hard. Think about this,
controlling entropy of a system is an arduous task but controlling its conjugate variable, T, is easy-peasy.

We get four different ‘potentials’ by just Legendre transformation (which is basically multiplying the
conjugate variables together and subtracting from the function) of the internal energy, switching between
the different conjugate variables.

o Helmholtz Free Energy: switching S < T
F(T,V,N)=U—-TS = dF =-S8dT — PdV + udN

o Enthalpy: switching V <+ —P
H(S,P,N)=U+ PV = dH =TdS + VdP + udN

e Gibb’s Free Energy: switching both S <+ T and V < —P
G(T,P,N)=U-TS+ PV = dG = —-SdT + VdP + pudN
e Grand Potential: switching both S <+ T and N < u

(T, V,u)=U—-TS — uN = —PV = d® = -SdT — PdV — Ndu

B. 1D Solution of Ising Model

In 1D, the Ising model is given by,

N
H = —JZO’1'0'1'+1 —hZO'Z'

where we have assumed periodic boundary conditions. The second term can be written as a symmetric
sum, utilisng the translation invariance. Hence the Hamiltonian becomes,

N
h
H= *JZUiO'iH ) Z (0i +0iy1) = Zg(ai,0i+1)

)

where £(0j,0i41) = —Jooi41 — 3(0; + 0i41). Note that E(+,+) = —(J + h),E(—,—) = —(J —
h),E(+,—) = E(—,+) = J. The contribution of each configuration is,

N
P({o;}) o e PHATH = exp (—6Z€(Jj,aj+1)> = H exp(—BE(oi,0i41))
J

=1
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Let us define ¢,,5,,, = exp(—pE(0i,0i11)) which is an entry of a matrix ¢ called the transfer matriz:
tUin = <Ui|t|0j>

The transfer matrix is just a notational trick and is assumed to be an operator of the Hilbert space
spanned by |+1) and |—1).

(Htl+) = e =) =7
(—ltl=) = P (—fel4) = e

The partition function can then be written as,

z - ZS—BH({W}) — ZZ"'ZtUmztUchS"'tUNUl
oN

o Lo (128)
= ZZ e Z <01‘t‘0'2> <Ug‘t‘0’3> <Ug‘t‘0’4> e <0’N’t’01>

From the resolution of identity, > |o) (¢| = 1 and hence all the inner spin sums vanish. We are left with,
ag

= — N
2 =3 (olt"|or) = Tr(tY) = AT + A0 = aF (1 + (t) )
a1

where A\_ < A are the eigenvalues of the transfer matrix. In the limit N — co, Z — Ay. The eigenvalues
of the transfer matrix are given as,

B(J+h) —-BJ
t= (66_5‘] eg(J—h)> = (A =eP [cosh(ﬁh) + \/sinh2(ﬁh) + 6—45JJ

In the thermodynamic limit, the free energy F' = —kgT'In Z = —NkgT In A1 and then the magnetisation
is given as,

=2 NkBT;Z |87+ 1n (cosh(Bh) + /sinb(8h) + =107 ) |

oh
. 283 sinh(h) cosh(Bh)
B sinh(Bh) + > Joinh? (B 4o 57

(cosh(ﬁh) + \/sinh?(8h) + e—46J)
sinh(8h) [\/smh?(,@h) 448 4 cosh(ﬁh)}
\/sinhQ(ﬁh) + 674&7) (cosh(ﬁh) + /sinh?(Bh) + e*‘W)
N sinh(8h)
\/ sinh?(Bh) + e—487

= NkgT

:NMTﬁ(

The magnetisation per spin is then,

sinh(Bh)
\/sinhz(ﬂh) + e—487

m =

For T > 0 and h # 0, m is a well-behaved function with no singularity. For h — 0, we get m — 0 for all
T > 0. Thus, temperature is not sufficient to produce a finite magnetisation without an external field.
For T" — 0, we have m — 1 and hence we can say that the phase transition to ferromagnetic behaviour
in the 1D Ising model is at T, = 0. This is the reason why Ising said that there is no phase transition in
1D case (and incorrectly generalised it to higher dimensions too)!
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C. Gaussian Integration
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