Statistical Mechanics, Math 266: Week 1 Notes

January 5 and 7, 2010

1 The Microcanonical Ensemble

The Microcanonical Ensemble refers to a choice of a probability distribution
on state space in which all configurations of a fixed energy F are given equal
weight. To be concrete, we illustrate with a simple example. Consider a system
of N classical point particles of mass m in a finite box A = [0, L]> C R3. The
phase space of this system is given by I' = [0, L]>¥ x RN where

(q7p):(qla"'an7p17"'7pN) er

and ¢; € [0,L]® and p; € R? for all 1 < i < N. The energy of the system is
given by the Hamiltonian, H : ' — R given by

N
1
H =Y —|pi? 1
(@p) =X 5 Ind (1)
The Hamiltonian enables us to define the submanifold of constant energy, I'g:

I'e ={(a,p) €T|H(a,p) = E} (2)

Hamiltonian dynamics is given by Hamilton’s equations of motion:

ii= 5-Hap) 3

o= Hlap) (@

The following theorem of Liouville, stated without proof, will be necessary to
define a measure on I'g.

Theorem 1.1. Liouwille
The measure dqdp on T is preserved under the Hamiltonian flow solving
equations 3 and 4.



What this means precisely is the following. Consider the flow, ¢; : I' — T
such that ¢:(qg,py) = (a(t),p(t)) is a solution of equations 3 and 4 when
a(0) = qy and p(0) = py. Then letting B be a Lebesgue measurable set, define

B; = {y:(q,p)|(q,p) € B}

Liouville’s theorem then says that

vol(B;) = vol(B) for all ¢ (5)

/ dqdp = / dqdp (6)
B, B

In our concrete example, this is easy to see, since
pi(t) = pi(0) (7)

G(t) = 4:(0) + —pit (®)

i.e.,

is just translation which clearly preserves volume.
Another important property is that H, energy, is conserved.

H(q(t), p(t)) = H(q(0),p(0)) for all ¢ (9)

This is a direct consequence of the form of the Hamilton equations of motion:

d OH dql OH dp;
%H Z dq; dt api dt (10)
B Z OH OH OHOH _o (11)

dq; Ipi  Opi g

This means that I'g, the manifold of constant energy E is invariant under the
flow, i.e.,
For all (q,p) € g , vi(q,p) €T'g (12)

It follows also that the trace measure of dqdp on I' g will also be preserved under
the flow ¢;. It may be intuitively clear what the “trace measure” means, but
we provide a mathematical definition.

Let B C I'g be a nice set and suppose ['g is a differentiable submanifold of
I' so that we define the normal to each point of I'g. Consider the normals at
each point of B and define

_ (q, p) lies on a normal to a point in B C I'g
B(AE) = {(q’ p) el ’ and H(q,p) € [E, E + AE] (13)

and
vp(B) = lim vol(B(AE))

AEN0 AE (14)



It can be shown that this defines a measure of I' i which will clearly be invariant
under the flow ;. In our case, I'g is compact, and

d
vep(lp) = -5 vol({(a,p)|H(a.p) < E}) = 0 (15)
which we can easily compute:
d
dE

where wy is the volume of the unit ball in R? which is given by

T = [0, LY x SN (V2mE)vp(Dp) = - {1V 2mE) Fwsv ) (16)

/2
R 17
YT rE T (17

So .
Op = vp(Tp) = 2mIL3Nr’s (2mE) 2 12 18
g=vp(lg)=2m T (2mE)% M+ 1) (18)

(vg is an invariant positive measure, but it is not normalized.) The microcanon-
ical probability measure is the normalized version of vg,

which represents the “equal” probability distribution of all configurations (q, p)
of fixed energy FE.

(19)

2 Derivation of the Maxwell Distribution

Now assuming the probability distribution pugp on I'gp, what is the resulting
distribution of one particle?
We want to find the distribution function,

1
P (Qmp% < ) — up(A(e)) (20)
where
A(e) = {(a,p) € Tp|p? < 2me} (21)
Then the probability density function will be
d 1 d d
10 = 57 (gt <€) = fo gpre(AAE) (22)
- L347r2meL3N*3V%N_3(F%Ai;3) 03
- U3N(1‘\3N) ( )
3 _1 3(N—1
— arame 2mE ) s & k) (24)
(QmE)SN 3N pBNZL )
1 € . 3N _5 3N 3/2



where in the last (almost) equality, we have made use of Stirling’s formula:

1
T'(n) = V2mn" Y2 exp(—n) (1 - O()) (26)
n
We shall be interested in taking the thermodynamic limit in which we take
N — o0 % =p
L—oco =1 (27)
E— oo
Therefore, in the thermodynamic limit,
3/2
e 3p 3p
e)=C—— | — exp(——e 28
10 =0 (2) " ewn-Le) 9

Recalling now that e = %mv2 where v is the speed of the first particle, we can
change variables,

f(v) = Cv?exp <ﬁ;mvz> (29)

where 3 = S—Z is to be interpreted as inverse temperature.

3 Explanations and Issues

Why does the Maxwell distribution just derived so accurately describe the reality
of molecules in a gas?

When we measure this distribution for a gas in equilibrium, we sample the
system over a long time and by Poincare’s recurrence theorem, explores the
available portion of phase space over and over again such that the net effect is
that the time averages become averages over phase space. To make this more
precise, we will use Birkhoff’s Ergodic theorem without proof.

Theorem 3.1. Birkhoff
For Ty C T such that vol(Ty) < oo and for all f € L*(Ty),

e
Th_r)réof/o fowi(gp)dt = (f)(qp

exists for almost all (q,p) € Ty

Here (f)(q,p) is the time average of f on a trajectory of dynamics with
initial condition (q,p). The theorem says that this time average is defined
almost everywhere on I'g. We can prove furthermore,

® (f)(ap) On a trajectory (q(t), p(t)) is actually independent of ¢



e If we assume further that I'y is metrically indecomposable, then

1
(Fap = olTo) Jr f(a,p)dadp (30)

independent of (q,p) € Ty where the right hand side is the phase space
average with respect to the invariant measure. Here, metric decompos-
ability means that there is no non-trivial decomposition I'y = I'y U 'y
such that I'y NT'y = ) where I'; and I'y are of non-zero measure and are
invariant under the flow.

So now one can argue that the microcanonical measure gives the correct re-
sult because phase space averages computed with it are equal to time averages.
This makes sense except that the condition of metric indecomposability would
have to be checked, which is usually impossibly difficult or else demonstrably
false. In the case at hand, it is the latter, since 'y is actually metrically de-
composable, since the energies of individual particles are conserved. Of course,
in an experiment, we would have to pick many different particles to build a
histogram of their energy distribution. So implicitly we are also averaging over
a larger number of different particles. Whatever the precise explanation may
be, the experimental fact is that the assumption of uniform distribution over
a configuration of given energy gives the correct prediction under very general
circumstances.



Statistical Mechanics, Math 266: Week 2 Notes

January 12 and 14, 2010

1 The Canonical Gibbs Measure

By analysis similar to the derivation of the Maxwell distribution, one can show
for Ay € A, Ng < N, % =, % = p, and N, E,A — oo, the phase space
distribution for Ag, and Ny are obtained by conditioning pg A n on the Ny
particles found in the region Ag. In the thermodynamic limit,
5~ e g

where 8 = ;—p as before. (See Minlos for details.) This is a special case of a
canonical ensemble measure.

Note that the expected value of the energy of the subsystem in Ag is then
given by

an Hpy.no.5(a, p)ePron0.8(9P) dqdp
/HAO’NO(q’ p)MgOvNDvﬁ(dqu) - { Ho.e ﬂZCan(Ao No, )

—~
[\
~

Here, Z%"(Ag, Ny, 3) is the partition function
76 (g, N, ) = [ ¢ to P dqip @

Therefore

d
<H>Can — _%logzcan(A07N0;ﬁ) (4>

So we can compute Z* and derive the energy from this expression. For later
use, we also define the free energy

F(A7N7ﬁ):—%IOgZA)N73 (5)

To close out this section, we compute the partition function for a simple model.
Let us suppose that we have N classical particles in a box A C R3 as before,

with Hamiltonian given by H(q,p) = Y.~ , D i fi +U(|lgi — gj]). HU =0,




then

[e'e) L2 3N
ZMW—MN(/eﬁm@) (©)

— 00

=<m(%?)w>N 7)

We can also calculate the expected energy

d 3N

So that we obtain equipartition of energy of %k‘BT per degree of freedom. In
the case that U # 0, then |A|Y is replaced by

d(]1/qu efﬁU“q'i*QJD
fyta fow 1

1<i<j<N

(H) =

2 The Ising Model

We shall be interested in the Ising Model because it is
e a simple model.
e historically significant in the development of Statistical Mechanics.

e a model that exhibits phenomena and allows us to ask questions that are
central in Statistical Mechanics.

e a useful model for a number of physical phenomena, including some as-
pects of liquid-gas phase transitions, and adsorbtion of molecules on a
surface such as in catalytic converter.

The point is that we will be able to understand the effects of interaction between
particles in this model in considerable detail.

To define the model, we replace the continuous space R? with the lattice Z¢,
and attach variables to each lattice site

For all z € Z¢ | 0, € {—1,+1} (9)

which can take only two values. One interpretation is that o, represents the ro-
tation of a magnetic dipole attached to position x. Another useful interpretation
is that of a “lattice gas” where we make the transformation

%:%u+%> (10)
nz € {0,1} (11)



so that each n, is considered an occupation variable where a value of 0 denotes
that the site x is empty, and a value of 1 denotes that site x is occupied by a gas
molecule. One could think of a layer of gas molecules attaching to the surface
of a catalytic material. In both cases, the model is only a caricature of the real
stuff, but we will see that it is a useful caricature.

The phase space T is replaced by the configuration space

or= (1, 12
= { all functions o : A — {—1,1}} (13)

where 0 = (0;)zea is called a configuration. The minimal description of the
physics that we need to do Statistical Mechanics is the energy, i.e., the Hamil-
tonian defined on Q4 which assigns to each configuration its energy. (There are
no Hamilton equations of motion here.)

H/I\Smg =—-J g 0z0y +h E Oy (14)
z,y€EA TEA
|z—y|=1

One could generalize to J(z,y) and h(z) or even random variables J,, but for
now we restrict to constant J and h. J is a coupling constant and h gives the
strength of an external magnetic field. We could again show from the micro-
canonical measure which assigns equal weight to all configurations of a given
energy. With some effort we could then prove that restricted to the variables in
a subvolume, and after taking A — oo, we get a canonical distribution. But we
don’t have to work with the subset of configuration of a given energy. In fact,

A e=BHA(Y) 15

pap(o”) Z00.5) (15)

defines a probability measure in which lower energy configurations have higher

probability. But counterbalancing this is the fact that there are many more

configurations of energy ~ A than there are of energy = min, H(c). This will

eventually lead us to introduce the concept of entropy and the competition

between energy and entropy is at the core of the most interesting phenomena
in Statistical Mechanics.

The Ising model is named after Ising, who studied it for his PhD thesis. It
was his adviser, Lenz, who introduced it. It took a while to understand it, and
Ising solved the one dimensional case in his dissertation. We will turn to that
solution in a minute. It turned out to be less interesting than they had hoped,
but Ising didn’t realize that the dimension plays a crucial role.

What do we mean by “solution”? Here, we mean calculating Z, log Z, or
limy_, 74 ﬁ log Z. Let’s first explain why this calculation indeed allows one to
answer the most important questions. The free energy density in the thermo-
dynamic limit is given by

A p—

A/Zd_ﬂ|A‘ 1OgZ(Aaﬁa h) (16)



For a finite system A C Z?, the free energy is

FA(8.1) = =5 108 Z(A, B, h) (a7
We already noted that 5
(Hp) = %53\(@}1) (18)

Another important quantity is the magnetization (related to the particle number
in the lattice gas interpretation)

ZU(ZZEA %)efﬁHA(a)

- —%8% log Za (B, h) (20)
= 2 k@) (21)

For any “observable” Aj, one could add a term AAj to Hp and define the
corresponding F (8, A) so that

(An) = o FA(B, ) (22)

Moreover, it doesn’t stop with the mean. We can also calculate variance and,
in principle, any moment we like. For example,

V(Ax) = ((Ax — (An))?) (23)
= (43) — (An)? (24)
2

and (A%) = %FA(@ A) (25)

One can show that the limits

. 1
Ahfnzld WFA(Q, h) (26)

. (Ha) _ 0
Ah/HZld Al - e(B,h) = a*ﬂﬁf(ﬂ, h) (27)
(My) _ 0

all exist, and where the energy density, e, was previously denoted 7. Here
interchanging the derivative and the thermodynamic limit is an interchange
of limits and requires further justification. This interchange can be shown to
be true under quite general assumptions, but this does not mean that all such
limits are interchangeable. For example, m((3, h) is, in general, not a continuous
function of h and

lim = 0 29
Jim, = Fp# (29)



while m(3,0) = 0. This is the signature of a phase transition. In fact, this is
what Ising hoped to show. To this end, he calculated f and m for the one-
dimensional Ising model.

3 More on the Ising Model
Recall that Hamiltonian of the the Ising model is

Hpy=-J Z O30y (30)
T, yeEA
lz—y|=1
where we restrict to the situation where J > 0. This corresponds to the fer-
romagnetic Ising model. We have previously considered the thermodynamic
limit as a limit in which a clear picture of the asymptotic behavior emerges.
But there is more. In order to give a mathematically rigorous description of
non-uniformity of the thermodynamic limit, the hallmark of phase transitions,
we introduce the mathematical formulation of *-systems. We first focus on the
Ising model and generalize later.
The set of configurations, €2, is given by

Q=JJ{-1.+1} (31)

TEZ

and we recall that € is compact with the Tychonoff topology. There is no
difficulty with considering infinite configurations ¢ € ; in d = 1, o is a bi-
infinite sequence. In general, it just means that we are given a value o, €
{—1,+1} for all x € Z4.

It does not make sense in general to talk about probabilities of infinite
configurations— not even ratios of probabilities, since typically “ug(c) = 0”.
The solutions is to limit the kind of events under consideration to the cylinder
sets:

Ax(ox)={neQn, =0, forall z € X} (32)
and X C Z% is a finite set. Then we can make sense of y(Ay) and the ratio
n(Ax (o)) _ o BAHX (0" 0) (33)
1(Ax(ox))

We can make this a bit more elegant by defining a fuction

_ 1 if o€ Ax (Ux)
falo) = { 0 ifod Ax(oy (34)
and considering linear combinations and uniform limits of such functions. This
leads to the algebra of functions C(2), since such functions are continuous on €
with the Tychonoff topology. Instead of defining a probability measure directly,

we define the expectation of all such functions

p(f) =Y flo)u(o) (35)

oceq



By the Riesz Representation Theorem for measures, this is actually equivalent
to defining a Borel probability measure on €.
References:

e Minlos

e Ruelle, Statistical Mechanics: Rigorous Results. London: Imperial Col-
lege Press 1999

e H-O Georgii, Gibbs Measures and Phase Transitions. De Gruyter Studies
in Mathematics Vol. 9. Berlin: de Gruyter 1988.

4 Explicit Calculation of the Thermodynamic
Limit of the 1-Dimensional Ising Model
In the following section, we shall use the transfer matrix method which also

appears in the analysis of transition matrices of Markov chains. For the Ising
model in one dimension, we have

A=[-L,L]CZ (36)
L—1
H(o)==J ) 02001 (37)
rz=—L
2= Y M )
o_p,...,op==%1
- Z To rorlo o pinTop 1o (39)
o_L,...,op=%*1
where we have , N
_ (T T\ _ (e e~
r= (T+ T) - (em e,fu) (40)

It follows then that in terms of the transfer matrix, T,

() G) @

which can be simplified further, since T is clearly a diagonalizable matrix. The
eigenvalues can clearly be seen to be:

Ay = 2cosh(8J) (42)
A_ = 2sinh(8J) (43)

(5 2)s (4)
(55 ) (- o

Thus,



Then by taking the thermodynamic limit A — Z, we obtain the free energy
density,

1
f(B) = 3 log(2 cosh(S3.7)) (46)
in a similar way, we can compute the expectation

Z o_r,...,00=%1 e AH()

A )01, yop) = Ont1y-,0L==%1 .
pa(Apn) (01 ) o .
where we hold oy, ...,0, fixed. Expanding this now using the transfer matrix

method, we obtain for the numerator

Z (TL)U_LchalozTcrzog T, s0, (TLinil)onUL

o_rop==+1

= efﬂH[l,n](O'l,n-yo'n) <<1> 7TL601> <€gn,TLn1 (1>>

where we use the notation

And so the final result is

efﬁH(al ..... crn))\L O,L—n—l
H[—L,L] (A[l,n] (O'la s 7O'n)) = 2)\2L—1+ - (48)
+
o~ BH(o1,..000)
U (49)
+




Statistical Mechanics, Math 266: Week 3 Notes

January 19 and 21, 2010

1 Phase Transitions and Spontaneous Symme-
try Breaking

Consider the d-dimensional Ising model:

ACZleg, A=11,L]¢ (1)
Hpy=—-J Z O30y (2)
|z—y|=1
z,yEA

As before, we will assume that the model is ferromagnetic, so J > 0. The
Hamiltonian H, exhibits a spin flip symmetry which takes o, — —o, Many
fundamental models have symmetries and many interesting phase transitions
are accompanied by symmetry breaking. More precisely, let F : Q@ — Q be
defined by

F(n)=-n (3)

Clearly Hy o F' = Hy. It follows that the equilibrium state

e—BHA(n)
wa(f) = anfi])ﬁHA(n) (4)

is also F-symmetric, meaning
wa(foF)=wp(f) for all f € C(Qy) (5)
In particular, we have for all x € A,

wa(og) = wa(ogz 0 F) = —wp(0y) (6)
and hence wp (o) =0 for all z € A (7)

Taking the thermodynamic limit does not change this,

li z) =0 8
AI/I%de(O') (8)



All of the thermodynamics is contained in the function f(3), the free energy
density

~31(8) = Jim, 7 los Za(0) )
— Z e~ BHA (M) (10)
neQA

It is easy to see that boundary conditions do not affect f, so in the thermody-
namic limit, we obtain the same thermodynamics.
Now define the boundary of A,

OA = {x € A| there exists y € Z* UA® and |z — y| = 1} (11)

Then consider by € C(2p4) and suppose that ||ba|lsup < B|OA|, so that by is
uniformly bounded with B some fixed constant. For some sequence of boundary
terms, we may find that

Wb = lim wf’\ exists (12)
bA
KD = gy X S 13
A neQA
where HY = Hy + by (14)
Then,
e BRION 7y < Z30 < ZpePPIoN (15)
So that as long as we have % — 0, we will have that f®(8) = f(B). It is

therefore reasonable to assume that w® = limy wf\‘\. If this limit exists, it will
also describe the equilibrium of the thermodynamic system. (We will make this
precise and rigorous when we study characteristics of equilibrium later.) Under
quite general conditions, one can show that for some 3. > 0, w’ is independent
of b for all 0 < g < (.. But it often happens that there is some dependence
on the boundary condition, b, if § is large enough. Before doing anything more
general, we will show that this happens for the d-dimensional Ising model.

2 The Peierls Argument

We will consider the particular boundary term leading to what is called +
boundary conditions,
ba=—J >  0.-1 (16)

[ASTONN
yEAS |z—y|=1

as if the spin at y € A€ are all fixed to be +1. — boundary conditions are
completely analogous. Let’s assume that the following limit exists:

wh = lilr\nwx (17)
1 ba
= h[{nwA (18)



Note that if we were free to interchange limits, it would be rather trivial to show
that limg_,oo m(3) = 1 since limg_. w;{(aw) =1 for all finite A C Z¢, for all
d>1.

Theorem 2.1. Let J >0 and d = 2. Then,
1. There exists 1 > 0 such that for all B > (1,

and limg_,oo ma(B) = 1 uniformly in A.
2. There exists B3 > 0 such that for all B > [s and for all x € A,
wi (05) =mau(8) >0 (20)
and limg_,o0 my(8) = 1 uniformly in x.
In fact, we obtain bounds of the form
0<1—my(B) <216e 878 (21)
0<1—mp(B) <216e 877 (22)
For sufficiently large 3.

Remark 2.1. Onsager obtained an exact solution of the free energy density if

the 2-dimensional Ising model frem which it follows that B, = w.

To prove the theorem we will use the contour description of

Qf ={n € Qavare)n lae= +1} (23)
T
+ +
+—H0-0) +
—f e+
44+

Figure 1: Configuration space as described by contours.

There is a one-to-one correspondence between configurations and configura-
tions of contours.

o el —{n,...,m}=T(0) (24)



Figure 2: A dual edge is in « if the corresponding edge has a +— pair.

Here, I'(0) is a configuration of closed, non-intersecting paths (where we ignore
corner intersection) in the dual lattice. We define the support of a configuration,

n
suppl' = U supp7; = {(z,y) € Z*|o,0, = —1} (25)
i=1

and this allows us to define the length of a configuration of contours as
() = [suppT| = > £(v) (26)
i=1

Now, we wish to rewrite the Hamiltonian of the Ising model in terms of contours.

Hi (o) = —J{#{(z,y) € Z*|0,0, = +1}} + J{#{(2,y) € Z*|0,0, = —1}(27)

= —J|B(A)| 4 2J¢(T) (28)

where |B(A)| is equal to the number of edges in A. Here, we can think of energy
as being proportional to the length of the contours. Since the configurations
I'(o) that we consider consist of compatible, closed, non-intersecting paths, we
define V() to be the vertices enclosed by a given contour +.

Lemma 2.1. For all v such that () < oo,

V| < 26l (29)

Proof. Left to reader. See homework. O

Lemma 2.2. Let A C Z? and { = 4,6,8,... Define Ma({) = # of distinct
simple contours of length £ within A (with 4’ boundary conditions). Then

M () < 377 1Al (30)

Proof. Left to reader. See homework. O



We know what P} (o) is, and this allows us to make sense of P(I'). Now,
for a given contour ~y, we define PX(’y) to be the probability that v occurs.
Specifically, it is the event that contains all configurations I' that have v in it.
Explicitly,

_gHT
ZO’EQX € PH (o)

Pi(y) = 22 (31)
A ot e—BHY (o)

Lemma 2.3 (Peierls Estimate).

P} (7) < 72754 (32)

Proof. For all ¢ such that v € I'(0), for some fixed v define o* as the unique
configuration such that I'(6*) = T'(0)\ {7}. Explicitly, o* is obtained by flipping
all spins located at € V(). Recall that H} (o) = —JB(A) + 2J{(v), and
therefore

HY (o) — Hf (o%) = 2J4(T) (33)

and

_BHT
ZO’EQX € BHA (o)

_gHT
ZO’EQX € PHx (o)

< ~v€el(o) (35)
- Z oeqy) e_ﬁHX(U*)
Y€l (o)
< e 267L() (36)
O

Proof of Theorem 2.1. We will estimate
0<1-wi(oy) =wi(l-o0,) (37)

Observe that 1 — o, takes the values 0 and 2. If 1 — o, = 2, then there exists
a v € I'(n) such that x € V(y). Denote by v*(o) the first contour you meet



starting at x. Then

_ + -
23 reV(T) 2oy (0)=r BH (o)

_,t
1 CUA (Uz) S ZJ e_ﬁHj\,(o_)

(38)

_BHT
0',’)'61—‘(0')6 B A(O’)

>
<2 ), S e BHL) (39)

v,x€V(Y)

=2 Y Pi(7) (40)
7,2EV(7)

<2 Z e—2BJE() (41)
7,2EV(Y)

where (39) comes from the fact that 1 —wy vanishes if it is enclosed by an even

number of contours, and (41) follows from Lemma 2.3. From here, Parts 1 and
2 of Theorem 2.1 proceed only slightly differently, and so we only present the
proof of Part 2. We rewrite the inequality (41) in a more suggestive way.

l—wi(on) <2 > Y e (42)

(=4,6.8,... v,z€V (7)

L(v)=¢t
<2 > 3t (43)
(=468, ...
1
< 16(3e=%P7)? where 3e=%%7 < 3 (44)

Here, we have used the observation that a contour of length ¢ must be contained
within a square box of size ¢ centered at x, along with lemma 2.2 and the fact
that

ad K2k 2r2(2 — %r—i— %7"2) 45
Z r= (1 _ 7")3 ( )
k=2

The lower bound on 3 now follows. O

Remark 2.2. Clearly w}(0,) — 1 as 8 — oo, and with the same estimates for
the — boundary condition, we have that wy (04) — —1 as B — oco. Hence, if

wi —»wt as A 72 (46)

clearly, wt # w™. A similar argument works for d > 2, and these same argu-
ments (using Peierls Estimate) can be generalized to other models with somewhat
similar structure.

3 The Griffiths Inequalities

The goal for us is to show the existence of the limiting Gibbs states, but the
Griffiths inequalities have many other applications. Again, we are considering



Ising systems on Z?. The algebra of observables for a finite volume A C Z? is
C(24). Consider the special observables

oA = H oy forall ACA (47)
€A
op=1 (48)

We make the observation that the set {o4|A C A} is a basis for C(€25) because
Onp=e = %(1—1—5095) forms a basis upon taking products. The ferromagnetic Ising
model can be generalized to a general class of ferromagnetic models with local
Hamiltonians of the form

_—ZJAUA7JAZO (49)
A
Note that 5
7@/\(0’,4) Zu)A(O'AO'B) —wA(aA)wA(aB) (50)
dJp

where we have set § = 1 in this equation.

Theorem 3.1 (Griffiths Inequalities). Let wa be the Gibbs state at 3 with
ferromagnetic Hamiltonian Hy. Then

1. wp(oa) >0 for all A C A.
2. wp(oaop) —wa(oa)wa(op) >0 for all A,B C A.
Proof. Proof of 1.

o o —AHA() (51)
wa(oa) = 17;2:,\ A
Z Z aam)()_ Jpop)" (52)
nt neEA BCA

Clearly caop = o¢ with C = AAB, and where AAB = (AUB)\ (AN B) is
the symmetric difference of A and B. Now, we group all terms with the same

C.
waloa) =3 al0) 3 o) (53)

C neQA

IEC#0, 3, cq, 0c(n) = 0since if 2 € C then the sum over 1 with 7, = +1
cancel each other out. In the case that C = 0, ZnGQA oo = 20 So waloa) =
a(@)2* > 0.

Proof of 2.

Note that for 1, we did not really use the structure of 74, and the argument
works on any finite set A. Now we will consider A = A LI A, two disjoint copies
of A. Equivalently, we can consider a system with two copies of the algebra

Ap = C(Q24) ® C(Q) (54)



where each copy of C(Q,) is generated by the functions o, and 7, respectively.
The configuration space is Qp = Qp X Qp = {(1,8)|Nz, & € {—1,+1}}. Simi-

larly, we have 04 and 74. Define

Ha(n,€) = Ha(n) + Ha(€)
7 DI SPR L RCRSING
neEQA £€Q
= (Zp)?

If f(n,€) = fi(n)f2(§), we have
WA(f) = wa(fr)wa(fa)

Now consider “rotated” variables

(oo +7)

Sg = Og Tx
V2

e = (00— 72)

T = Oy Tx
V2

which take values —v/2,0,v/2 on double configurations. Note that

1

Op = —=(84 + 1

(ot )
1

Te = —F=(8z — ts

(o~ )

and for A C A,

[A]
AY —optry— (\}5) ((s+)a+ (s—1)a)

where 04 = [],c4 0z, and 74 is completely analogous.

Lemma 3.1.

Ai = Z Kpsa\BtB
BCA

with some Kg > 0

Proof. Just calculate

(s+t)a= [](sa+ta)

T€EA
= Z sA\BlB

BCA

and

(s—t)a= Z (_1)|B|3A\BtB

BCA
The lemma follows.



Now, we can proceed with the proof of 2.

wA(UAUB)—OJA(O'A)wA(O'B) (68)
=wp(oaop) — wa(oaTE) (69)
=wr(oalop —18)) (70)

|A|+|B|
(ﬂ) Gas+Oal(s s+ (s -t} (71)

= AK(Z KC(S+t)ASB\CtC) (72)
ccn

= 077\(2 Kpsaup\ptp) (73)
D

The variables s, and t, have the following properties:
Sztz = 0 and either s, or t, = 0 for a given configuration o, 7, (74)

t; and s, are odd functions of o, and 7., so all their odd powers are odd and
all their even porwers are of course greater than or equal to 0. So

n_J =0 ifnodd.
Z Sz = { >0 if n even. (75)

and the same result holds for Y ¢7. The Hamiltonian can be rewritten,

E\: ZKAJAJFKATA (76)
ACA
= K4 >+ (=D Nsacte (77)

ACA CCA

and is again a Hamiltonian with coefficients greater than or equal to 0 in the
monomial basis. Although the polynomials in s and ¢ are not independent
variables, the same argument as in 1 applies.

Hy = Z Kec psctp (78)
C,DCA
Gr = izﬂ' S sats( Y Kepsctn) (79)
AN n=0 {02, T} C,DCA
1 & ——
- ? Z ﬁ—' Z Z Kapcpsasctstp (80)
n=0 {04,172} C,D
Indeed,
Hy = Z Jaoa+ Jata (81)
AcA
Z Z Ja(l+ (=1)l¢ |)$A\ctc (82)
ACA ccA



Therefore we can apply 1 to EIVA and finish the proof of 2. O

Recall the observation

0

@w/\(m) =wa(0aop) —wa(oa)wa(op) (83)

therefore the second Griffiths inequality implies that %w/\(a 4) > 0 for ferro-
magnetic Ising models.

4 The Thermodynamic Limit of Ising Equilib-

rium States
The set of states on C(§2z4) is weak-* compact. From this we deduce that at
each fixed (.7, the set of finite volume states {wa}sczas has at least one limit
point (extend them to states on all of Z¢ in more or less any way you like). And
more generally the same is true for sequences with other boundary conditions

ba. The Peierls argument shows that if w* and w™ are such limit points of {w{ }
and {w) } respectively, then for all § large enough, they will be distinct, since

wF(09) = —w™(00) # 0 (84)

Later, in a more general context, we will show that for small 8 the limit points
are unique independent of by. It is nevertheless still an interesting question
whether the sequence wy itself converges.

Theorem 4.1. 1. Let {wQ} be the sequence of 3 Gibbs states in finite volume
A C 74 of the Ising model with free boundary conditions. Then

Wl (o) / W(oa) for all finite subsets A C 7.¢ (85)

2. 1If {wj\'} is a sequence corresponding to + boundary conditions, then
wi (04) \w'(0a) (86)

i.e., we have weak™ convergence in both cases and they are monotone in-
creasing and decreasing, respectively, on the basis functions o 4.

Proof. Proof of 1.
w} can be regarded as the Gibbs state for the ferromagnetic Ising model

HA:_ZJ)/}UX (87)
X

with

(88)

AL J iX=(@y)eyellz—y =1
X 0 otherwise

10



with J > 0. Hence, J )/} is monotonic increasing by the second Griffiths inequal-
ity.
Proof of 2.
Define
J. X =xyzyechlzr—y =1
J¥={ 4oo if X ={z},x €A (89)
0 otherwise

It is not hard to see that the infinite coupling constant does not pose a problem.
O

Note that the Griffiths inequalities also show that a variety of other Ising
models with higher dimensionality and anisotropies also have a non-vanishing
magnetism at sufficiently low temperature by comparing with the two-dimensional
translation invariant model.

11



Statistical Mechanics, Math 266: Week 4 Notes

January 26 and 28, 2010

1 Quantum Statistical Mechanics

The canonical formalism of Quantum Statistical Mechanics has the same struc-
ture as in the classical case, but the mathematical objects playing the role of the
probability measure and the Hamiltonian are of a different kind. We will first
set up the mathematical structure, then make it more explicit in the context of
Quantum Spin Systems. Later, we will also consider systems of quantum parti-
cles in the continuum. A finite quantum system, analogous to a finite number
of classical particles in a finite volume A C R3, or the Ising model with a finite
number of spins, is described by

e a separable Hilbert space of states H

e a densely defined self-adjoint operator, H on H, which plays the role of
the Hamiltonian

e observables described by bounded operators on H, usually a norm-closed
*_subalgebra of B(H)

Example 1.1. N non-interacting, spinless, structureless, distinguishable point
particles in a box A C R%:

H = L*(AY, dx) (1)

A N
H(] = _% s Az (2)
D(H) = H? (3)

where A, is the d-dimensional Laplacian with suitable boundary conditions, and
H? is the Sobolev Space of twice weakly differentiable functions in L2.

Example 1.2. N spinless, structureless point particles interacting via a pair
potential V in A C R%.

H=Hy+ Z V(.%'i—.%'j) (4)
1<i<j<N



Example 1.3. N non-interacting spin % Fermions.
H=[L*(A) @ C (5)
H=Hy®1 (6)
where Hy is the Hamiltonian defined in Example 1.1.

Example 1.4. Two-state quantum spins or qubits on labelled sites z € A C Z¢

M= () o
One typical model is the Heisenberg model with the Hamiltonian
H=-J Y 8,8, (8)
z,yEA
le—yl=1

2 The Canonical Formalism for Quantum Sys-
tems

We will assume (and not encounter exceptions to this assumption) that the finite
system Hamiltonian Hy is such that e A4 is trace class for all 3 > 0. The
index A indicates that typically we will consider again sequences of systems
indexed by finite volume A which will be taken to R%, Z¢, or whatever. For
self-adjoint H, the condition that e=?# is equivalent to the statement that its
spectrum consists entirely of eigenvalues of finite multiplicity, which we will
often enumerate as follows:

A<M <. 9)
repeated according to their multiplicity, and the assumption that
> e <too (10)
n>0

If dimHp < +oo, this is of course automatically satisfied. For systems of
particles in finite volume, there are general theorems about operators of the
form

N

1

H:%ZAH— Z V(z; — ;) (11)
i=1 1<i<j<N

that guarantee this property for most systems of interest. Since e™## is assumed
to be trace class, we can define

1 _
pe = ¢ o (12)
where Z = Tre PH = > >0 e~ pg is then a positive definite operator of
trace class and with trace 1:
Trpg =1 (13)



This is what is called a density matrix.

Density matrices in quantum mechanics play the role of probability densities
for classical systems. We illustrate their interpretation:

Denote by P, p), the L projection onto the eigenvectors of H with eigenvalues
Ai € [a,b]. Then,

Tr(psPap)) = P( system has energy, E € [a,b]) (14)

i.e., upon observation, the energy value is measured to be in the interval [a, b].
More generally, observables in quantum mechanics are represented by bounded,
and sometimes unbounded operators. We will usually assume that our observ-
ables come from B(H). This is the object that generalizes a random variable
in classical probability and functions on phase space for a system of classical
particles, or functions f € C(Q) for a classical spin system such as the Ising
model. The mean of the observable A in the canonical Gibbs state at inverse
temperature 3 is given by

ws(A) = Tr(psA) (15)

to be compared with
(o = [ s (16)
in the classical case. Similarly, the variance of A is given by
wp([A = wa( A)2) = ws(42) — ws(4)? (a7)
and the correlation (covariance) between A and B is given by
ws(AB) — ws(A)ws(B) (18)

In general, A € A C B(H), a norm-closed, unital *-subalgebra of B(H), a.k.a.,
a C*-algebra. A map w: A — C is called a state if the system (a state on A) if
it is linear, positive, and normalized:

1. w(A+¢B) =w(A)+cw(B) forall c€ C, A, B € A.
2. w(A*A) > 0 for all A € A.
3. w(l) =1.

Linear functionals with the positivity and normalized properties above have
further nice properties:

1. w is continuous. i.e., w is a bounded linear functional with
lw]] = Sup w(A)] =1 (19)
AcA
2. The Cauchy-Schwarz inequality holds:
lw(A*B)| < \/w(A*A)w(B*B) (20)

3. lw(A*BA) < w(A*A)||B|.



3 The Free Energy Functional and the Varia-
tional Principle

Entropy plays an essential role in Thermodynamics and Statistical Mechanics
as well as in Information Theory and in Large Deviation Theory in probability.
It was Boltzmann who realized the precise connection between thermodynamic
entropy and a mathematical formula involving physical states. Von Neumann
introduced quantum entropy,

S(p) = —Trplogp (21)
for a density matrix p. One may observe that
0<S(p) < +o0 (22)

There is much to say about this function, and one could devote an entire course
to its properties and applications. Here, we will use it to give another interpre-
tation of the canonical formalism. Let’s consider a finite quantum system with
Hamiltonian H and define

1
Fa(p) = Ep) = 55(p) (23)
where E(p) = TrpH. Fp is the free energy functional. At this point, it is not
clear what it has to do with the previously defined quantity %log Z3, but here
it is:

1
Fgs(pg) = inf Fg(p) = 3 log Tre PH (24)
p
with
1 _
pe = ¢ o
Zg=Tre PH

Minimizing the free energy functional is equivalent to maximizing the entropy
given the expectation of the energy. For a proof of (24) we need Klein’s inequal-
ity.

Lemma 3.1 (Klein’s Inequality). Let A and B be two non-negative definite
matrices satisfying 0 < A, B < 1 and such that ker B C ker A. Then

Tr A(log A — log B) > Tr(A — B) + %Tr(A — B)? (25)

Proof. The function f(z) = —zlogz, x > 0, continuously extended such that
f(0) =0, is easily seen to be concave. In fact it is C? ((0, 00)) with

[ (@) =~ (26)

1
z



By the Taylor Remainder Theorem and the expression for f”, it follows that for
all z and y such that 0 < x < y < 1, there exists a £ such that z < £ <y and

1

f) = fl@) = (y—a)f (y) =—=@@—y)>f" &) >

5 (z —y)* (27)

DN | =

As A and B are non-negative definite, they are diagonalizable. Denote their
eigenvalues by a; and b;, and the corresponding orthonormal eigenvectors by ¢;
and );, respectively. From the assumptions it follows that 0 < a;,b; < 1. Using
the spectral decompositions of A and B, i.e.,

A:Zai\<ﬁi><s@i| (28)
B= Z bilthi) (il (29)
Z lpi) (il = Z [a) (s = 1 (30)

we see that
1
Tr A(log A — log B) — Tr(A — B) — 5 Tr(A — B)?

= ST willen) el | <)+ 1(B) + (A= B)F'(B) - 5(4° + B2 - 248)

= ZTT Vi) (Willes) (5] [—f(aj) + f(bs) + (a; — b)) f'(b;) — %(aj _ bi)ﬂ
>0

where the last inequality follows from applying (27) term by term. O

Now to prove the variational principle, we can apply Lemma 3.1 with A = p,
where p is an arbitrary density matrix, and B = pg. Note than ker B = {0}.
This gives

e~ PH
m&—Fwnzﬁm%p—ﬂm%(ﬂm) (31)

>~ Ta(p — p)? 2 0 (32)

N | =

If the RHS vanishes, we have p = pg. Hence the minimum of Fj is uniquely
attained for p = pg.

4 Quantum Spin Systems

Quantum spin systems are the simplest examples of non-trivial interacting quan-
tum systems with many degrees of freedom. They are defined on a finite set



A; typically A C Z%. Usually we have the same kind of spin in each € A,
but it is sometimes useful to consider a more general situation where for all
xr € A we have a finite-dimensional Hilbert space H, of dimension n,; and
where H, = C"* and Hx = @), Hz. In statistical mechanics we are typically
interested in sequences of finite systems indexed by a sequence of sets A. For
finite A, the Hamiltonian is a Hermitian matrix Hx and the observables are rep-
resented by matrices, regarded as linear transformations of Ha: Ax = B(H,).
If Ay C Ag, Ap, C Ap, by the embedding provided by

Ar, 2 A— AR L e Ay, ®AA2\A1 = A, (33)

Often we consider sequences of finite A C Z?, or another countable set I'. A
natural way to describe the Hamiltonian Hj in such a case is by considering a
“potential” or “interaction” of the following form: ® : { finite subsets of I'} —
UacrAa. where the union is defined as an inductive limit, and for all X,
P(X) € Ax, ®(X) = ®(X)*, and Hy = )y, ®(X). Boundary terms could
also be added separately. e.g., in the Heisenberg model,

ng=2forallz €24 =T (34)
O(X)=0unless X = {z,y}, |z —y|=1 (35)
o({z,y}) = —Joz - 7y (36)

In this case, observe Ax = Ax 1, for all a € Z% and ®(X +a) = 7,(®(X)) where
Ta 18 the translation isomorphism mapping Ax to Ax 4. 7, is an automorphism
of x-algebras:

Ta(ArB) = 74(A) + A1 (B) (37)
Ta(AB) = 7,(A)7,(B) (38)
Ta(A") = 74(A)" (39)
To(1) =1 (40)

We will encounter other important examples of automorphisms shortly. (They
describe the dynamics as well as the symmetries of the system.) As in the
classical case, the dynamics of the system, i.e., its time evolution, is determined
by the Hamiltonian H:

d
iad)t = Hyy, (Schrédinger)

%At =i[H,A] for Ae AC B(H) (Heisenberg)
where for convenience, we have set i = 1.

The two equations are equivalent, in the sense that in moth cases, the so-
lutions can be expressed in the one-parameter group of unitaries Uy € B(H)
generated by H as follows:

U, = ¢~ itH (41)

and then,
Ve = Uo , Ay = U AUy (42)



Note that the map A — o™ (A) = eitHa Ae=itHa where A € B(H,) is an
automorphism of Ay = B(H.). For models such as the Heisenberg model it is
reasonable to ask whether it can be extended to an automorphism of | J, Aa,
which we will call Ajo.: the algebra of local observables. The answer is no, but
almost yes. What we need to do is to complete Aj,c, in the sense of metric
spaces, to obtain a C* algebra A, which we now call the algebra of quasi-local
observables. It contains all norm-limits of Cauchy sequences of local observables.

It can be shown that there exist a one-parameter group of automorphisms a;
on A such that for all A € A,

lim o™ (4) = 43
i g (A) = o (43)

in the norm topology. One says that o — a; strongly. Note that there is no
good way to define a Hamiltonian in the limit

lim Hjy =? 44
i Ha (44)

On the other hand, it is straightforward to define

3(4) = lim [Hy, A (45)

for all A € Aj,c. This does not automatically imply that one can define e?®(A)
since § is an unbounded operator. This is one reason why we need to define A
on the % completion (or closure) of Ajqc.

5 Symmetries and Symmetry Breaking (in the
Heisenberg Model)

In finite volume, we have a unique Gibbs state ~ e~#Ha; boundary conditions
can be used to modify the ground states, i.e., limg_. pg. Just like in the Ising
model, we will ask whether we can also obtain different limits as A  Z%. Tt is
instructive to look at ground states first and to look at the role of symmetries.
Since boundary conditions (by) affect symmetries, they are more obvious in
infinite system objects such as ® or J, rather than in the local Hamiltonians



themselves. Let’s focus on the spin % Heisenberg model:

0001 0 0 0 —1 1 0 0 0
s foo ol o o1 0o} fo -1 0 o0 (16)
777101 0 0 0 1.0 0 0 0 -1 0

1000 100 0 0 0 0 1

1 0 0 0

0 -1 2 0

=lo 2 -1 0 (47)

0 0 0 1

1000 1000

001 0 0100

=2101 00| oo 1 0 (48)

000 1 000 1

=921 (49)

where t(u ® v) = v ® u. Clearly [U ® U,t] = 0, and this implies that & - & is
SU(2) invariant. More specifically, for all U € SU(2),

) =QU (50)

TEA

so that ’/T((JA) is a unitary representation of SU(2) on Ha and it commutes with

the Hamiltonian Hy:
[Ha,mip'] =0 (51)
for all U € SU(2). The corresponding adjoint representation on Ay = B(H,)
is given by
A A A

Pt (A) = 7 Amf (52)
for all A € Ajy. pg\) is a representation of SU(2) by x-automorphisms of Ay,
and it commutes with the dynamics:

A A A A
pir o™ = oy o pp) (53)

for all U € SU(2) and for all t € R.
As a consequence of the SU(2) invariance of the dynamics, we also get the
invariance of the finite volume Gibbs state:

—BHA A
(A) _ Tre
wy(A) = 5 —5mr (54)
satisfies N N W
wé o pg ) = wy (55)

A major question in the statistical mechanics of the Heisenberg model is again
the question of spontaneous symmetry breaking. As was the case in the Ising
model, the symmetry will be broken only in sufficiently high dimension and at
sufficiently low temperatures (large 3). This topic will occupy the next several
lectures.



Statistical Mechanics, Math 266: Week 5 Notes

February 2, 2010

1 Quantum Spin Systems: Existence of the Dy-
namics and Lieb-Robinson Bounds

Consider a relatively general class of systems (to keep notations simple, not the
most general one can handle with the same arguments).

A czi forall x € 2% H, =C" (1)
Hpa = ®H1,AA = B(Ha), (2)
TEA
.AA1 C "4/\27 if A; C Ay (3)
Aloc = UAAaA:TOC”H (4)
A
Hy= ) ®(X) (5)
XCA
For all X,®(X) =®(X)" € Ax (6)
a™(4) = etHa AeitHA (7)

Claim 1.1. Under suitable conditions on ®, there exist oy on A, strongly con-
tinuous one-parameter group of automorphisms on A, such that for all A € A,

; (A) —
Jim oV (4) = au(4) (8)

This limit will be a problem if there are more and more terms in
Su(A) = {X C Alz € X, B(X) # 0} (9)

and these elements ®(X) are not decreasing in size fast enough as X increases.
The limit (8) typically should not be expected to be trivial.

supp ™ (4) = A (10)

Very often, ® is of finite range. This means that ®(X) = 0 if diam X >
R for some given range R, and where diam X = max{d(z,y)|z,y € X} and



d(z,y) =z —y| = Zle |z; —v;| in Z<. (Other definitions are possible). But in
some cases pair interactions (or even higher-order interactions) that act at long
distance need to be considered. e.g., magnetic dipole-dipole interaction decays
as .

Define F(r) = W for r > 0 and define a norm on the interactions ® by

||<1>||— max, Z e (11)

Ix—yl
zyEX

In particular,
> e (12)
X
z,yeX

1
has to decay at least as (CEES i

Remark 1.1.

) F(\xnzzw <c (13)

Y/
> Fle—zDF(z—yl) < CuF (e —y|) <2V CF(lz —yl)  (14)
z€Z4
A F(lz—=z|)F(|z—
where CN = sup%y ZzEZd ( F(llw)_z()‘) v)

The proof of the remark is left as a homework assignment.
For all i > 0 we define

Fu(r) =e " F(r) (15)

and observe that the inequalities (13) and (14) are also satisfied when we replace
F with F},. But ||®||, defined with F), instead of F is of course a stronger norm
with increasing u.

Theorem 1.1 (Lieb-Robinson Bound). Suppose p > 0 such that |®||, < +oo.
Then there exists numbers C and v such that for all A, for oll XY C A, and
forall Ae Ax, B € Ay, and for allt € R, we have

2|\ Alll|B
llof ) 81 < 2EPL 5 Rt e (16)
b
where
> Fld(z,y)) < min(|X[, [y [)Cem XY (17)
reX
yey

and C = ||®||,,, v = 2C,,||®]|,,



Proof. Let f(t) be the quantity [aﬁA),B]. Then
1'(0) = lilHx, oY (4)], B] (18)

Define Sp(X) ={Z CA|ZUX # 0, D(Z) # 0} so that

Fay=i > [V (@X)), o (4),B] (19)
ZeSA(X)
=i > [l (4),B],o{V(@(X))] - [[B,ay™ (@(2))], o™ (4)]
ZeSA(X)
(20)
H(t)
=il > aM@2),fm)-i Y M) oM (@(2)),B] (21)
ZEeSA(X) ZeSA(X)

where (21) uses the Jacobi identity.

Lemma 1.1. For all t € R, let H(t) = H(t)* € B(Ha) and w(t) € B(Hy).
Then the unique solution f(t) with initial condition f(0) of

£ty = A (), F(0)] + w(t) (22)
s given by ,
F(t) = @(f(0) + / o (w(s))ds) (23)

where ay is the map solving

i.e., g(t) = a(g(0)).

Using the lemma,

IF @I = Hf(0)||+||/0 as(w(s))ds|| < Hf(O)IIJr/0 dsllw(s)||  (25)

t
<[4 Bl +214] > /d8||[04§A)(¢’(Z))7B]II (26)
ZeSx(x) 70
Now define w
A). B
CB(X7t): sup ||[at ( )a ]” (27)
AcAx | A]
A#£0
It follows now that
£ < [[AlICB(X,1) (28)



and

Cp(X,t) < Cp(X,0)+2 Z H<I>(Z)||/ dsCp(Z,s) (29)
ZeSA(X) 0

This inequality can be iterated. Note that

Cp(Z',0) <2||B||62(Z") for B € Az (30)
where ; -y
~n_J 1 ifZuZz
52(2)_{0 ifZuz =0 (31)

CB(X, t) S CB(X, 0) -+ 2 Z ||(I)(Zl)||‘/0 d81 (CB(ZhO) +2 Z ||(I)(ZQ)|| ASI dSQCB(ZQ,82)>

Z1ESA(X) Z2€Sn(Z1)
(32)
<2ABlov(X)+2 3 2|Blov(Z0) | e(Z) |+ (33)
ZleSA(X)
t S
LBl S ezl Y 1926y (2) / ds / dss
Z1€SA(X) Zy€SA(Z1) 0 0
(34)
< (21"
<281y B, (35)
n=0 !

where a, = 35, cox) 2 znesn(za 1) O (Zn) [Ti<y [|2(Z:)]|. Now, we esti-
mate these coefficients:

a= Y 2)e2) (36)

ZeSA(X)

<> > e (37)

YyeY ZeSA(X)

yeZ
<3 Y Al ¥ Aol 9
yeY z€X Tyzez f ’
<@l Y D Fuldz,y)) (39)
yeY zeX



a= > Y. v(Z)|(Z)]0(Z)]

Z1€SA(X) Z2€Sn(Z1)

<> D le@l Y. Y ezl

ye€Y Z1 €55 (X) z21€Z1 Za

z1,YEZ2
<@, Z Z Fu(d(z,y)) Z Fu(d(z,z))
yeY zeA reX Z1
T,2€21
< Cull®ly Y Fuld(a,y)
yey
reX

Proceeding in this way, one finds that for all n > 1,

an < ||B[RCE Y Fuld(@,y))
rzeX
yeyY

and this implies that v = 2C||®||,,.

[@(Z0)]]

Fu(d(z, z))



Statistical Mechanics, Math 266: Week 6 Notes

February 9 and 11, 2010

1 The Existence of Infinite Systemm Dynamics

Corollary 1.1. For X C A, define for § >0
X(t,0) ={x € Ald(z, X) <wvl|t|+ ¢}

Then there exists C such that for all A € Ax and for all t € R, there exists
Ai(0) € Ax,5) such that

g™ (4) = A(@)]| < Ol Alle*
Proof. The proof follows from the Lieb-Robinson bound and the following lemma:
Lemma 1.1. Let X C A and define X¢ = A\ X. If A € Ap satisfies
14, Bl < <|B|
for all B € Axe. Then there exists Ac € Ax such that ||A — Ac|| < e.
O

Theorem 1.1 (Existence of Infinite System Dynamics). Under the conditions

described above, which imply Lieb-Robinson bounds for aEA) uniformly in A,

there exists a strongly continuous one parameter group of automorphisms,

on A= Ay, such that for all A € A,

li M A) =, (A)] =
Alfrgzldllat (A) — i (A)| =0

The convergence is uniform on compact sets in t.

Proof. 1. The first step in the proof is to establish that for any increasing,
absorbing sequence of finite sets, A, /' Z%, for fixed A and t, (aﬁA”))nzl
is a Cauchy sequence in A. Let A, D A,,, then

t

An A o) (A

o (4) = o™ (4) = el (4)

0
= /t dsi(oz(A")a(A’”)(A)
- o dS s t—s



Hence

t
An A A
g™ (A) — af™ (A)]| < / ds||[Hn, — Ha,,, o7 (A)]|

< / ds 3 (@), (a)]|

YCA,
YU(AR\AW)#

< Cf|Afle=t Y ZII‘P ) EFyu(d(, 2))

YCA, mGX

<ClAfertt Y 3T D IeY)||EL(d

yEAn\Am Y reX z€eY

< ol Allem ||, Z DN Fu
YyEA Ay, z€Zd 2€X

< ClAle" el Y Fu(d(z,y) —0
yEAL\Am,

since F), is summable over Z.
2. The limit o4 (A) is independent of the chosen sequence of (A,,).

3. a;(A) defines an automorphism of A, oy satisfies the group property, and
a¢(A) is continuous in ¢ for all A.

O

2 Positive Semigroups on A

In this section, we will not use that the Hilbert space H is finite-dimensional.
The results, and the proofs given, are valid for arbitrary Hilbert spaces. In fact,
A can be replaced by an arbitrary C*-algebra A, i.e., a subalgebra of A that
is closed under taking and adjoints, and closed in the operator norm topology.
It is convenient to assume that 1 € A. For concreteness, you may still want to
think of A as M,,(C), but the finite-dimensionality will not be used.

Let X € A. Define Lx € B(A), by

Ly(A) = X*AX — %(X*XA +AXTX) (1)

Clearly, as ||[Lx(A)| < 2||X|*||All, Lx is a bounded linear transformation on
the Banach space A. Therefore, we can define

Y(4) = X (4) = |id + Lx + 5 (LX) | (A)

The family of transformations, (v:):>0, is a semigroup and Lx is called the
generator of ;. If the semigroup is differentiable in the sense that

d
ﬁ%(A)

%))

F,(d(y,2))



exists for all A € A, then the generator is the linear map L defined by the
derivative of the semigroup in ¢ = 0:

d
L(A) = %W(A)L:o
In fact, for semigroups of this kind one can show that continuity in ¢ = 0 implies
differentiability. We will show that, if the generator is of the form given in (1),
then the semigroup has the following following properties: (1) = 1, and ~:(A)
is positive definite if A is. A map =, with this property is called a positive map.
We will prove these properties below. From these properties it follows that, for
all states w, and all ¢ > 0, there is a state w; given by

wi(A) = w(7:(4))

Although v, is a well-defined bounded linear transformation on A for all t € R,
the properties that make it useful only hold for t > 0. E.g., the norm of the
transformation 7, diverges as t — —oo. Even more importantly, its positivity
only holds for ¢ > 0. So, although we have curves w; in the space of the linear
functionals defined for all t € R, we will only use t > 0, as w; may cease to be
state for ¢ < 0. In infinite-dimensional situations one often considers ~; with an
unbounded generator L, in which case e’ is often not defined for ¢ < 0.

Proposition 2.1. Let X € A and let L : A — A, be defined by
L(A)=X"AX — %(X*XA+ AX*X)

Then, the following properties hold:

(i) For all A€ A, L(A*) = L(A)*, and v:(A*) = v (A)*, for all t > 0.

(ii) For all A€ A, L(A*A) > L(A*)A+ A*L(A).

(iii) The semigroup ~; with generator L is unit preserving (also called unital),
i.e.,

(1) =1, for allt >0,
(iv) The semigroup ~: with generator L is positive, and satisfies, for all A € A
Ve (ATA) Z (A7) (A) = 1 (A) 1 (A) 2 0, for all t =0,
(v) For every t > 0, ~; is a contraction, i.e., for all A€ A
()l < 14l

Proof. (i) This follows directly from the definition of L and the properties of *.
(#) This follows from the easy-to-verify identity

L(A*A) — L(A")A — A"L(A) = (XA — AX)*(XA — AX)

(#4) This follows immediately form L(1) = 0.
(iv) We will first prove that v;(A*A) > 0, for all A € A, and then use that
result to get the stronger property claimed in (iv).



We start by considering
0 < (id+tL)(A")(id +tL)(A)
which follows form (i). After expanding the product and using (ii) one obtains
0< A*A+tL(A*A) + t*L(A*)L(A)
from which we immediately get
0 < (id + tL)(A*A) + || L|||| Al]?

By applying the last inequality to the positive operator ||A|? — A*A, and using
| |A* Al — A*Al| < [|A*A]|, we find

0 < [JAJ* = (id + tL) (A" A) + 2| L||*|| A]1*.
By combining the last two inequalities one sees that
—|ILIZJA* < (id + tL)(A™A) < (1 +¢*||L]*) | A|l? (2)
and a fortiori

—(L+ | LIPIAI* < (id + tL)(A* A) < (14 £2||L]1*) ]| A?

from which it follows that
I(id + tL) (A" A)|| < (1 + 2] LI*) ] All* 3)
To prove the positivity of v, we start from the expression
(A" A) = lim (id + = L)"(4°4)
Let M(n) = 1+t2||L||?/n%. By using (2) n times we get the following estimates:
(id + %L)"(A*A) > (/0| LI [L+M(n) + M(n)* + -+ M(n)""'] | A]*
(d+ LLP(AT4) < M(n)" Al (4)
From (3), it follows that
I(id +tL)|| < 1+ ¢%||L|J? ()
Next we will consider powers of the form (id + sL)¥. (5) gives
I(id + sL)*|| < M(s)"
with M(s) =1+ s?||L||? and 2 gives

(id + sL)(A* A) > —s2||L?||]| A||?



Claim 2.1. (id+sL)*(A*A) > —s%||L||?||A||?[1+ M (s)+M(s)%+- - -+M(s)F 1]
Proof. It holds for £ = 1. Assume that it holds up to k — 1; then

k—2
(id+ sL)(A*A) + s* | LIP[ AP Y M(s)' > 0
=0

where the left hand side is equal to B*B if you wish. Therefore,
(id + sL)(B*B) = (id + sL)*(A* A) > —s*||L||*|| B*B|

and

1B*B|| = [[(id + sL)* " (A A) + s> (||| AP Y M(s)
=0

k—2
< M(s)" AP + SN AP M (s)
=0

and s = £; Eventually s*||L||* < 1, for such s

k—1

< sl Al* ) M(s)

=0

and

(id + sL)*(A*A) > —s?|[L||? HAszM
=0

Now choose an s such that, M(s) <2, so

. 3 n * 2 2 t2
(i + ZL)"(A*4) 2 ~2] L2 4225 — 0

Where by taking the limit n — oo we see that 7, , for ¢ > 0, is a positive map.
Now, we will use the positivity to prove (iv) as follows. For any A € A,

define,
f(t) =7 (A"A) = 7(A) 7 (A)
We need to show that f(t) >0, for ¢ > 0. As f(0) = 0, we have

0 = 10 = (F0) = [ (i) s

The compute the derivative in the integrand we use

L s F©) = A B) + o (5

gf(S) Lys(A*A) — L(vs(A))" 75 (A) = vs(A)" L(7s(A)



By using these relations we can write the integral as follows:

d

5 G @) ds = [ e LG (4)1(4) = L (4):(4) = 3(4)" Ll (4) ds

By (ii) we know that the argument of v;_, is positive, and we already proved
that , is a positive map for u > 0. Hence, the integrand is positive for all
s € [0,¢], and it follows that f(t) > 0.

(v). By Lemma 2.1, proved below, we have

el = sup Dt
oAl A

We can use the norm inequality (4) to estimate the RHS as follows

t t2
id+ —L)"|| < (1+ = |IL|*)"
I+ S0y < (1 + L)
By taking the limit n — oo we obtain

el <1
0

Lemma 2.1. Let T be a linear transformation on A, satisfying T(1) = 1,
T(A*) =T(A)*, and T(A*A) > T(A*)T(A), for all A€ A. Then
[T(A"A)]

1Tl =
ozaca Al

Proof. From the definition of ||T|| as the supremum of | T(A)||/||A]], it follows
that there is a sequence A4,, € A, ||A,|| = 1, such that ||T|| = lim,, [|T'(A4,)||. For
positive definite A, B € A, such that B < A, one has ||B|| < ||A]|. Using these
properties we obtain

lim sup [|T'(A;, Ay) || > limsup | T(A7)T(An)|| = limsup | T(An)* ||| T(An) I = |17
As T(1) = 1, we must have || T'|| > 1, and therefore || T'||?> > ||T’||. In combination
with the previous estimate this gives, and the fact that ||A,|| = 1,

[T(A"A)|

5 > limsup ||T(A;, An)[| > [IT]].
ozaca Al n

The opposite inequality follows from the definition of ||T||. O



3 Complete Positivity

This section is a brief aside on completely positive maps. A map v: A — A is
completely positive if

YRidy : AR M, — AR M,

is positive for all n. This is not a trivial definition, since there are positive maps
which are not completely positive. As a concrete example, one may show that
v(A) = A! is positive, but v ® ids is not positive. See Nielsen and Chuang,
Quantum Computation and Quantum Information for more details.

Example 3.1. The ; defined in the previous section are all completely positive.

Example 3.2. Let a;(A4) = e Ae~"*H be the reversible dynamics of a sys-
tem of the form A ® M,. Fix ¢ and define y(A) = Tren ap(A) = 37" 1 id ®
vi(a:(A)), where ¢;() = (@4, ;) and @1, ..., ¢, form a basis for C". In addi-
tion to complete positivity, we also have

wla(A®1)) =wi(n(A®1))
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1 Energy—entropy balance (EEB) inequalities

The characterization of thermal equilibrium that we will derive in this section is
closely related to the variational principle. However, it will have the advantage
that it can be formulated for infinite systems, while the variational principle
suffers form the problem that the free energy functional diverges in the thermo-
dynamic limit, so that it cannot be used, at least not without modification.

We will use the Energy-Entropy Balance inequalities to prive the Mermin—
Wagner Theorem about absence of continuous symmetry breaking at strictly
positive temperatures in dimensions < 2 under quite general conditions.

The formulation of the EEB inequalities uses the function f : [0,400) X
[0, +00) — (—o0, +00] defined by

xlog% ifx,y >0
flz,y) =40 ift =0,y >0 (1)
+00 ifr>0,y=0

In the following, whenever we write something of the form zlog(xz/y), we
mean f as defined above. We will use the following elementary properties of f.

Proposition 1.1. The function f defined in (??) has the following properties:
(i) f is lower semicontinuous.
(ii) f is jointly convex in (x,y). i.e., for Y ,0; =1, a; >0,

f(z QiTq, Zazyz) = Z%f(%wﬂ

(iii) f is homogeneous of degree one. i.e.,

fx, My) = Af(z,y)

(iv) For all finite sequences t;,x;,y;, i =1,...,n, one has

f(z iy, Z tiyi) < Z tif (wi,y:)



We will formulate the EEB inequalities for a quantum system with Hilbert
space H, algebra of observables A = B(H), and Hamiltonian H. The following
theorem will be proved in the case dimH < 400, but is valid in a considerably
more general setting.

Theorem 1.2. Let w be a state on A. The following are equivalent conditions:
(i) w is the Gibbs state corresponding to H and inverse temperature (3.
(ii) For all X € A one has

w(X*X)

Pw(X*[H,X]) > w(X*X) logm

flwX7X),w(XX7) (2

Another way of stating the theorem is to say that the Gibbs state satisfies
and is the only one that satisfies the inqualities (??) for all X € A. We will
derive this property from the variational principle following a rather common
procedure: we will define suitable curves in the space of all states that pass
through the Gibbs state and compute and estimate the derivative of the free
energy functional restricted to these curves. The EEB inequalities will follow
from expressing that the state w minimizes the free energy functional. The
converse direction will be by explcit computation.

In order to define curves in the space of all states we recall the class of
semigroups on A described in the previous lecture.

Let X € B(H). Define Lx : B(H) — B(H), by

Ly(A) = X*AX — %(X*XA +AX*X)

Clearly, as ||Lx(A)]| < 2||X||?||A|, Lx is a bounded linear transformation on
the Banach space B(H). Therefore, we can define

7(A) = et (4)

(V¢)¢>0 is a semigroup with the following properties: v(¢)(1) = 1, and . (A) is
positive definite if A is. A map 7, with this property is called a positive map.
From these properties it follows that, for all ¢, there is a unique density matrix
p+ such that

Trpi A = Trpy(A)

In the finite-dimensional context, v; is a well-defined bounded linear transfor-
mation on A for all ¢ € R. The norm of it, however, diverges as t — —oo.
So although we have curves p;, in the space of density matrices defined for all
t € R, we will only use ¢t > 0. In infinite-dimensional situations 7, is in general
not defined for ¢ < 0.

Proof. The proof of the EEB inequalities consists in deriving the following two
relations:

Trp H — TrpgH
m-—— =

s ; w(X*[H, X]) 3)
_S(pt) — S(ps) . w(X*X)
lim % > w(X*X)log oK) (4)



Here, pg = po, and w(A) = TrpA. The EEB inequalities then follow from the
VP:

Fa(pt) — Fa(ps) 2 0
and therefore, for all £ > 0, we must have
TrpeH —TrpgH 1 .5(ps) = S(pp)
t =3 t
Assuming that the limits ¢ | 0 exist, we get the EEB inequalities.
The derivative of the energy is easy to compute:

d 1
@W(W(H)”t:o =w(Lx(H))=TrpX*HX — §Trp(X*XH—|—HX*X)

We are interested in the derivative in p = pg. As [pg, H] = 0, the last two terms
are equal and can be combined. The result is (?7).

For the entropy term we will need to differentiate operator valued functions
of the type log A;. This is non-trivial. Usually the log function is defined by its
series expansion around 1. To compute the derivative we will use the identity

<1 1 1
logx:/ —_— = dt
o L1+t x+t

for x > 0. So, for invertible A; > 0, we consider

d d [~ 1 1
—logd; = — —— —|d
ar B dt Jo L—i—s At+s] s

- /OOO(At +5)7 ! (tht) (A;+s)"tds

Here, we used the operator identity A='(B — A)B~! = A~ — B~ to compute

d 1 (d _
e = () a7

When we apply this to —S(p;) we get

d ] 1
Trp—lo = Tr —Lx«(p)——dt
pplogr, p/o P X(P)p+t

Trpp ™" Lx-(p)

Now we can compute the derivative of the entropy term:

d d d
%S(pt”t:O = _Trapth:o - Trpta log(pe)|,_,
= —TrLx-(p)logp — TrLx-(p)

= —TrLx-(p)logp



where we used that TrLx«(p) = TrpLx (1) = 0.
Now we have to estimate (??). We will prove that

1 1
—TrpLx(logp) = —TrpX*(logp)X + iTrpX*X log p + irﬁp(log p)X*X
> f(TrpX*X, TrpX X™)

where f is the function defined in (??). To this end we use the spectral decom-
position of p:

p=">_pildi) (el
Using this we can write the LHS of the inequality as follows:

—Zpi (¢i | X™¢;)logp; (d; | X¢i) +Zﬂi log pi (i | X" ¢;) (¢; | X i)

i %]

If we let a;; denote the matrix elements (@, | X¢;), this can be written as
> Fpis pj)laii|?
j
Property (iv) of Proposition ?? then yields
~TepLx(logp) > FO_ pilaii®d  pjlail?)
ij ij
= f(TrpX* X, TrpX X™*)

This concludes the proof of (i) = (ii) in Theorem ??. The opposite direction
proceeds by solving the EEB inequalities. Suppose the Hamiltonian has eigen-
values \; and an orthonormal basis of eigenvectors ¢;. We will use the basis E;;
for the matrices:

Eij = |¢i)(¢5l, Eijx = Eji, EijEw = 6l

The spectral decomposition of the Hamiltonian can then be written as
H=> M\E;
i

First, we note that if w satisfies (??), then the corresponding density matrix
commutes with the Hamiltonian. This follows from the fact that the inequalities
imply that, for all X,

TrpX*HX — TrpX*XH e R

and, as
Im TrpX*HX — TrpX*XH = Ter X*X|p, H]



for arbitrary X € A, this implies [p, H] = 0. Hence, p has a spectral decompo-

sition of the form
p= Z piEi;
i

Now, take X = E;; in the EEB inequalities. Then [H, X] = (\; — \;)E;;, and
the EEB inequality becomes:

,B()\Z — )\j)TI'pEjj 2 F(TrpEjj, TrpE”)
By caculating the expecttations this is

BXi = Aj)p; = Fpj, pi)
If p; # 0, divide by it, and use the defintion of I to obtain:
Pj
B(Ai — Aj) = log =
By combing this inequality with the one with the roles of ¢ and j interchanged,
we get, for all 4,7, p; #0,p; # 0,

B(hi — Aj) =log X

2

or, equivalently
pi = constant x e PN

This completes the proof that pg is the only density matrix satisfying the EEB
inequalities for a fixed H and 3 > 0. O
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1 The Mermin-Wagner Theorem

We recall a few preliminaries.

Definition 1.1 (Kubo-Martin-Schwinger (KMS) condition). w satisfies the
EEB if and only if w(Aa;3(B)) = w(BA) for all A, B € Ajoc.

The Gelfand-Naimark-Segal (GNS) representation is given as follows. Let w
be a state on a C* algebra A ( for example, an algebra of quasi-local observables).
Then there exists a representation of A, m,,, on a Hilbert space H,, such that

w(A) = (Qu, m, (A)Q0)

where Q,, € H,, is a cyclic vector for 7, i.e., m, (A)L, is dense in H,,. Moreover,
the representation with all these properties is unique up to a unitary transfor-
mation. If wis « invariant, then « is implementable in 7,: there exists a unitary
operator on H,, U, such that

To(a(A)) = Urny (AU

If oy is strongly continuous and w is oy invariant, then there exists U; which is
also strongly continuous.

Theorem 1.2 (Stone-von Neumann). If U; is a strongly continuous group of
unitaries in a Hilbert space H, then there exists a densely defined self-adjoint
operator H with domain Dom(H) such that

and v € Dom(H) if

exists.



Let H be a densely defined self-adjoint operator on a Hilbert space H. Then
there exists a resolution of the indentity E such that

—+oo
H = / AdE

This is the generalization of the eigenvector decomposition of a compact oper-
ator. We also introduce the notation

b
Py :/ dEy

which are orthogonal projections and 1 = ijO: dE).

Now, we continue towards the Mermin-Wagner Theorem. Let A be a C*
algebra such as the algebra of quasi-local observables of a quantum spin system
on Z% and suppose {o;}ser is a strongly continuous one-parameter group of
automorphisms of A, which we will refer to as the dynamics of the system. The
examples we have in mind are the dynamics of a quantum spin system generated
by a not-too-long-range interaction ®, e.g., one that satsifies, for some A > 0,

[@][x = sup > M¥N@(X)|| < o0.

d
TEL 235X

A symmetry of the system is an automorphism, 7, of A, which commutes with
Qg i.e.,

ar(T7(A)) = (e (4)), forall Ae A teR

It is easy to see that if 7 is a symmetry, than so is 7=!. In fact, the set of
all automorphisms commuting with the dynamics is a group for composition of
automorphisms.

It is easy to see that if 7 is a symmetry and w is a —KMS state for a;, then
wo T is also f—KMS. The Mermin-Wagner-Hohenberg Theorem gives sufficient
conditions that imply that all 5—KMS states, w, of the system are 7-invariant,
ie., w(r(A4)) = w(A), for all A € A. The original theorem, a special case of
what we will prove here, says that no spontaneaous breaking of any continuous
symmetry occurs at finite temperatures (5 < oo) in dimensions d < 2.

The general theorem involves the following two assumptions, which we will
verify for a variety of systems, including two-dimensional models with a contin-
uous symmetry.

MWH1: The symmetry 7 is approximately inner in the sense that there
exist a sequence of unitaries U, € A such that

nler;O lIT(A) —U;AU,||=0, forall Ac A.
We also assume that these unitaries can be taken form the domain of §, the
generator of the dynamics oy = €'*®. Equivalently, we assume that the follwing

limits exist U U
tig @) = Un ”2_ = i5(Uy) .

t—0



Note that it follows from these assumptions that 7! is also approximately
inner, approximated by the unitaries U, and that U* € Dom(9).
The second assumption comes in two versions.
MWH2: We assume that one of the following holds:
(i) there exists a constant M such that ||0(U,)| < M, for all n, or
(ii) all B—KMS states are 72-invariant and there exists a constant M such that

|U6(Un) + Und(Uy)|| < M, for all n.

Theorem 1.3. Suppose T is a symmetry of the system (A, ) such that con-
ditions MWH1 and MWH2 ((i) or (ii)) are satisfied. Then, all 5—KMS states
are T— invariant for all § € [0, 00).

Using the assumptions and the EEB inequalities, we will prove that if w is
G—KMS, then there exists a constant C' such that

woT(A*A) < Cw(A*A) (1)

The constant C' will depend only on 8 and M. This a uniform version of
absolute continuity of w o 7 with respect to w. It is not hard to prove that
for extremal S—KMS states one has the dichotomy: either they are equal or
they are disjoint. That is, if they are quasi-equivalent states, a fortiori, if one
is absolutely continuous with respect to the other, then they are necessarily
equal. This follows from the general result that (??7) implies that there exists
0<T e m,(A) Nmy(A)" such that wo 7(A*A) = (Qy,, 7, (A*A)TQ,,). Since
extremal KMS states are factor states, such T must be a multiple of 1 and,
therefore, wo T = w.

So, from (??), it will follow that all extremal 3—KMS states are T—invariant
and, therefore, by taking convex combinations, all 3—KMS states are T—invariant.

The second version of MWH2 includes the assumption that we already know
that the S—KMS states are 72—invariant. This is no restriction for compact
continuous summetry groups. For discrete groups such as finite groups or lattice
translations one needs version (i). In general, (i) implies (ii), but note that for
involutions (72 = 1), (i) and (ii) are equivalent. Now, we prove Theorem ??.

Proof. Let w be a §—KMS state. To prove (?7) we will use the EEB inequalities
and the GNS reprensentation of w. As any KMS state is time invariant, oy is
unitarily implemented by unitaries U; in the GNS representation. As ay is
strongly continuous, U, is a strongly continuous one-parameter group generated
by a s.a. operator H, with dense domain Dom(H), and such that HQ = 0,
where € is the cyclic vector representing w. We will need the spectral resolution
of H:

H:/)\dEA

to define a resolution of the identity by mutually orthogonal projections P,,n €

Z, Y, P, =1, as follows
P, :/ dEy
(n,n+1]



It is clear that, to prove (?7), it is sufficient to prove that there exists a constant
C, independent of n, such that for all A € A

woT(A*P,A) < Cw(A*P,A)

or more accurately, we will prove that, for all m, n, and for A € Ap, a norm-dense
x—subalgebra of A, we have

(Q | Up,m(A%) P (AU ) < C(Q | w(A%) Pr(A)Q) (2)

By summing over n and taking the limit m — oo one obtains (?7?).

To prove (??) we need the following estimates for quantities that appear in
the EEB inequalities. For convenience, we introduce the notation A,, = P, w(A).
For the first estimate, note that vectors of the form A, €2 are in the domain of
H. We will also use w(-) as shorthand for (€ | -Q). Then we have, by using
HQ =0,

w(Ar6(4,)) = Q] ALP,HP,A,Q)
(n+1)(Q| A P,HP,A,Q)

<
< (n+Dw(4A,)

For the entropy term, we first observe that, using the KMS condition, we
can relate w(A%X A,) and w(A, A%) as follows:

w(Andy) = w(Ajaip(An))
Q| A P,E-PEP,A,Q)
< e Prw(ArAL)

From this estimate we get

w(AAn)
w(ApAzL)

w(A}Ay)
& e~ Prw(Ax Ay)
Bnw(AlAy)

w(ArA,)log w(A}A,)lo

Y

The EEB inequality for the observable X = U,, A,:

w(A,Ay)

% TT% > *
Bw(AXU (U Ay)) > w(ArAy)log —W(UmAnAfLU;%)

By using the derivation property on the left and adding and substracting a term
on the right, and reorganizing this can be written as (watch the stars!)

w(A;An)

The last two terms can be bounded by the estimates we prepared. The result
gives

w(An A7)

windn)log g AL U

< Bw(ALUL(Un)An) + Bw(A;, Ay) (3)



Now it is time to use MWH2. The two versions are treated slightly differ-
ently. With version (i), we immediately get

w(A4,A%)
W(UnA AU

n-m

w(A:A,)log < B(M +1w(A)Ay).

After simplifying, exponentiating, and reversing the roles of A4,, and A}, as well
as 7 and 771, one gets (??) with C' = eS(M+1),

In order to use MWH2 (ii), we use (??) and the similar bound for U, and
U} interchanged. By adding the two bounds we get:

w(A, A%)?

WU Ap AU Y w(Ur An AU
< Bw(AL[UR(Unm) + Und(Up,)]An) + 28 w(A7 An)

w(A) A,)log

In the same way as before, but by using (ii) instead of (i), we obtain
w(ApA%)? < PMTDy(1(A, AL )w (T (ARAL))

As wor is a f—KMS state, too, we can write
w(T(AnAL))? < PMHFD (12 (A, A% w(A, AL)

Now, we have to used that 3—KMS states are 72—invariant. By taking square
roots we get (??) with C' = ef(M+2)/2, 0

2 Applications. The Mermin-Wagner-Hohenberg
Theorem

Recall that the assumption MWH2 of Theorem 7?7 came in two versions. We
assumed that one of the following holds: (i) there exists a constant M such that
16(UL) || < M, for all n; (ii) all 3—KMS states are 72-invariant and there exists
a constant M such that

U6 (Uy) + Und(UN)|| < M, foralln.

We still need to show how the theorem is used to prove absence of continuous
symmetry breaking in two dimensions at finite temperature. As we will show a
bit further, MWH2 (ii), but not (i), can be verified in this case. For an example
of the first version of MWHZ2, see the homework. The following lemma allows
us to apply the main theorem to continuous symmetries.

Lemma 2.1. Let {tauys | ¢ € S'} be a compact connected continuous one-
parameter group of automorphisms of A. Let K be a set of states w such that
wori = w implies woTy, = w, for any ¢ € S'. Then allw € K are T4—invariant

for all ¢ € S*.



Proof. As 72 = id, the assumptions imply that w o 7, = w. By repeating the

argument n more times we get that w o 7, /on. It follows immediately that w

is invariant for all 74 with ¢ of the form ¢ = 25:0 a,27 "7, where a, € Z.

Clealry, such ¢ form a dense set in S'. Now, for every A € A, the function
¢ — w(t4(A) — A) is continous and vanishes on dense subset of S!. Hence, it
vanishes everywhere. O

For symmetries representing an arbitrary compact Lie group, we can apply
this lemma for a generating set of one-dimensional compact subgroups.

Now, we will verify MWHI1 and MWH2 (ii) for two-dimensional quantum
spin systems with a connected compact continuous symmetry group. For sim-
plicity we will consider pair interactions only. This means that the dynamics is
generated by local Hamiltonians of the form

HA = Z J(xay)@z,y (4)

z,yEA

for finite subsets A in Z2, where ¢,y € Afs,y) are assumed to be uniformly
bounded: say ||®, ,| < 1, for all z,y € Z?. An example of such a Hamiltonian
is the Heisenberg model. Boundary terms are irrelevant in our considerations
here. Suppose that there there are unitary representations

Un(9) = %=, 6 € 8%,

with generators X, = X; € Ag,y, 7 € Z2. E.g., for spin rotations the generators
are SU(2) spin matrices.

Consider the boxes A,, = [-m,m]?> C Z2. Tt is easy to satisfy MWHI1 with
a sequence of unitaries of the form

Un(9) = Q) Us(dm(@))
TEA2m,

where ¢, (z) = ¢, for all x € A, and, for the moment, arbitrary for x €
Agm \ Am.

Translation invariance is not required; in fact the argument works for inho-
mogeneous systems with spins of different magnitudes at different sites. We will
assume that there is a uniform bound on the norm of the generators, say, there
is a constant G such that || X, || < G, for all x € Z2.

Proposition 2.2. For a quantum spin system on Z> with local Hamiltonians
of the form (?7?), with coupling constants J(x,y), satisfying

sup Y |z —y[*|J (2, y)| < +oo

yEL?
we can find ¢, (x) such that there exists a constant M such that
[Un(U2) + U 8(Un)ll < M, for all m

and Theorem 77 can be applied.



Proof. The idea behind the choice of the unitaries U, that approximate the
symmetry transformation is that, in the case of continuous symmetries such
as a rotation by an angle ¢, it is possible to interpolate “smoothly” between
rotations by a fixed angle in any given finite volume, and zero rotation at infinity,
in such a way that there is a uniform bound on the energy involved in such a
perturbation.

Claim: it suffices to take ¢,, defined as follows:

10) ifx e,
Pm(z) = { (2 — minllmblezllyg i 5 Ay, \ A,
0 ifxexd Aoy,

The quantity we need to bound is the following:

1Umd(U3) + Un6(Un) | < D 1 (2, 9)l1 A0,y |

where

Aoy = Un(dm(2)Uy(¢m(y)Pa,y Us (dm () Uy (¢m(y))*
Uz (6m (%)) Uy (9 ()" P,y Ua (b (2))Uy (0m (y)) — 2@y

By expanding the unitaries we can rewrite this as follows:

Ay = 0+i[¢m( )X + om(Y) Xy, Pay] — i[dom ()Xo + Om(y) Xy, Pyl

ad2” () X+ om ()X, (Py)
n>1

The trick is to realize that A, , only depends on the differences ¢, () — ¢, (y).
This can be seen as follows:

O () Xt ()X = 3 (G ()00 (0)) (Xat X, ) 3 (6 (2) = () (Ko X,

Let us call the first term A, , and the second term B, ,. Then, it is easily
checked that A, , and B, , commute. Hence,

ad(bm(x)Xw-qum(y)Xy = adAx-,y + ade,y

with ad, , and adp, , commuting as well. By assumption we have ada, , (Dyy) =
0. Using these properties we can derive the following estimate for ||A, ,||:

il 223 gy (205 iy @

n>1

Since d = 2, we have |A,,,| = (2m+1)2. Also not that ¢, () — dm(y)| < ||/m.



Therefore, the sum over x can be estimated by

|z —

2m

2
1

n>1

Ayl < 2 3 J(x,yn(

lz|<2m,y€ez?

Ba,|? ,
<4 Y fr- yIZIJ(x,y)Iwe4l¢||Bm,y|
|z|<2m,y€Z?
< constant X sup Z & — y[2| (2, )]

* y€EeZ?

O

One can obtain a similar condition on J(x,y) that excludes continuous sym-
metry breaking in one dimension.
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1 Ideal Gases

Ideal gases are point particles, non-interacting (no forces between them), only
subject to being enclosed in a finite volume, i.e. boundary conditions. The
particles only have kinetic energy. There is an important issue, however, related
to how to compute the entropy, or in other terms, how to “count states”. The
parameters are continuous, so counting is not obvious in the classical case. To
make this more clear, let’s consider first the standard classical treatment of the
classical ideal (or free) gas of point particles of mass m. Consider N particles
in A C R?. Configurations are given by (p,q) € (R?)2YN where py,...,py € R?

and q1,...,qn € A are the momenta and positions of particles 1,..., N. Recall
that
A
H =Y —p? 1
(p,a) ; 5P, (1)
N
1 1 Bp?
— _~ o, BH(pa) — — ~om
pa(p,q) = e TR = Zl:[l(e ) (2)
are independent of ¢, and
_po? 2ma
2) = [ e dp= () 3)
R4 B
The free energy and free energy density functions are
1 1
F(A,N,pB) = —glogZn=—5Nlog IAlZ(B) (4)
_ F(AN,B) 1 1
,8)= lim —————= =——plogZ(B)— =plog|A 5
o) = i, T = —gelsZ0)—pesltl )
p=NJIA|

Note that the free energy density does not converge in the thermodynamic limit.
This is not what we expect, but why is it wrong? Before considering how to fix



this point, let us focus, as Gibbs originally did, on the entropy term in the free
energy. Our investigation will lead us to the Gibbs paradox.

1
F=E-3S (6)

We need to calculate E in order to get S from F.
E=/Hm®M®d® (7)

8p2
_ N gaggp’e 2 d’p <
o TR (8)
o e B dtp
B NfRd 22e~ % iy
B fpae " dlx
_dN d

=55 =3 VksT (10)

where we have made the substitution x = 4/ %p. Thus, we have
d
:Nlog\A|Z(ﬁ)+§N (12)

The log |A| dependence is problematic because the “thermodynamic” entropy
should be extensive; also, if we mix two identical ideal gases, their entropies
should just add. Consider a system contained in two parts A = Ay U Ay where
A1NA5 = ( each with N; = p|A;| particles and the same 3. Letting N = N1+ No,

o N(log Z(B) + %) + p|A1|log |A1]| + p|Aa|log |A2|  (Same atoms)
ror N(log Z(B) + %) + Nlog(|A1] + [Az]) (Different atoms)

(13)
where the two distinct expressions for the entropy is Gibb’s paradox. The
interesting fact is that it is correct and experimentally verified in each of the

cases indicated above. The difference between the entropy of the two cases,

A A

AS = Ny log 7+— + Nalog —— 14
TR v -
is called the entropy of mixing. Gibbs proposed to circumvent these issues by the
inclusion of a factor of % in the integral over phase space. Then the partition

function becomes 1
ZA — ﬁ ZA

and the free energy becomes

1
F(AN.) = F(A,N, §) +log 1
~F—NlogN +N



and with N = p|A[, the |A| dependent term is cancelled. As for the entropy,

S(A, N, B) :Nlog|A\Z(B)+%lN—NlogN+N (15)
A
= Nlog %Z(ﬁ)—i—(g +1)N (16)
d
= plAllog pZ(B) + (5 + 1)plA] (17)

it becomes proportional to |Al.

2 Identical Particles in Quantum Mechanics

In Quantum Mechanics, the starting point of our description is the Hilbert space
of states. If you have two identical particles in the same box, the states should
be

Y EHRXH

where H is the Hilbert space for one particle. “Needless to say (but disconcerting
at times), identical particles cannot be distinguished”, otherwise they would not
be truly identical.

So what is the difference between ¥ = ¢1 ® 2 and ¥ = @3 ® 17 Indeed,
all ¢ obtained by permuting indices should be equivalent. It turns out that
to define the space of particles, we have to restrict to subspaces HT or H~ of
¥ € H ® H that are either symmetric or antisymmetric under permutations
implemented by the unitary operators,

Ur H® - OH—-H®---®H
which permute factors according to the element 7 € G. We require

Untp — ) for ¢ € HT
T | sign(m)y  for € H

3 The Spectrum of Free N-Boson and N-Fermion
Hamiltonians

Let A C R? be a nice domain, e.g., [0, L]Y C R%. The one particle Hamiltonian
is 2

H =
! 2m

(18)

with Dirichlet, Neumann, or periodic boundary conditions. The N particle
Hamiltonian, Hy has to act on either the symmetric or antisymmetric subspace
of ®5V:1 L?(A). Suppose the eigenvalues (with repetitions in case of degen-
eracies) of H; are labeled by k € A*. Concretely, with periodic boundary



conditions, we have A* = 2T’TZd/mod L. Then

o= o (19
2m
are the eigenvalues of Hy, and
N
HN:;1®~-~®\H’L®~-~®]1 (20)

ith

is the Hamiltonian acting on the appropriate subspace of ®fV:1 L2(A).

Let r € L?(A) denote the eigenvector of H; belonging to the eigenvalue c.
The eigenvector of Hx on the full tensor product are simply the tensor products
of the ¢y:

Vky ooy = Py @0+ @ P, (21)

where k; € A*, and ey, k, = Ef\il ks

The Hamiltonians that we are interested in are of the form Pf,EH NPg,E7 where
Pﬁ is the orthogonal projection onto Hﬁ, the symmetric and antisymmetric
subspaces of ®f\;1 L?(A). Fortunately, since Hy is permutation invariant, we
can use Pﬁ to turn the eigenvectors v, ., into eigenvectors of Pﬁ (or zero)
with the same eigenvalues, €, .., . l.e., the non-zero vectors of the form

Pyt ...k

are eigenvectors of PﬁHNPJf,[.
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1 Partition Functions for Ideal Fermi and Bose
Gases
Let e for k € A* be the eigenvalues, with repetitions, of the one particle

Hamiltonian in a bounded domain A C R?. The eigenvalues of the N particle
Hamiltonians are

Ex, .. kn k; € A* all distinct (N Fermions)

Eiy . kn (k1,....kn) € (AHY (N Bosons)

Defining ny = #{ilk; = k,4 = 1,..., N}, we have that the eigenvalues will
correspond to (ny)rea- such that ), . nx = N and ng > 0 and take integer
values. Corresponding eigenvectors of the N particle Hamiltonian are anti-

symmetric or symmetric with resepect to the labels i = 1,..., N of the tensor
factors. Recall that the IV particle Hamiltonian is
Hy Py Hy Py (1)

where Hy =YX 1®---®1® H, @1®---@ 1, and P is the orthogonal
~~
jth
projection onto H*.
The canonical partition function is
+

ZH(N, B) = Trypz e P13 (2)

We also introduce the grand-canonical partition function, in which the particle
number is not fixed:

+
ZE(N, B, p) = Z Ty o BHT—uN) (3)
N>0

For Fermions, the grand-canonical partition function takes the specific form

Z_<A,ﬁ’ ,U) = Z e_ﬁzk(fk—u)nk (4)
nk=0,1
= H (1 + e PAler—n)) )
keA*



and

log(Z_ (A’ 57 ILL) = ’I‘I‘Hl log(l + e_B(Hl_,U‘]l)) (6)
For Bosons,
zZ* (A7 57 M) = Z e_ﬁ 2kenx mk(ER—p) (7)
{ni}, k>0
= H Z eiﬁn(skfu) (8)
keA* n>0
1
= H VR TP 9)
Ker- (1 — e Bler—n)
and
log Z+(A, B, 1) = — Tryg, log(1 — e AL =11 (10)

So, to summarize:
log ZE(A, B, 1) = F Try, log(1 F e AH1=H11)) (11)

Similar to the free energy of an IN particle system and its thermodynamic limit
where we fix p = %, one defines the pressure of a grand-canonical system

1
1) = ——log(Z(A, B, 12
pa(B, 1) B g(Z(A, B, 1)) (12)
and
=1 1
p(fp) = lim pa(B, 1) (13)
One then has % = %, and in the limit A  Z% or A / R,
Ip(B, 1)
- 14
o P (14)

relating the grand-canonical p with the canonical parameter p.

2 The Pressure in the Thermodynamic Limit

In this section, we make the assumptions that A = [0, L] C R? with periodic
boundary conditions so that e, = (2£)2k?, and k € Z%. For Fermions,

1 2w 2.2
= 1 —_— _B(( L ) k _M)
(B, 1) Lhm e keEA* log [1 +e } (15)

For p > 0, this is a convergent Riemann sum. Hence,
AT —— / " og(1 + e (16)
’ 2m)9B J

Qq o _ B
:7(2@0%/0 drrd~1log(1 4 e~ AU —1) (17)



and so we can calculate the density function,

e—B(r?—p)

T e (18)

d Q[
plp) = @p(ﬁ,u) = 7(27:1)(1 /0 drr?™!

For Bosons, for convergence as A ' R?, one has to assume p < 0 and then find
in the same way that

L
) = ———— drr?'log(1 — e A —m 19
P00 =~ | o ) (19)
and 0 - )
_ %t d—1
p(p) = (2m)d /0 drr AP —p) _ | (20)

If one is interested in the equilibrium state of the ideal Bose gas at a given (8
and particle density p > 0, we look for a solution for u of the equation

p(p) =p (21)

and then hope for an equivalence of ensembles result, as expected from the
e*ﬁ(HA,NA)
Z(A,B,Nn)

Drso % converge to the same infinite volume state in the thermody-

namic limit. Here, we set A = Ay, and choose Ny, such that % =pr —p- It

classical case, such that % — p and that the two expressions and

turns out that as long as we find a solution p < 0 of (21), this approach indeed
works. (Convergence details along these lines are discussed later).
In particular for d = 1,2 this works. For d =1,

o 1
p(p) = C/o drm (22)

For i = 0, by making the substitution 2 = 2,

(n)y=c¢ ood ! LI + (23)
PR =€ | O pepe 1~ T
Similarly, for d = 2, one finds that
lim p( )—c/oodx ! = +00 (24)
plp P = 0 efr —1

(but the divergence is borderline). For d = 3, and in fact, for dimensions d > 2,

we have
1

e _ 1

o0
d
li =p.=¢ [ dvxz? < 25
ul%p(u) Pe C/o T~ +00 (25)
This however, does not mean that the ideal Bose gas in d = 3 does not have
equilibrium points with densities p > p.(8). Rather, the finiteness of the integral

at u = 0 suggest that in finite-volume we consider py > 0. If up, — p > 0 as



d_
L — oo because of the singularities of 65(217,1‘) at x = u, which is not integrable.

So, we will have to work with py — 0. Recall that

log Za(B, 1) = Y log(1 4~ 7r=1)) (26)
keA*

Now, the details will depend on the chosen chosen boundary conditions. For
periodic boundary conditions, Ay = [0, L]¢, e, = (2%)2 |k|? with k € Z2. Again,
the pressure is

log (1+ 7)) 2
NECE |A|BZog +e” (27)
keA*
and
0
pa(B, 1) = @pA(ﬁvﬂ) (28)
29
"W 2 2
e 1 1
B 1 — eBr + W ol ePer — ePr (30)
This last sum converges if p5) — 0. If p > p., pick pj5 such that
_ 1
[Al(p = pe) = e Pua 1
or )
= e—ﬁ/tm\
|Al(p = pe)
and so solving for ji5| gives
1 1
= ——log (1+) 31
M= A - o) oy
1
~————= 0 32
B(p — pe)|A| 32)
What about the pressure?
JINCHTINES |A|ﬂ Z log (1 4 e Blen— H\A\)) (33)
keA*

and it is not hard to show that pa (3, itja;) — p(8,0). It now follows that the
pressure and free energy will be constant for p > p., and will be equal to the
value for p = p..

f(B,p) = sup(up — p(B, 1)) (34)

pn<0



3 Properties of the Grand Canonical Equilib-
rium State

Let No.a denote the number of particles in the kK = 0 state. Then

ZZO —0 noeﬁﬂ”o Z L e_ﬁ Zkg/\* ny(er—m)
0= 0#£kEA®

Noa = 35
o Z+ (0o )
oBH _ _ _
_ mnoikel\*(l — e femm)t 36
" Ihen(-coEm) (36)
Bu
e
T 1= ebn (37)

which is the same equation as derived for ju5). So as expected (by design), we
have

No.a = [A[(p = pe) (38)
and the condensate density is
No.a
: — Pe 39
N P (39)
For k # 0, Nj, ~ L?, and so
N A
’ 0 40
e (10)
and for € > 0,
e Pe

This condensation of a finite fraction of the particles in the minimum energy
state is called Bose-FEinstein condensation. Next, we shall see how this phenom-
ena is accompanied by the spontaneous breaking of a continuous symmetry.
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1 Second Quantization Formalism and Contin-

uous Symmetry Breaking in the Ideal Bose
Gas

Our definition of Pﬁ can be extended to any n-fold tensor product of a Hilbert
space H

N
Hy =QH
i=1

HE = PiHy
FE = P Hy
N>0

where F't corresponds to Bosonic Fock space and F'~ corresponds to Fermionic
Fock space with one particle space H. For all A linear operators defined on H,

AN —Al®.-- - l+---1®--- Q1 A

and
1 sign
P]:\E(P1®"‘®<PN:7N! E (£ T or (1) @ - @ ©r(N)

TESN
leave 'Hﬁ invariant and thus are well-defined when restricted to Hﬁ. The second

quantization of A is then

dr(A) = @ A™ on F*

N>0

The creation and annihilation operators a®(f) : Hi — 'Hﬁ_i_l and a(f) :
Hjj\t,H — Hﬁ are defined on F* for all N > 0, where Hﬁ and Hﬁ“ are



considered as subspaces of F*. They are defined as follows:

a+(f)P]$(501®"'®<PN): VN+!P]$+1(f®SOI®"'®§0N) (1)

N
a(f)Pﬁ(sOl Q- QeN) = LNZ(ka_%f,SDk)Pﬁ,I(% R QP ® - oN)
k=1

(2)

where ¢y, denotes that the entry ¢y is missing from the tensor product.
Important properties of the creation and annihilation operators (as proved
in the homework and in Bratelli and Robinson, Volume 2) are:

1. at(f) = a(f)*, when defined on their natural domains in F*
2. a*(f) depends linearly on f, and a(f) depends anti-linearly

3. for Bosons,
[a(f),a" (9)] € (f.9)1 (3)

for Fermions,

{a(f),a™(9)} = (f,9)1 (4)
4. Define N = dI'(1). Then N|H§ = N1.

5. Let (pg) be an orthonormal basis of H. Then

N = "a(pr)a(er) (5)
k
6. if A= Zk,l |(Pk>Ak,l<90l‘7 then
dT(A) =) Aria™ (er)ale) (6)
k.l
7. For Fermions,
la* (Pl = lla(H)ll = [If]| for all feH (7)
With Hy as before,
P Hy = dr () (8)
N
and so the grand canonical density matrix on F for H = L?(A) is defined by
1 s
Pon= e B(H—uN) 9)

where H = dI'(H). Let {¢x} be an eigenbasis of H; as before with eigenvalues
€k. The number operator N is a densely defined self-adjoint operator with
domain D(N) = {¢ = Py ¢y € FE| Yy N?|[¢n][? < +oo} and so for all



a € R, U(a) = €N is a unitary operator on Fock space. €' — U(a) is a
representation of U(1). The second quantized Hamiltonian H has the gauge
Symimetry

H,U(a)]=0 (10)

which expresses that H conserves particle number. Its infinitesimal form is
[H,N] = 0. This is the continuous symmetry that is broken in the Bose-Einstein
condensed phase of the ideal Bose gas. Before we explain this in detail , we first
introduce the reduced density matrices. The one-particle reduced density matrix
(which is not the density matrix of the one-particle system) is defined as the
operator p(!) with matrix elements

(9, P(l)f>[37u = Wﬂ,u<a+(f>a(9)) (11)

and the finite volume density matrix is given by

o B hen (Ex—mat (pr)aler)

p , =
. Z(8, )
(e P Veow) = waula® (or)aler)
1
=7 > D e Prem Tt (o) al o)) rmi
Nk ny
e—Bler—n) o ) )
= wg,u(Ng) = R e— (The Bose distribution function)
_ 1
- eﬁ(fk_ﬂ) —1
and thus,
1
P(l) = Zk: W“Pk><‘ﬂk‘ (12)
This operator will have a kernel p(!) (z, y),
1 1 .
(1) — = ik(z—y)
P (a:,y) - Z eﬁ(ak_ﬂ) -1 ‘A|e
keA*

where k € (%)Zd and we have made use of the fact that ¢y, = \/ﬁei’” and as

A/ RY,

1 eik(azfy)
1) -
P (@, y) o) /Rd dk ey 1
This derivation is again valid for fixed u < 0 or gy — peo < 0. If iy, — 0, we

need to separate out the p = 0 torm as we did before for the calculation of Njy.
So, for p > p. the result becomes

1 etk(z—y)

(1) = (p— pe)|1)(1 k
P y) == p) U+ 5 |k




Note that pM)(z,y) = p(x — y). By Riemann-Lebesgue for p < p.,

lim o(r) =0

T —00

but for p > pe,
lim o(r)=p—p.>0

T —00

This is called off-diagonal long range order (OLRO, Yang). (Think of p(x,y)
as a matrix indexed by x). For comparison, consider LRO in the Ising model
where

w= §(w+ +w_)

is spin-flip symmetric but does not cluster, meaning

w(o,) =0 forall z € Z¢ (d > 2)
wi(oy) = £m(B) where 0 < m(8) for 5 > (.

One can also show that in these states

W:E(Uxay) = Ji(x - y)

TILHolo w4 (opo,) = m* = wi(og)w (o)

so that these states exhibit clustering, but

lim w(ogo,) = m?
T—00

as well, but
lim w(ogo,) # w(og)w(o,) =0
r—00

so that w does not cluster and this has long range order. To complete the anal-
ogy we need to construct the equilibrium states with broken gauge symmetry.
Instead of boundary conditions, we will achieve this by adding an “external
field” to the Hamiltonian and then taking the limit of zero-field strength.

Let ag*) denote a™*)(pg) where po(z) = \A1|% xa(x).
) _ Saf + MNA|2
HY = Ha + MA|2ag + A|[A]2ag (13)

Now, we calculate the A-dependent quantities

1
BIA]
Define B(f) = a*(f) + a(f) (the operator theoretic closure of B(f) is a self-

adjoint operator with denso domain D(B(f)) ) and then W (f) = ¢’2(/) is uni-
tary. The W(f) are called Weyl operators. They satisfy the following important

pA(ﬁhU,)\) 1OgTr[e_5(H§A>—uN)]



la(f), W (9)] (14)
[ (), W(9)] = ~i{f, 9)W(g) (15)
[B(f), W(g)] = =23(f,9)W (9) (16)
W(=g)B(f)W(g) = B(f) —23(f. 9) (17)
W(-g)W(g) =1 (18)
W(=g)W ()W (g) = e 2w (f) (19)
These last implications follow by noting
W(=g) (iB(f))" W(g) = (W(-g)(iB(f))W(9))"

for all n > 0 and finally, the famous Weyl relations

W(/)W(g) = e SUIW(f + g) (20)

To prove the latter, consider the following derivative with respect to a real
variable ¢:

%[W(tf)w(tg)w(*t(f +9)] = W(Ef)iB(f)W (tg)W (=t(f + 9))
+ W(tf)W(tg)(iB(g))W (=t(f +9))
+ W(Ef)Wtg)(—=i(B(f) + B(g) )W (=t(f +9))
= W@ENEB(f), W(tg)]W (=t(f + 9))

Calling V (t) = W(tf)W (tg)W (—t(f + g)), and noting that V(0) = L,

1
WOW(@W(—(f +g) = V(1) =12 / dHS(f, )V (1)

Now by iterating,

1 2
V(1) =1 =3}, g) + (—¢s<f,g>)2/0 dt% T

W(=g)a"(f)W(g) = W(=g)[a"(f), W(g)] + a”(f)
=a’(f) —ilg, f)

Put g = %_XHA In the case of periodic boundary conditions, g = Z%XA. Then

Nl

>l

Al
€0 — 1t

W(—=g)a"(¢r)W(g) = a*(¢r) + Ok0

o

5



and thus,

* \ 1 1 4 |>\|2|A|
W(—g)(H—uN)W(g) Z (er—p)a”(pr)aler)+AIA[Z a(eo)+AIA|2a (@0)"‘@
keA~*
In other words, Hj(\ ) is unitarily equivalent to H/(\O) — |)\|2|A|M—127 where we have
assumed that eg = 0. The constant does not affect pg . This implies that

pa.ux = W(=9)ps..W(9)
In particular, (all in finite volume A),

wa pa(a*(er)) = wapo(W(g)a™ (0r)W(—g))
M A2
= wg,pu,0(a™(¢r)) = k0 |u|
MA|Z
Sk |A]

L
Now, we need to redo the calculation of pa(A) for A # 0.

1 ™)
A) = —— log Tre PUHL —#N)
A, By A) a7 s Tre

_ A2

Then

(@) _9p A

Alz 0N —p
e ) 0 AP

_op _ A

Solving

_ A2

= pa( )+|M2

ifﬁ>pc,thenu‘%\|)—> p — pc and

‘|<a0>m A

A[2

independent of A, which survives the limit A \, 0. What we have done is
constructed a symmetry-broken phase in which

ao —
|w,8,;L,O <A|é> = VP~ Pc



by A — €\ one gets a family of states parameterized by o such that

ap i —
wWB,u,0 <|A|§) =e"“Vp — pe

for all a € [0,27). The symmetry that relates these states is e’*N. Note that
[ag ag, ag] = —ap, and therefore

e—zaNaoezoeN — e—za[N,~]

ao
— eia[asrao,~]a0
—ia)"
- =

n>0

= e"™aq (gauge transformation)



Statistical Mechanics, Math 266: Week 10 Notes

March 9 and 11, 2010

1 A Model for Superfluidity due to Bogoliubov

The method of Bogoliubov Transformations, or Canonical Transformations, is
related more generally to the Hartree-Fock and generalized Hartree-Fock model
for high density Bose gases in the regime where p > pinitial, # = 0 where in fact
most particles are assumed to be in the O-state:

_N-N
v

Pe i N — Ny < Ny

We also assume that the interaction potential has a positive Fourier Transform.

1 N
H= Zakazak + v Z V(Q)aLQazanpak (1)
k k,p

Q

with V(Q) > 0 and Ny = (ag ag). Bogoliubov’s insight was that in this regime,
behavior will be well described by a simplified Hamiltonian where we “only keep
interation terms with two or more factors of ag (of order Ny or higher)”.

V(k V(0 1 -
Hy, = Z(Sk + |/(\|)N)a'{ak + 2|(A|)N2 + §NZ V(k)(aka—r +afat,) (2)
k+£0 k+£0

There are a wide variety of models (Hamiltonians) of this form. We will illustrate
in this simple case and at T' = 0 only that Bogoliubov Transformations can be
used to find the ground state (equilibrium state) of such models. (Also for
Fermions (BCS Theory)).

2 Bogoliubov (Canonical) Transformations

Canonical transformations that leave the commutation relations invariant (CAR
or CCR), i.e. they are automorphisms of the algebras generated by the CAR and
CCR. In analogy with classical mechanics, the name canonical transformations
is reserved for the transformation of the underlying phase space , a.k.a., the one-
particle space. In the case of the CCR, this space has a symplectic structure



and the canonical transformation can be viewed as the second quantized form
of symplectic transforms on that space.

Let’s proceed somewhat informally. A BCT (Bogoliubov Canonical Trans-
formation) can then be regarded as an automorphism of the CCR (or CAR) of
the following form:

b(f) =7(a(f)) = a(Uf) +a"(Vf), for feH

where U is a linear operator on H and V' is an antilinear operator on H. (Anti-
linear means V(f+Ag) = V(f) +AV(g) for f € H and A € C and its adjoint V*
is an antilinear operator determined by (f|Vg) = (V* f|g). Since 7 is supposed
to be an automorphism, the b(f) satisfy the same algebraic relations as the a(f)
(the CCR in our case). For this to hold, U and V have to satisfy the following
relations:

U'v =vV*V=1=U0U0"-VV* (3)
urv -vu=0=U0V*-VU~*

automorphisms ar invertible and using the relations in (3) one can show that
77! is given by
7 Ha(f) = aU"f) —a" (V"f)

For example, we can check that with b(f) = 7(a(f)) and b (f) = 7(a*(f)) =
7(a(f))* that the b(f) indeed satisfy the CCR:

[b(f)abJr(g)] = <f,g>]l for all f7g cH
[b(f),b(g)] = [bT(f),bT(g)] =0

Remark 2.1. Antilinear operators V are typically given in terms of a linear
operator V1 and the complex conjugation operator:

Vi=Wf

Since b(f),b"(f) satisfy the CCR we can think of them as creation and
annihilation operators of a new kind of particle, the so-called concept of a quasi-
particle. This is one way in which the quantum theory of particles is really
different from the classical theory. Another novel notion in quantum physics is
that the vacuum state is defined with respect to a particular notion of particles
(the state with no such particles). The vacuum is however, not just nothing.
In particular, the vacuum state for one kind of particles is not the same as the
vacuum as the vacuum for quasi-particles defined using a non-trivial BCT.

For simplicity we will here only discuss the application of BCTs to finding
ground states (T' = 0) of quadratic Hamiltonians. More generally, BCTs are
used to carry out the Hartree-Fock approximation at both 7' =0 and 7' > 0.
We concentrate on 7' = 0 here. The main idea is the following: Find 7 (i.e. U,
V') such that in terms of the b(f) = 7(a(f)) H can be written in the form

H =" wab"(fa)b(fa) + Eo



with w, > 0 and Ey € R. Then Fj is the ground state energy of H and the
ground state is the vacuum (quasi-vacuum) for the (quasi-)particles b(f). If this
can be done, one is actually doing an exact diagonalization of H. Clearly, only
H’s that are at most quadratic in the a(f)’s will allow such a treatment (7 does
not change the order of the highest order terms).

We will apply a BCT to Bogoliubov’s Hamiltonian:

V(0)N?
H= Z k+— N)aj ax + TV +2N]§)V Yaka_r +afaty)

with e, = k2, V(k) > 0, N is the number of particles, and p = % As before,
let A =[0,L]¢ CR? g, = k% k € A*, ¢, = T;:f then g = p_. We will
2

consider maps U and V that are “diagonal” in the basis ¢y:

Upr = urppr
Vor = —vkpk

and assume u_j = ug and v_p = v where ug,vi € R.
by = ugay — vgal (4)
and one can check that
Uv-vv=1=U0U"-VV*
holds if and only if
ui —vi =1 (5)

(4) of course implies
b: = uka: + vpa_p
and the inverse relations are easy to obtain using (5).
ar = ukby + vib,
a; ::ukb2’+—vkb_k

Now plug this into the expression of Bogoliubov’s model Hamiltonian H; and
simplify. One obtains:

Hy =A+Go+ Gy (6)
where
A= prv )+ Y {er + PV (E)VE + pV (k) ugor} (7)
k#£0
Go =Y {(ex + pV (k) (uj + v7) + 20V (k)uyvy b by (8)
k70 =wr>0
=WgZ



N 1 -
G = Y e+ 0V (R + oV (R)(u + oD IGFbE, +Bid ) (9)
k#0
We will achieve our goal if we can choose uy, vy such that G; vanishes, i.e.,

0 = 2(ex + pV (k))ugvy, + pV (k) (u? +v3) for all k € A* (10)

The condition u? —vi = 1 can be satisfied by (without loss of generality) taking
uy, and vy, of the form:

Uy = €}, cosh ay,

v = Ny sinh ay,

where e, nx = £1 and oy > 0. In this parameterization,

URVE = €xNg cosh o sinh o, = %81@771@ sinh 2¢y,
ui + v,% = cosh? oy + sinh? «a, = cosh 2ay,
The condition (10) then becomes
0 = (ex + pV (k))erni sinh 20y, + pV (k) cosh 2ay,

- oV (k)

tanh 20 = ——————
e + pV (k)

where we recall our assumption that V(k) > 0, and pick g = —1 and ¢ = +1
for all k. Now, using the facts that

1
1 — (tanh 2a)?

sinh 20 = tanh 2«

and
cosh? 2o — sinh? 20 = 1
we obtain R
sinh 20y, = 1 V(E) . (11)
Vier+ oV (R)2 = 52V ()2
cosh 2a, = ekAjL PV (k) - (12)
V(e + oV (k)2 — 92V (k)2
and
wp = /(e + PV (k)2 — P2V (k)2
In other words,
Hy =Y wbfbe + A (13)

k0



and the ground state is the vacuum for the by.
It is interesting to analyze the behavior of wyg:

€k:k2

so for large k and assuming V (k) — 0 for large k, (e.g., V € L'), then we also
have w ~ k2. . .
If we assume V(0) > 0 and V' (k) is continuous near k = 0 then for small k,

wi ~ 1/ 20V (0) ||

In particular, with the details depending on the specifics of V(k) we may now
have a non-convex, non-monotone dispersion relation wg:

We can see this behavior in an explicit example. Consider V(z) = ezl
where v > 0.

o V(0)y
Y= Ty
o \/(IkIZ(IkQHHpV(O)v)?pQV(0)72
g (k2 +7)2

Then for v not too large, wy looks like the graph above.

An interesting consequence of this type of dispersion relation, the point of
the Bogoliubov model, is that it predicts superfluidity. The basic idea is as
follows:

A normal fluid experiences resistance and friction as it flows because per-
turbations may extract kinetic energy out of the flow. In quantum mechanics,
we expect this to happen if the “perturbation” sees an excited state it couples
to that is a state of “extra energy” with respect to the ground state. This is of
course generically the case, but with wy as in the figure, the mere fact that an
observer (perturbating agent) sees the fluid in uniform motion, is not enough to
have negative energy perturbations of the flowing fluid, or any if the velocity is
not too high. That is, for all k, the flowing fluid still has @, > 0 as seen by a
moving observer. Thus, transfering momentum would mean creating a by, with
@ > 0, i.e., adding rather than extracting energy of the fluid. Thus, there is
no dissipation.

O =wr +k-v
where v is the velocity of the uniform motion. Transfer of momentum £ to fluid
implies change in momentum —k to the environment and the change in energy
can then be estimated to be
1

1
2M(Mve —k)? — —Mv?

2

AE =

where v, is the velocity of the environment, M > 1 is the mass of the environ-
ment.

AFE = — —k-v.~ —k-
Wi k- ve k- v,



and v, = —v if v is the speed of uniform motion of the fluid described by our
model. Therefore,
op=wr+k-v

and if v < v, W > 0 and there is no dissipation, hence there is superfluidity.
k. where wp, = k. - v. predicts the momentum of the first instability in the
superfluid when it reaches the critical velocity v,.



