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1. THE SPHERICAL MODEL

We will consider a variant of the Ising model where the spins o, living on a hypercubic
lattice can take on any values in the real numbers. The integral of the Boltzmann weight
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over the spins o, would be badly divergent. This divergence is absent in the Ising model
because the magnitude of the spins is limited. Something like that would be needed in
order to make the integral converge. The spherical model uses this Boltzmann weight, but
it puts a strict limit on the sum over all of the spins,
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where N is the total number of spins. Given this limitation, no spin can can have arbitrarily
large magnitude but it can still have positive or negative signs.

In fact, if we put the external field to zero, B = 0, this model has Zs symmetry like the
Ising model, where the Z5 transformation flips the sign of every spin Zs : 0, — —0,.

This model has a ferromagnetic ground state. To see this, consider the Hamiltonian

H = —JZaxax_i_z—BZax—i—/\(Za?z—N)

where where X is a Lagrange multiplier enforcing the constraint. The equations for its
extrema are

—JZ(O'QH_%—FO'QC_%)—B—!—Q)\O}E:O, ZO’?C:N

These equations are solved by

oy = sign(B) , A= DJ + |§|
We can easily see by inspection that, once the constraint is imposed, this solution is an
absolute minimum of each term in the Hamiltonian, so it must be the minimum energy
solution. It is indeed Ferromagnetic with a magnetization density m = sign(B).
The internal energy of this state is obtained by putting the solution into the Hamiltonian
to get
U = —N(2DJ + |B|)
1
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which is non-analytic at B = 0 where there is a first order phase transition between two
ferromagnetic states, one with m = 1 and the other with m = —1. We will see in the
following that this critical point is the terminus of a line of first order phase transitions
that lies on the T-axis in the (B, T)-plane. The line of phase transitions will terminate
at a critical point (0,T¢) where there is a second order phase transition. It will be the
immediate vicinity of that second order transition which will be of great interest to us.
The phase diagram is depicted in figure 1.
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FIGURE 1. The phase diagram of the spherical model is depicted. There is a line
of first order phase transitions located on the segment between zero and T¢ of the
B = 0 axis, denoted by the crosshatch segment, and ending at a second order phase
transition at the critical point (T, B) = (T¢, 0).

We can then form the partition function of the spherical model as sum — in this case
integral — over all of the configurations of the spins in the system,

o0 J 4B o
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In order to impose the constraint we use the Fourier transform of the Dirac delta function

53 02— N) = / D T,z
T

to write the partition function as

X dX [ I , - i -
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The integration over o, is now a Gaussian integration. It has the form

3) Z|T, B, N] — /_OO %e—u\u /_OO I do- R PO NCRILRET D DS
(4) _ /_ Z % e:mewﬁﬂ Sy A~ (w.y)~ S Trin[A /2]
where

(5) Alz,y) = kBJT Z (26, i =6, ] +2(-ix - él;)axy

The eigenvalues of A(z,y) are (see the appendix for more discussion)
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(6) A(p) P
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and the partition function becomes

B2 1 _N aP 2P __JD
@e—iNAeNZ(kBTP 2(71.)_15;%) (QW)DI [kBT > 4sin® Th42(—iX kBT)]

(7) ZIT, B, N] :/_OO o

It remains to do the integral over A. Since IV is very large, this integral can be done by
saddle point technique. The result, for the free energy, is

(8)
FT,B,N] = k TNinf{—i)\ __ B ! +
Y - B A Q(kBT) (—1)\—711)

dPp ) pi JD
/(2 D In| kBTZ45m 5 +2(—2/\—kBT)]}

N =

The equation which determines the saddle point is

() . B? 1_/ dP 1
(kpT)? k* (2m)P kBLT > 4sin® B+ k2

JD
2 _of __ Y
(10) /-;-2(@)\ A )

In principle, we look for solutions of this equation in the entire complex plane. It will
turn out that it has a saddle point at a complex value of A, such that i\ is a real number
and such that x? that is defined in the equation above is a non-negative real number.

To get some intuition for how this comes about, we can consider the high temperature
limit where kg7 >> B and kg7 >> J. In that limit, the equation for A, (9) reduces to

[
) @n)P k2 K2

and k2 — 1 in this limit.
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Now, let us lower the temperature. For the moment, let us set B = 0. Let us assume
that there is no spontaneous magnetization. Then, from equation (9) we can see that

OrK?
B=0: T >0

This means that, as we decrease T, x> must also decrease. Note that the above equation
has a strict inequality. This means that x? does not have a fixed point where it stops
decreasing, at lease in the regime where our assumptions that B = 0 and there is no
spontaneous magnetization are valid.

At very large temperatures, x2 is equal to one. As we lower the temperature, x> must
decrease. The critical point occurs where 2 decreases to zero. This happens at a critical
temperature, T, and we can deduce this critical temperature from equation (9) as

(1) J _/ dPp 1
keTo ) (2m)P Y, 4sin? &

2

The integral on the right-hand-side of this equation converges when D > 2. When D = 2
it is logarithmically divergent with the divergence coming from the regime of small values
of the p;, We interpret this as

Tc = 0when D <2

When D > 2 we can rewrite equation (9) as

(12) (‘] )2(T 1) 2/ "p !
A T S R |
ksT) \Tc (2m)P [32 dsin® B[y, dsin® & + 2L 2)

2

The behaviour of the right-hand-side of the above equation as k* — 0 depends on the
dimension. If D > 4 the integral over wave-numbers is convergent even when the 2 in the
denominator vanishes. In that case, equation (12) implies

D>4: Kk’ ~ (T—1> as T — T¢
Tc

As we shall see shortly, this equation will determine some of the critical exponents of the
spherical model.

When 2 < D < 4 we need to be more sophisticated about how we take the limit where x
is small in the right-hand-side of equation (12). The reason for this is the fact that, when
D < 4 and when x — 0, the integral on the right-hand-side of equation (12) diverges. The
divergence comes from the regime where p; ~ 0 (and this is called an infrared divergence).
To focus in on it, we can split the integration into two regimes, one over a small sphere of
radius A << 7 and centered on the origin and another regime which is the remainder of
the Brillouin zone. We denote the integral over the small sphere as fp < and the integral
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over the rest of the zone as fp> A Then, with this distinction

(kgT)z (gc N 1) - /p<A (dD)p >, 4sin® B[y, tlsln2 b RT3

dPp 1
(13) + /i2 /p>A( ) [Z 4 sin? p]][E 4 sin? pz 4 k’BT }:|

Then, the last term on the right-hand-side of equation (14) has a smooth limit as k — 0
and in the regime where  is very small it is ~ k2. The first term does not have a smooth
limit and it requires further study. Let us assume that the “cutoff” A is so small that we
can take

: dPp 1 dPp 1
lim 2 TnT = ? D kpT
k250 Jpen (2m)P D 4sin? Z)[3° 4sin? B+ BBLi2)  w2m0 Jpon (2m)7 [p2][p2 4 EBER2]

. 2 de 1 . 2 de 1
= lim & 5 P — lim & 5 T
=0 Jro m)P [R)[p? + 2BER2] w2o0 s pens (2m)P [p2)[p2 + 22142

li [k sl 2]’322/ d7p ! lim n2/ p 1
= 11mm |—K —
k20 J RD (27’[’)[) []32”]32 + 1] Kk2—0 p>ApeQp (27T)D []52”]32]

Then the result for our equation which determines x? is

I JN\/T . i [k:BT 2]1:)2—2/ dPp 1
1m e — —_— — = 1m (—~K
T—Te \ kT Tc k20 J RD (27T)D []52”]52 +1]

(14)

.9 dPp 1 2 dPp 1
— lim & D22 T F D 2D R
K2—0 p>Apenp (2m)P [p?][P?] p>Apenp (27) [Zj451n [>2; 4sin” 5]

The last two terms vary like x? for small k whereas the first term on the right-hand-side
varies like [£]”~2 which is dominant as k — 0. We get the scaling law

(15) K2 (T—Tg)p2 T T, 2<D<4
In summary, the equation for k£ has the form
D<2 Tc =0 k2 >0
D 2
2<p<d () (£-1) =0 [—m—gm] FOU2) K~ (£ —1)7

(4m) 5
(16) Dy (ﬁ)z(%_l):% 2Ind 4+ O(x?)

2 2
J 2 J 2 T
D>4 (m) (%—1) (kBTc> K7 (%—1)

We note that D = 4 is special and we will find some reasons for this in our later work
on the renormalization group and the Ising model. Indeed, the scaling law is corrected by
logarithms as we have shown in the above equation.




6 GORDON WALTER SEMENOFF

To see how the scaling of x? translates to critical behaviour, it is best to examine the
Helmholtz free energy in the T' > T regime.
pz 2
4sin? =
| o }

(17)
It is easy to see that any nonanalyticity of this free energy will come from the variation of

k2 near k2 = 0.

The magnetization is defined as

k2 JD B2 1 1 dPp
F|T,B,N| = kgT N — 4=
[ J= ks { P ReT 2T R T 2/(

M 1 0 B
=—=———F[T,B,N —
m=N="nNop' by = G
and the magnetic susceptibility is given by
om 1 B 0Ok?
X =

OB~ kpTr® kT OB
At vanishing field

2

i 1 (%—)m 2<D<4

my=-——=~

B0 X kpTw? (Tl_ >—1 D=4
C

Below the critical temperature x? = 0 and there must be a magnetization. Returning to
the equation for x? with B = kgTk?m restored and x? subsequently set to zero, we get

dPp 1 T
18 1 — m2 = / —
(18) 2m)P L5 3 4sin® g To

and we find a very simple equation for the spontaneous magnetization

2. B#0AND T =T¢

Now let us allow B to be nonzero but we put 7' = T and approach the critical point
along a horizontal direction in figure 1. The equation that we need to solve for « is

[ dPp 1
(20) 1 B? 1 o kBTc/ de 1 - (2m)P [Zi4sin2pi/2+1£2]
22kt T 2m)D (Y, 4sin®p; /2 + k2] [ 40P L
K ( 7T) [Zz sin P/ + K ] f (2m)D [Zi4sin2pi/2]

in the limit where & is very small. When 2 < D < 4, we use the same technique of rescaling
p; — Kkp; that we have already used, we see that this equation becomes

_B*1 o kBTC[KZ]L;l/ dPk 1
2J% k4 J (2m)* k2(k% + 1)

(21)
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When D > 4 we can simply expand the right-hand-side so that, there

B? 1 )
Equations (21) and (22) tell us that
(23) k2 ~ BDY  2<D<4
(24) K2 ~ B3, D>4
which then implies that
B D-—2
(25) mn~ — ~BDF2  2<D <4
K
(26) m~ B35, D>4

3. FREE ENERGY WITH B =0

Finally, the free energy at zero field, B = 0, as a function of T, is has a singularity at
T = Tp. In the high temperature regime 7' > T, and with T ~ T¢ it is given, for small

2
T

o (1)
Tc

R,

(27)  F[T,N,0] = N’“QBT/(d P In [ Z4sm Pi/2

where we have used (??). We can then use (?77?) to get

T>Tc
(28)
when 2 < D < 4
D
NkgT [ dPp kgT 9 T 53
F[T,N,0] = 5 /(27T)Dln 27rJ;élsm pi/2| + const. T—C—l +...,
(29)
when D > 4
NkgT [ dP kpT T 2
FT, N, 0] = 2B /(277)]? In [ BT Z4sm pi/2| + const. (TO—I) +...,
The specific heat is gotten by taking two derivatives
0?
= -T—F
oT? N.B

and the critical exponent « can be deduced from this expression.
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4. CRITICAL EXPONENTS

We can compare the critical exponents of the spherical model to those of mean field
theory which we found for the infinite range Ising model. They are indeed different when
the dimension is in the interval 2 < D < 4 and they are identical when D > 4. Notice
that, the exponents in the regime 2 < D < 4 approach the D > 4 exponent at D = 4 so
that, even though we have not examined this case in detail, we much conjecture that the
mean field theory exponents are correct for D = 4.

(30)
Infinite range Ising o B 0 0
0 3 1 3
D—4 2 D+
. s 2<D<H4 s 2<D <4 s 2<D<4
D-2 1 D-2 D-2
Spherical model { 0 D=4 } 3 { 1 D=4 } { 3 D> 4 }

where the exponents govern the critical behaviour of the following quantitites

T —
(31) specific heat C ~ ( — 1) , T >Tc
Tc
T\"?
(32) spontaneous magnetization m ~ (1 - T) , T <T¢
C
T -
(33) magnetic susceptibility x ~ <T — 1> , T >1T¢
C
(34) field vs M B~ M? | T =Tg

APPENDIX A. LATTICE FOURIER TRANSFORM

We shall assume that the spins in our spin model reside on the sites of a D-dimensional
hypercubic lattice whose points are located in D-dimensional Euclidean space by the for-
mula

(35) T = a(nﬁl +ngig + ...+ nD%D)

where (n1,n2,...,np) are a set of D integers and a is the lattice constant, the distance
between neighbouring sites. For all possible values of the integers (n1, no, ...,np),  sweeps
over the sites of the lattice. We assume that the lattice is infinite, or at least very large
with N sites, therefore N unit cells and its volume NaP.

A plane wave on the lattice is given by the exponential
eipx
where p = (p1,p2,...,pp) is a vector whose components have the dimensions of inverse
length.

Because of the discreteness of the lattice, the plane wave with the wave-vector p and the
plane wave with the wave-vector p + 2mi //a, for any of the D unit vectors 7, are identical.
In order to enumerate all of the truly distinct plane waves, we must restrict the wave-vector
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variables p to a unit cell in the space of wave-vectors which is called the “Brillouin zone”.
This unit cell is the region

QB = {(plap25"'apD)| _7T/CL < Di S 71'/@}

or. alternatively. the hypertorus which is gotten by the periodic identification of points
277
Op={p:p~p+ —i,Vi=1,2.,D}
a

The lattice delta function has a Fourier integral representation that is given by

D
5xy:/ _d7p eP(z=y)
’ g (2m/a)?

and for the wave-vector delta function

! 3 i(p—q)(n1i1+nai npi
6D(p_q>:W Z ez(p Q)(11+ 212+...+ DD)

N1,...,nD=—00

A function f(x) which is defined on the lattice can be written as a superposition of
lattice plane waves as

dPk . =
flz) = / e f(k
(z) o, (27/a)P (k)
where its Fourier transform is defined by

fk)y =Y e ™ f(x)

The plane wave, eP?, viewed as an infinite dimensional vector indexed by the lattice
sites x, is an eigenvector of the matrix A(z,y, ). To see this, one can easily check that it
satisfies the eigenvalue equation
(36) > A y)] [e7] = [e7]

Y

J .
M;45m2pi/2—|—/{2

It means that the eigenvalues of A(x,y) are [,CBLT > dsin?p; /2 + /@2}, one for each value
of the wave-vector p in the Brillouin zone. The determinant of A is the product of its
eigenvalues. It is most convenient to write this as the trace of the logarithm of the deter-
minant which is readily then expressed as the sum over eigenvalues (which, for the lattice
of infinite volume, N, is an integral with the appropriate normalization)

D
TlrlnA:N/dpln1
27 (2w /a)P " 27

D
(37) =V / (;Zﬂ)pD In

S
kT

Z4sin2pi/2 + K2)
7

— Nn27

J .
T Z4sm2pi/2 + Kt
i
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and the inverse of the matrix A(xz,y) is gotten by finding that matrix whose eigenvalues
are the inverses of the eigenvalues of A(z,y). That matrix is

D ip(z—y)
(38) 8oy = [ ol °
ap (27m) [T;T Zi4sin2p¢/2+f$2]




