Solutions to Exercises

In this appendix are regrouped the solutions to many of the exercises stated in the main body of the
book. Some solutions are given with full details, while others are only sketched. In all cases, we rec-
ommend that the reader at least spends some time thinking about these problems before reading the
solutions.

Solutions of Chapter/1]

Exercise 1.1: Fix n € Z»( and observe first that our system X, w1th parameters U, V,N can be seen as a
system X’ composed of two subsystems 21, X, with parameters 5 Ly L V =N and 22 Ly, n 1 v, = 1N
Then, by additivity,

> _Z 1l ly 1y n=lgyn=ly n=1an_cZ 1y 1y, 1 S n=177 n=1y, n-1
§S7(U,V,N)=8~ (U, V,; N, 5~U, 5=V, 5= N) =87 (3, U, 3, V, ; N) + §7 (5~U, ==V, 5= N),

where we used the fact that each of the two subsystems is of the same type as the original system and is
therefore associated to the same entropy function. Iterating this, we get

) _ Z 1 1 1
S*W,V,N)=ns*(tU,Lv, 1 N).
Using this relation twice, we conclude that, for any m, n € Z~,
S*(2y, By, Ny =ms*(Lu,Lv, 1N = ¥ (WU, V,N).

This proves for A € Q. Since S* is assumed to be differentiable, it is also continuous. We can
therefore approximate any real A > 0 by a sequence (1,),>1 <Q, A5, — A, and get

S*AUAV,AN) = lim > (AnU, AV, AnN) = lim AnS™(U,V,N) = AS*(U, V, N).

Exercise 1.2: Decompose the system into two subsystems X1,Z5. By the postulate, SZ(U V,N) maxi-
mizes S* (U1, Vi, N1) + SE(0,, Vo, No) over all possible ways of partitioning U, V, N into Uy + U, V} + V>
and Ny + N». This implies in particular that

SE(U,V,N) 2 S*(alUy, aVi,aNi) + S ((1 - ) Us, (1 - @) Va, (1 — a) Np)
= aST (U1, Vi, N1) + (1 - @)SE (U, Vo, Na)

where the equality is a consequence of (I.7).

Exercise 1.3: Fix V,N, B1, B2 and a € [0,1]. For all U,
{af1+1-a)f2}U~SWU,V,N) = a{1U~SWU,V,N}+ (1 -a){f2U~SU,V,N}.
=F(B1,V,N) =F(B,V,N)
Taking the infimum over U on the left-hand side,
Flapy+(1—-a)Ba, V,N) = aF(B1,V,N)+ (1 -a)E(Ba2,V,N),

so F'is concave in f. A similar argument, exploiting the concavity of S, shows that F is convex in V, N.
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522 Appendix C. Solutions to Exercises

Exercise 1.4: The extremum principle follows from the one postulated for S. Indeed, suppose that we
keep our system isolated, with a total energy U (and the subsystems can exchange energy, which can
always be assumed in the present setting, since they can do that through the reservoir). Then, the equi-
librium values are those maximizing

s, vl NY + swW?, v N,

among all values satisfying the constraints on Vl, N 1, V2,N2 as well as Ul + U2 = U. Therefore, the
same values minimize

BU - (s, v, NY + SW?,vE N?) = (BU - S, v, NY) + (BU? - S, V2, N?)),
under the same conditions. Taking now the infimum over U yields the desired result, since this removes

the constraint U + U2 = U.

Exercise 1.5: The critical points of the function v — p(v) are given by the solutions of the equation

kg TS = 2a(v— b)z, which is of the form f(v) = g(v). When v > b, this equation has zero, one or two so-

lutions depending on the value of T. The critical case corresponds to when there is exactly one solution
: _ ! — o : _ _8a

(at which f(v) = g(v) and f'(v) = g’ (v)). This happens when T = T7kgh"

Exercise 1.6: 'Writing Sgp (1) = Y e ¥ (u(w)), where y(x) def —xlog x, we see that Sg}, is concave.
Exercise 1.8: The desired probabilities are given by (i) = e P IZg, where Zg = Z?:l e Pt and B must
be chosen such that }_; iu(i) = 4. Numerically, one finds that

©(1) =0.10, u(2) =0.12, u(3) = 0.15, u(4) = 0.17, u(5) = 0.21, u(6) = 0.25.

Exercise 1.9: Letting Vi=v- % and writing N1 = g +m, Np = % — m, we need to show that
me— (5 +m(§ - mv’ + miv’' - m

is minimal when m = 0. But this follows by simple termwise comparison. For the second part, expressing
the desired probability using Stirling’s formula (Lernma shows that there exist constants ¢— < c4
such that if V and N are both large, with % bounded away from 0 and 1, then

oL .
VN &) YN

Exercise 1.10: Note that the second derivative of logQ ;5 v with respect to § yields the variance of H
under the canonical distribution and is thus nonnegative. We conclude that § — —1ogQ,. s, v is concave.
Moreover, since the limit of a sequence of concave functions is concave (see Exercise|B.3), this implies
that f is concave in §.

Exercise 1.12: Plugging yip; 5y, v in the definition of Sgy () gives
Ssh ks, N) = BOI i v +108 Zspun,N = BT +108 Zy gy, - (e8Y)
By the Implicit Function theorem, U — B(U) is differentiable. So, differentiating with respect to U,

0Ssh (pa;pwn,N)  B(U) ] 0p(U)
- U+,B(U)+%logZA;ﬁ’N‘ﬁ:ﬁ(U)7 = B,
N— —

ou ou ou
=-U
as one expects from the definition of the inverse temperature in (1.3). Then,
U - TySsh(p;pwn,N) = U — TulBU)U +1logZy; g, Nt = ‘ﬁ 10gZ ;)N

in accordance with the definition of free energy given earlier.

Exercise 1.13: Since My (—w) = =My (w),

(Mp)ppo= 2 MaA@pppo@ =3 Y MA@{ppp0@) ~pppo-w)} =0.
weQp weQp

=0
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Solutions of Chapter|2

Exercise 2.2: If one writes J?”;V B0 = N ﬁ( N’ where B(N) = def NBIZ(N), then either B(N) | +oo or

B(N) | 0. The conclusion now follows from our previous analysis.

Exercise 2.3: The analyticity of h — mgw(h) follows from the implicit function theorem (Theorem.

Exercise 2.6: Letus write ¢(y) = ¢g ,(y). Notice that, since >0, ¢(y) | +oo as y — +oo, sufficiently fast
to ensure that f+°° —¢¢) dy < oo for all ¢ > 0. Depending on S, ¢ has either one or two global minima.
For snnphclty, consider the case in which there is a unique global minimum y.. Let ¢( y) (p(y) ©(ys),

Be(y+) de [y* —¢,yx +€] and write

foo e~ Npg n(y)—miny @g 1, (y)) dyzf e NPW gy,
—00 Be(y+)
Let ¢ > 0 be such that $(y) < c(y — y«)? for all y € Be(ys). Then
\/ﬁf e NPW gy > ff Ny gy = 1 [+evZeN 2 gy
Be()’*) Be(y+) \/7 —eV2cN

and this last expression converges to v'z/c when N — co.

Solutions of Chapter 3|

Exercise 3.1: Notice that |B(n)| = 2n+ l)d and that
10"B(n)| = IBm\Bn-1|=@2n+1)?%-2n-1D%<d@n+1)41,

which shows that ‘al BF’ "') 0. Any sequence Ay 1 74 whose boundary grows as fast as its volume,

suchas A, =B(n)u {(1,0,...,0) ez%:.0<i< e”}, will not converge in the sense of van Hove.

Exercise 3.5: By a straightforward computation, mg(h) = sinh(h)/y/ sinh?(h) + e~4P.

Exercise 3.6: 1. The partition function with free boundary condition can be expressed as

n-1
wiwiy] _ ,2pn (W;wi -1
B(n)ﬁh Z H Pwiviv1 = ;2B Z H P -1
wi=xli=—n wi=tli=—n
ieB(n) ieB(n)

Each factor in the last product is either equal to 1 (if w; = w; 1) or to e 2P Therefore,

2n 2n
Zg(n).ﬁh:Zezﬁn Z (k)(e_zﬁ)kZZezﬁ" (1+e2Py2n,
” k=0

This yields ¥ () = logcosh(f) +log2, which of course coincides with (3:10).

2. In terms of the variables 7;,

n
Zg(nﬁ = ) > [1 efi=2(ef +e7P)?"
w_p=tl 1=l i=—n+l
i=—n+l,..,n

Exercise 3.8: Notice that any local function can be expressed as a finite linear combination of cylinder
functions, which are of the following form: f(w) =1 if w coincides, on a finite region A, with some
configuration 7, and zero otherwise. Since each spin w; takes only two values, there are countably
many cylinder functions, we denote them by fi, f>, .... Since, for each j, the sequence (<ff>1/)\nn;ﬁ,h)”21 is
bounded, a standard diagonalization argument (this type of argument will be explained in more detail
later, for instance in the proof of Proposition- 6.20) allows one to extract a subsequence (1) > such

thatlimy_, o, (f] A ﬁ n exists for all j. The existence of (f) = hmknOO (f)A B for all local functions

f follows by lmearlty and defines a Gibbs state.

Exercise 3.9: Simply differentiate (g 4)* AJh with respect to J;; or h; and use (3.22).
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Exercise 3.10: Observe that, to show that f is nondecreasing, it suffices to show that f(w) < f (w") when-
ever there exists i € Z4 such that w,=-1, w'i =1and w;= w;. for all j # i. The exercise is then straight-

forward.

Exercise 3.11: We will come back to this important property in Chapter@and prove it in a more general
setting (see Lemma l For simplicity, assume h = 0. The numerator appearing in ;1 AsB, h(w lo;=

', Vi € A\A) contains the term
exp(f Y wiw;)=exp(B > w;wj)exp(B Y w;iwj).
li,jresp (i, jle&P {i.jle&p
{i,jinA=2
The first term, containing the sum over {i, j} € &, b is used to form pxr 5 h(w). The same decomposition

can be used for the partition functions; the second factor then cancels out.

Exercise 3.12: Let D c é"AZ be the set of edges {i, j} with i € Ap \ A1, j € Aj. Consider, for s € [0,1], the
Hamiltonian

def
ﬂ/\iﬁh -5 Y oi0j—sp Z oiojfh.Z ;.
{i, j}eé"Az {i,j}eD i€y
{i,j}¢D

Let (~)/S\ B denote the corresponding Gibbs distribution. Observe that, when A c Ay, (o A>f2 ﬁ h=
(T as> Ao ;6 , and (o 02 ABh = EXCT Ay ﬁ 5~ The conclusion follows since, by Exerc1se e A ﬁ =
loay, 5 ﬁ n

For the other claim, add a magnetic field 4’ acting on the spins in A2 \ A; and let b’ — oo.

Exercise 3.15: First, the FKG inequality and translation invariance yield, for any i,
(nangi)p = na)p p(nedg -

Fix L large enough to ensure that A,B c B(L). Taking ||i|l; sufficiently large, we can guarantee that
B(L+1)n (i + B(L)) = @. Fixing all the spins on **B(L) U d®(i + B(L)) to +1, it follows from the FKG
inequality that

ANBLD 1y = A By PB+D TeB 1y, = MAYB (LB BB (L
We conclude that
(nag y$np)p < S lminf i (MANBLiV

< llmsup(nAnBH)ﬁ n= <nA>B(L) B, h<nB>B Difh-
lilly—oo
The desired conclusion follows by letting L — oo in the right-hand side. The case of general local func-
tions f and g follows from Lemma[3.19}

Exercise 3.16: Follow the steps of the proof of Theorem 7} using Exermse-for the existence of the
thermodynamic limit (use (o 2 AnsBh = = (-nlAlo 42 AnsB—h when dealing with & < 0).

Exercise 3.17: Proceed as in the proof of Lemma/|3.31} using the monotonicity results established in Ex-

ercises[3.9land[3:12]

Exercise 3.18: 1. This is a consequence of (3:34). Indeed, let us denote by <7 the set of all contours y (in
B(n)) with length ¢. Then,

+ ) —2p¢
,uB(n];ﬁyo(Elyel“wnh lyl = Klogn) S[>1§)gn‘dlle .

Now, the number of contours of length ¢ passing through a given point is bounded above by 4% and
the number of translates of such a contour entirely contained inside B(n) is bounded above by an?.
Therefore, the probability we are interested in is bounded above by

an? Z (4e~2P)0 < gp2-K(2p-loga)
¢=Klogn
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for all § = log3, say. This bound can be made smaller than n~¢, for any fixed ¢ > 0, by taking K suffi-
ciently large (uniformly in § > log3).

2. Partition each row of B(n) into intervals of length Klogn (and, possibly, a remaining shorter interval
that we ignore). We denote by Iy, k=1,..., N, these intervals and consider the event

I ={o;i=-1Viel}.
Of course, there exists C = C(f) such that 'u;k'ﬁ o0 = e~ CKlogn _ ;,-CK N,
N

N
+ . + _ +
“B(n);ﬁ,o(ay €T with |y| = Klogn) = ,UB(n);ﬁ,o(kUI F) =1 —,UB(n);ﬁ,O(kO1 ).

Notice that
b A ¢ 3 + c m1 c N + m-1 c
pB(”)‘ﬁ'O(ﬂ i) =11 ”B(n);ﬂ.o(jm I N )=11 {I—HB(n):ﬁ,o(ﬂm I
k=1 m=1 k=1 m=1 el
By the FKG inequality,
m—1
HB o Fm | (1 TE) 21,00 m) 2 n=CK,
so that

-CK
,uJé(n),ﬁ o(FyeT with|yl|=Klogn) =1~ (1~ nCKN s N,
The conclusion follows since N = (2n+ 1)|(2n + 1)/Klogn| = n>~¢/2/K for n > ng(c) and n~¢K/K =
n~¢2if K < Ky (B, c).

Exercise 3.20: In higher dimensions, the deformation operation leading to contours is less convenient,
so we will avoid it. For the sake of concreteness, we consider the case d = 3. The bounds we give below
are very rough and can be improved. The 3-dimensional analogue of the contours described above are
sets of plaquettes, which are the squares that form the boundary of the cubic cells of Z3. For a given
configuration w, the set 0. (w) can be defined as before and decomposed into maximal connected sets
of plaquettes: 0.4 (w) =1 U---U7. The analogue of then becomes

g myp0@0=—D= Y e 2Pk 4 {5 . dist(7*,0) < k, 1§%1 = k} .
" k=6
To each 7* in the latter set, we associate a connected graph G* whose set of vertices V* is formed by
all the centers of the plaquettes of 7* and in which two vertices u, v € V* are connected by an edge if
the corresponding plaquettes share a common edge. The above sum is then bounded by (observe that
avertex of V* has at most 12 neighbors and that each edge is shared by two vertices, so that |[E*| < 6k)

Y e PRyl v =k} < Y ek g3 125k,
k=6 k=6

This last inequality was obtained using Lemma As in the two-dimensional case, the series is smaller
than % once f is large enough.

Exercise 3.21: Definetbye™" ¢ 3,-26  Notice that (540) can be written (4e~47 —3¢~57)/(1-¢™7)2 < %.

The first point follows by verifying that this holds once > 0.88.

. Z5 ;014
Let us turn to the second point. Write I (35,0 (A) = 7F = where
" B(n);ﬁ,O[ B!
def _
Zompol WS X Taw) ] e,
“’EQE(,,) yeT (w)

def, ; +
Let A* = {o; =+1Vie B(R)}. Under HB(m;p,0°

self-avoiding closed path 7* < d.# surrounding B(R). Therefore, by flipping all the spins located inside
the region delimited by 7*, one gets

the occurrence of A~ forces the presence of at least one

+ - + * - —2B17*| p+ +
ZE 0l A ]SHZ*ZB(m;ﬂ,O[ﬂ col, A 1sZ*e Zg g0l AT]

/4

But .
29—213\71 l< > ke 2Pkc, .
* k=8R

Revised version, August 22 2017
To be published by Cambridge University Press (2017)
© S. Friedli and Y. Velenik
www.unige.ch/math/folks/velenik/smbook


www.unige.ch/math/folks/velenik/smbook

526 Appendix C. Solutions to Exercises

Now, foralle >0, Cy < (u+ e)k for all large enough k. Therefore,
- 1Y + -
(0;=-1VieB(R) ~ ZB(n);ﬁ,O[A ] ~ Z

(c;=-1VieB(R)) ~ Zg .0l A7)

.
HB(ny;p,0

_ Z+(n);/3.o <y ke 2Pk + o)k

= +
FBm;,0 B(n);8,0 [AT] k>8R

If e=2P 1 <1, € can be chosen such that the last series converges. Taking R sufficiently large allows to
make the whole sum < 1.

Exercise 3.23: 'We only provide the answer for the free boundary condition.

Let €{°" I Ec &) 1 16, E) is even for all i € A}. Then,
Zi =2lAl cosh(ﬁ)'éaAI > tanh(B)'E!.
ﬁ EEGEVEH
A
Moreover,
!
ZEreéeven :E'<A(Ep) tanh(ﬁ)'E |
(0i0j>f.ﬁ 0= > tanh(g)!Fo! A o
5B, Eog@j\'j ZEE@‘;\VE" tanh(pf)
connected,Ep3i
where
l j def

{Ec & : I(k, E) is even for all k € B(n) \ {i, j}, but I(i, E) and I(j, E) are odd} .

Exercise 3.24: Since the Gibbs state is unique, we can consider the free boundary condition. Proceeding
as we did for the representation of (UO)X,/3 ;, in terms of a sum over graphs in (3.47), we getfor i, j € B(n),

|E|

@0 Y5 p0 = Z,] tanh(f)™.
EGB(")

connected,Ep3i

All graphs E € Gg{n) have atleast ||i — j||; edges. Proceeding as in (3.49), we derive the exponential decay
once f is sufficiently small.

Exercise 3.25: Fix a shortest path & = (i = i1, i2,...,i;; = j) from i to j and introduce & d:Ef{{ik, i1}t
1< k< m}. Forse|[0,1], set

{ﬁ if {u, v} € &y,
Juv =

sfB otherwise.

Denote by ,uB (3B h the distribution of the Ising model in B(n) 74 with these coupling constants and
free boundary condition. Check that

Z,s=1 ,s
(Gi0 1) Bmyp0 = (i ‘71 (n);,0 and  (0;0;)p¢ n)ﬁo ={000j- lHl)A,]ﬁO

,5=1 2,5=0

Conclude, using the fact that, by GKS inequalities, (o ;0 J>B (38,0 = =(o; J>B (m38,0°

Exercise 3.26:
ZE(n];ﬁ,O — g2n+l (Coshﬁ)2"+2(1 i (tanhﬁ)2”+2),
Zg(n 6,0 = 221+ (cosh §)2"
Zlée(rn . _ g2n+l (coshﬁ)znﬂ (1 + (tanhﬁ)2"+1).

Exercise 3.27: Notice that, by a straightforward computation,
laz+12 —la+z> =1~z - a?).

Since 1 —a? > 0, all the claims can be deduced from this identity. For example, |z| < 1 implies 1 - 1zI2>0
and, therefore, |az+1[% —|a + z|> > 0, that is, [p(2)| = [(az+ 1)/ (@ + 2)| > 1.
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Exercise 3.28: Since the argument of the logarithm in (3:I0) is always larger than 1, only the square root
can be responsible for the singularities of the pressure. But the square root vanishes at the values h € C
at which P cosh(h) =2 sinh(2f). Since we know that all singularities lie on the imaginary axis, they can
be expressed as h = i(+t + k27), where ¢ = arcosV 1 —e~4P, k € Z. Observe that, as § — oo, the two
singularities at +it converge from above and from below to & = 0. This is compatible with the fact that,
in that limit, a singularity appears at h = 0. Namely, using (3.10),

yp(Bh)

lim b
p—co B

=lhl+1,
which is non-analytic at = 0.

Exercise 3.29: Duplicating the system, we can write
|Zg |2 _ Z eﬁz(i'j}egA (wiwj+w'iw})+Z[EA(hwi+fzw;)
NBR T , :
w,w

Define the variables 8; € {0,1/2,7,371/2}, i € A, by cosf; = %(wi +w:.) and sinf; = %(wi —w;.). It is easy
to check that

0jw; +w;w; =2cos(0; -0;) = 00 4 e_i(ai_gf),
hw; + ﬁw'i =2%Rehcos(0;) +2iImhsin(@;) = (Reh +Im el + Reh-TImmye Vi,
Substituting these expressions yields
‘Ziﬁ = Y exp{ Y amelier miei}’
" Oien m=(m;)jep
m;€{0,1,2,3}

for some nonnegative coefficients am which are nondecreasing both in Re h + IJmh and Reh —Im k.
Consequently, expanding the exponential gives

|Zf,l3 h|2 . Y ameZieamifi,
" (0;)ien m=(m;)jep
m;€0,1,2,3}

where the coefficients G are still nonnegative and nondecreasing both in SRe h+Jm h and Re h—JIm k.
Now, observe that

Y oilienmif; — I Zeimﬂt =

{4“" ifm; =0,Vi€A,
0)ien i€ 0;

0 otherwise.
We deduce that |Z;ﬂ\~ﬁ h|2 =4lAl @(0,0,...,0) and, thus, that |Zf,ﬁ h|2 is nondecreasing in both e h + Jmh
and Re h—Imh. Since Re h— | Im h| = min(Re h + Tm h, Re h — Tm h), this proves that

1%} 1%}
Zy:pnl ZZag v e hoj3mm > O

Exercise 3.31: We write

/ / Kcwc+Kl.o
(ZA;KZA:K’)<0A_UA>VA;K®VA-K' = Z (wA_wA) H A
’ w,w’ CcA

11
= Z(l - w;’l) ZwA H eKctKeowploe ,
o' w CcA
and we can conclude as in the proof of (3.55), since K¢ + Kéwg = 0 by assumption.

Exercise 3.35: The only delicate part is showing that, for all E, E' c éa};,
NY(E)+ NY(E')< NY(EUE)+ NY(EnE"). (C2)
In order to establish (C.2), it is sufficient to prove that
E'— NY(EUE') - Ny (E") is nondecreasing. (C3)
Indeed, (C3) implies that
NY(EUE") - NY(E") = NY(EU (E'nE)) - Ny (E' nE) = NY(E) - Ny (E'n ),
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which is equivalent to (C2). Let E = {ey,...,ep} é"k. Since
!/ 2 /! !
NY(EUE)-NY(EY =Y {Nydei,...,ex} UE) = Ny (le1,...,e_1} UEN},
k=1
it is sufficient to show that each summand in the right-hand side verifies (C:3). But this is immediate,
since, if ey = {i, j},

0 ifi«—»jin{e],...,ek ]}UE’,
NWA €1,..+,€f UE/ —NW,, €1,..., €)1 lJE/ =
a J ) a I ) —1 otherwise.

. e . o P .
Exercise 3.37: Since llmMZd (O‘())A;ﬁ’O = <Ug)ﬁ’0, it follows from Exercise| that

(0= 0%A) = lim (oo) .20 =(00) i -
2 Arzd A;B,0 B,0

. FK,w - /%X — FK,w -
lim v, (0 0*A) vpﬁ,Z(O 00).

Observe that, forall0e Ac A € Zd,

FK,w ex FK,w ex FK,w ex
Vi 0= 0N S VLR (0= 9%A) < ViiE (0 0™A),
the first inequality resulting from the FKG inequality (as can be checked by the reader) and the second
one from the inclusion {0 < 0°* A} c {0 — d°*A}. The desired result follows by taking the limit A { 7% and
then the limit A 1 24,

Solutions of Chapter 4]

Exercise 4.2: Let € > 0 and let ¢ be such that Zj¢B(€) K(0, j) =e. Let A« c A be a parallelepiped, large
enough to contain [p|A[] particles, but such that if either of its sides is reduced by 1, then it becomes
too small to contain those [p|A[] particles. Then [A«| = p|A|+ O(|0™A|). If . denotes the configuration
obtained by filling densely A with particles (except possibly along its boundary), we get

kM=% Y Y KG,)+O0(0"Al.
i1€As jJEA&
Jj#i
Let then A} denote the set of vertices i € A4 for which B(¢) + i ¢ A«. Note that, whenever i € A, we

have IZjeA* K(i, j) — x| < € and thus, since |[Ax \ A | < 210M A,
j#i

| #0;k ) = (= 3 xpIAL)] < €l Al+ O™ Al).

We conclude that limMZd |70k M) — (—%KpIAI)I / IA] < €. Since € is arbitrary, the claim follows.

Exercise 4.4: The proof is similar to the one for the free energy: if A; and A, are two adjacent paral-
lelepipeds, ignoring the interactions between pairs composed of one particle in A and one in A gives

ON U Z ONBuON B -

We conclude, as before, that the thermodynamic limit exists along any increasing sequence of paral-
lelepipeds.

Exercise 4.5: Let us denote by n! (resp. n°) the configuration in which 7 j=mjforeach j#iandn; =1
(resp. n; = 0). The difference

k@) = uNA @D} = k00— uNA @} == Y. K, jymj—p
jen, j#i
belongs to the interval (—x — u, — ). Therefore, VABu (Ui =1 Inj = mj,Vj €A\ {i}) belongs to the interval
(17 + e By, 1/(1 + e~Blc+my),
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Exercise 4.6: Since
A
1< < ‘Z‘ IAl BGHION _ (1 4 PG +m0) A
=PNpu = N e = e ,
N=0

we have 0= pg(p) < B Mog(1+ P *+1). To bound O, from below, we keep only the configuration
in which 77; = 1 for each i € A. This leads to pg(p) = 5 + p1. The first two claims follow. The last two
claims about p g follow from the convexity of pg.

Exercise 4.7: As we did earlier, let e > 0 and take ¢ such that ¥ ;o (s) K(i, j) <€. Then

Y Y KG,p=en]
ieA':  jeA

i+B(&)cA’

and, since )
Y Y KG,j)sxelo™A],
ieA:  jeA'
i+B(O)gA'

the conclusion follows easily.

Exercise 4.9: Consider the gas branch: p < pg. By the strict convexity of the pressure and the equiva-
lence of ensembles, there exists a unique p(p) such that

fp(p) =plp)p— pgu(p)).

opg
Since p < pg, we have u(p) < p« and u(p) is solution of p = 5 . Then, we use (i) the analyticity of the

Frp pp
o
implicit function theorem (Sectlon-, to conclude that p(:) is also analytic in a neighborhood of p.
Since the composition of analytic maps is also analytic, this shows that fg() is analytic in a neighbor-
hood of p.

pressure, which imi lies in particular that its first and second derlvatlves exist, outside p«, (ii) the fact,

proved in Theorem {4 that > ,Bc > 0, which implies that > 0 whenever it exists, (iii) the

Exercise 4.13: We only consider the case d = 1; the general case can be treated in the same way. Let us
identify each A@ < 7 with the interval J@ = {x eR : dist(x, A1) < %}, whose length equals J@=¢

and let ] a) def {yx : x€ J@}. We have (up to terms that vanish in the van der Waals limit)

)3 ) inf <p(x)<\A )| Y K 1) <AD) Y Kywahs ¥ U sup g, (€

a’>1 xE]Y a’>1 a'>1 a'>1 xejv(/a’)

The conclusion follows, since the first and last sums of this last display are Darboux sums that converge
!
to [¢(x)dx as |]§,a )I =yl]0.

Exercise 4.14: Let N = [p|Al]. Since .4 (N; M) counts the number of ways N identical balls can be dis-
tributed in M boxes, with at most IA(” | balls per box, this number is obviously smaller than the number
of ways of putting N identical balls in M boxes, without restrictions on the number of balls per box. The
latter equals

N+M-1
M-1 |
Since
_ AL der
= |A(l)‘ = OA¢
. _ 1 def C e .
and hmAﬂZd Gpp= AT} - 8, Stirling’s formula gives
N+M-1
lim hm log N = lim {(1+6,)log(1+6,) +8,logd,} =0.
(=00 M-1 l—o00

Exercise 4.15: Let e > 0 and n be large enough to ensure that f(x) —€ < f;(x) < f(x) +¢ for all x € [a, b].
Since CE g = CE h whenever g < h, this implies CE f(x) —€ < CE f; (x) < CE f(x) +e¢ for all x € [a, b], which
gives the result.
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d;f e,ﬁzdn(d—l)/d

Exercise 4.16: Let ap . For all compact K ¢ H +

N
sup‘ Y ane"-Y ane_h"‘ <sup ) ape” Nehn o Y ape 0",
heK n=1 n=1 heK n>N n>N

where xg def inf{fReh : he K} >0, and this last series goes to zero when N — co. This implies that the
series defining v g converges uniformly on compacts. Since i — e s analytic on H', Theorem
implies that y g is analytic on H *. Moreover, it can be differentiated term by term an arbitrary number
of times, yielding, when h € R,

d*y
lim =D¥*lim ¥ nfa,e | = n*a,.
hl0 dhk ‘ hl0 ,;1 ,gl "

_ (d-1/d
Alower bound on the sum is obtained by keeping only its largest term. Notice that x — xke—2dpx
is maximal at

k dl(d-1)
xe =2l B,) S ()

20d-1)B
Keeping the term n4 de | x4« ], reorganizing the terms and using Stirling’s formula, we get
> nka, = nka,, = ckpd/d-D,
nzl

for some C_ = C_(B,d) > 0. The reader may check that an upper bound of the same kind holds, with a
constant C; < co.

Solutions of Chapter 5|
Exercise 5.1: In (5.9), just distinguish the case k =1 from k = 2.

Exercise 5.2: 'We proceed by induction. The case n =1 is trivial. Now if the claim holds for 7, it can be
shown to hold for n + 1 too, by writing

n+1 n

(H(1+ak)]—l_ A+ ans1) (]‘[ 1+ak)—1]+a,,+1.

Exercise 5.5: When using more general boundary conditions, the same sets S; can be used, but the sur-
face term e~2P19eSil in their weights might have to be modified if S; ™ A # @. The condition can
nevertheless be seen to hold since the surface term was ignored in our analysis. Then, the contributions
to log=LF AsBh coming from clusters containing sets S; that intersect A is a surface contribution that

vanishes in the thermodynamic limit, yielding the same expression for the pressure.

Exercise 5.6: First,

n n

907 @ =Y an(Y ) =Y an ¥ [legd=Yan ¥ 2" ¥ le
n=1 k=1 n=1 k1,.kpz1li=1 n=1 m=n k1,.kpz=l i=1
k1+-+kn

n
an ¥ [T e, }zm.
1 kpokp2l i=1
ky+-+kp=m

Ms

=Z{

m=1"n

However, since <p(</)’1 (2)) = z by definition, we conclude that the coefficient of z in the last sum, which
is @y c1, must be equal to 1, while the coefficient of z™, m = 2 must vanish. The claim follows.

Exercise 5.7: The procedure is identical to that used in the proof of Lemma The expansion, up to
the second nontrivial order, is given by

y5(0) — d log(cosh p) —log2 = Jd(d —1)(tanh B)* + J d(d —1)(8d — 13)(tanh §)° + O(tanh p)®.  (C.5)

These two terms correspond, respectively, to sets of 4 and 6 edges. In the terminology used in the proof
of Lemma one has: A=4,B =1,C =1 for the first term and A = 6,B = 1,C = 1 for the second.
Therefore, the only thing left to do in order to derive is to determine the number of such sets
containing the origin, which is a purely combinatorial task left to the reader.
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Exercise 5.8: First, the high-temperature representation (5.38) needs to be adapted to the presence of a
magnetic field. Indeed, must be replaced by

T ol¢D o
wi==%1

2cosh(h) if I(i,E) is even,
2sinh(h) if I(i, E) is odd.

Then, the class of sets E that contribute to the partition function is larger (the incidence numbers I(i, E)
are allowed to be odd), giving

ZIZ

Ao = (2cosh )™ (cosh g€l Y (tanh B)!¥! (tanh )91

Ecé&p

where 0F def {i e 74 . I(i,E)is odd}. Notice that [tanh k| < 1 when |k is small enough. Then, the
weights of the components are bounded by the same weight as the one used above, (tanh §)!, and the
rest of the analysis is essentially the same (keeping in mind that the class of objects is larger).

Exercise 5.9: Itis convenient to use the notion of interior of a contour depicted in Figure[5.2] Then, given
a collection I’ = {yy,...,yn} = T'5 of pairwise disjoint contours in A, consider the configuration

w; = (_1)#{yEF’ :ielnty} )

Since AN Uyerr Inty = @ when A is c-connected, it follows that w € QX. It is also easy to verify that
I (w) =T’. This shows that the collection is admissible.

When A is not c-connected, this implication is not true anymore. For example, consider the set A =
B(2n) \ B(n). Because of the + boundary condition outside B(2n) and inside B(n), in any configuration
wE QX, the number of contours y € I''(w) such that B(n) c Inty has to be even. Observe that the latter is
a global constraint on the family of contours.

Exercise 5.10: See Exercise[3.20)

Exercise 5.11: As was done earlier, one can write for example
A A A
X;A_ Vg0 = X;A WX - ng- Y5 (X,
XcA XA

The clusters that satisfy at the same time X ~ A and X ¢ A have a support of size at least d(A, A®). As
before, one can show that their contribution vanishes when A 1 74,

Solutions of Chapter 6]

Exercise 6.2: Clearly, the family of subsets A & 7% is at most countable. Since each % (A) is finite and
since a countable union of finite sets is countable, €5 is countable. To show that % is an algebra,
observe that, whenever A € %, there exists some A € S and some B € Q such that A= l'[l_\1 (B). But,
since A€ = l'II_\1 (B®), we also have A€ € €. Moreover, if A, A’ € €, of the form A = 1'[1_\1 (B), A = 1'[1_\,1 (BN,
then one can find some A” € S containing A and A’ (for example A” = AU A'), use the hint to express

A=TI},(B1), A' =TI },(Ba), and write AU A’ =TT}, (B U Bz). This implies AU A’ € Cs.

Exercise 6.4: For example, consider A = {0,1} x {0} and A = {0, 1}2. It then immediately follows from the
high-temperature representation that

(0’(0,0]0(1,0])2 = tanhﬁ ,

while
(U(O’O)U(Lo))f = (tanhﬁ + tanh3 ﬁ)/(l + tanh4 ﬁ) .

Since these two expressions do not coincide when § > 0, it follows that ,uf o (1'12)’1 # yi .

Exercise 6.5: By definition,
maAmA(Alm = Y malwpalmma(Aloanac),

WAEQA

which only depends on 1 yc. This also immediately implies that 75 7 is proper.
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Exercise 6.6: If f =14,

ump (1) :an(A|w)H(dw):anlA(w)ﬂ(dw):ﬂ(ﬂAlA)-

For the general case, just approximate f by a sequence of simple functions of the form ¥; a;14;.-
Exercise 6.7: The proof of the first claim is left to the reader. For the second, observe that, forany A€ .7,
prp(A) = fﬂA(Alw)p(dw) = f lA(TAa)Ac)pA(dTA)p(dec) =p(A),

so that p € ¢ (). To prove uniqueness, let y € ¢ () and consider an arbitrary cylinder C = l'[/’\1 (E) with
base A. Then, one must have

H(C) = ump(C) =fftA(1'I]\1 (B) | o) p(dw) =pr(E)u(dw) = (B) =p(0),

and therefore p must coincide with p on all cylinders, which implies that p1 = p.

Exercise 6.8: To show absolute summability, it suffices to prove that

Y Joi= Y 10MB@Ir®
iez4\{0} rz1

is bounded. Since |0™B(r)| is of order rd’l, the potential is absolutely summable if and only if a > d.

Exercise 6.9: Clearly, d(w,n) = 0 with equality if and only if w =17. Since 1y, #n;} < Liw; #1;} + Liz;n;) for
alli € 2%, we have d(w, n) <d(w,7)+d(t,1),s0d(,-)is a distance.

Notice that 1fa)B ) =MBw) then d(w,n) <2d Y j~,2k+ l)d 1y- kde e(r),wnh e(r)—0asr — oo.

(n) _

Suppose that »™ — w*. In this case, for any r = 1, there exists ng such that gy =

for all
r)

n = ng. This implies that d(w M) w*)—0as n— oo.

Assume now that d(@"”,w*) — 0. In that case, for any k = 1, one can find n; such that dw™ w )<
n)

27k for all n > n1. But this implies that l{w(”)¢ =0 each time ||i[loo < k. This implies that wB(k)
i

wg(k) for all n = n;. Therefore, 0 — w*.
Exercise 6.10: Let C = l'[l_\1 (A) be a cylinder. If w € C, then any configuration ' which coincides with w
on A€ is also in C, which implies that C is open. Now let G = Q be open. For each w € G, one can find a
cylinder C, such that G> Cy 3 w. Therefore, G =Ugweg Cw- But, since % is countable (Exerc1se ), that
union is countable. This shows that G € .

Exercise 6.11: Assume f : Q — R is continuous but not uniformly continuous. There exist some € > 0
and two sequences (w("))nzl, M) 151 < Q such that d(w™,7") - 0 and | f(™) - fF@)| = € for
all n. By Proposition [6.20} there exists a subsequence (‘U("k))kzl and some w, such that ") — w,.
This implies also d(n ”k ,wx) <d(n ) M)y + d(w™K) ,w,) — 0. But, since € < If(a)(”k)) — flws)|+
If ")) - f(w+), at least one of the sequences (If (™)) — f@ D=1, (fF @) = f(w)]) =1 cannot
converge to zero. This implies that f is not continuous at w+, a contradiction. The other two facts are
proved in a similar way.

Exercise 6.12: is immediate since local functions can be expressed as finite linear combinations of
indicators of cylinders.

Let f € C(Q). Fixe > 0, and let g be a local function such that ||g — flle < €. Then |u, (f) — p(f)l <
[n(g) — u(g)l +2¢, and thus limsup,, |1, (f) — w(f)| < 2e. This implies that p, (f) — p(f).

l 11)is immediate since for each C € €, f = 1¢ is continuous.

4t Let mn(k) maxCE%(B ) 14n(C) — u(C)]. Notice that my, (k) < 1. Fixe > 0. Let kg d:efe_l, Clearly,
as n— oo,

max my(k)—0.
1<k<k0

mn (]C)

On the other hand, if k > ko, then T <e Therefore,

k
hmsupp(pn,u) =limsupsup i (k) <e
n—00 f=1
Let C € € and fix some ¢ > 0. Let k be large enough so that C € €' (B(k)), and let ny be such that
0(un, ) < £ forall n = ng. For those values of n, we also have

O -pC)l< max ch-uChl <e.
[tn( n(O)] C’E‘ia”[B(k))Wn( )—u |
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Exercise 6.13: Writing mp f(w) =Y A f@pwpc)mA (TA |w) makes the statement obvious.

Exercise 6.14: The construction of ,ug j» using Exercise and Theorem is straightforward. We

check that ug 1 €9(B, h). Let f be some local function and take A € 74 sufficiently large to contain the

supportof f. Lemrna (whose proof extends verbatim to the case of free boundary condition) implies

that, forany A € z4 containing A, <f>i;ﬁ,h = <(f)'A;ﬁ,h>§;ﬁ,h' Again, since w — <f)X;/S,h islocal, one can

let Al Zd, and obtain (f)gh = <<f>A;ﬁ,h)Eh' from which the claim follows.
Exercise 6.15: Assume there exists p € ¢4 (). Notice that

BINT =0) = p(in ™) = prp(in ) = fﬂ/\({n_} |w)pu(dw) =0.
Then, p(N* =1) = Yiezd ,u({n_'i}). However, for all A € Z¢ containing i,

. . 1

(" =praln™'H = —,

pan HrAlm Al

so that u({™'}) = 0. We conclude that g(N* = 1) = 0. Finally, g(N* = 2) < Yizjpulw;=wj=+1}) =0,

since p(lw; =w; = +1}) = ur(; jj(fw; =wj = +1}) =0 forall i # j. All this implies that u(Q) = 0, which
contradicts the assumption that u is a probability measure.

Exercise 6.16: For example,

1
(w) =limsu w
f n—~oop [B(n)| ieB(n)

has A(f) =0, but it is not continuous (see Exercise[6.23). In dimension d = 2, take € > 0 and consider, for
example,
1
(w) = ——( max w;— min wj).
g kzz:1 Ki+e (jeB(k) 17 o8 i)
Then g € C(Q), but A(g) = co.

Exercise 6.17: By the FKG inequality, for any w € Q,

— —2h+4dp -1
L2 Uy 500 = D) 2 s, (07 = 1) = {1+ e M4}
Therefore,
2
17 (i |w) —7; (w; | 0] € ————— .
wigil i\wj i\wj 1+82h*4dﬁ

Since the expression in the left-hand side is actually equal to 0 when w;= w;. forall j ~ i, we obtain

4d

¢t = T oh-adp

which is indeed smaller than 1 as soon as h > 2df + % log(4d - 1).
Exercise 6.19: Clearly, c; j(]‘[) = 0 whenever j # i. Let j ~ i and consider two configurations w,n such

that o =7y forall k # j. When s € {0,...,g—1}\{w;,nj}, m;(0; = s|n) =7m;(0; = s|w). Let us therefore
assume that wj=s # nj. In this case,

o~ BHk~ing=s} 7l

01 = s =il = sty = o 0 ),
Z{i} {i}
Now, observe that
z
2 B _ [y PBoinj =000 tDNY 28
70 e —<e >m€[e 1],

{i}
Therefore, [7;(0; = s|n) —n;(0; = slw)| < 1/Z?” = 1/(q - 2d). This yields ¢; j(7) = 2/(q - 2d) and thus
c(m) <4d/(q—2d), which is indeed smaller than 1 as soon as g > 6d.

Exercise 6.20: We have seen in Exercise that a > d is necessary for the potential to be absolutely
summable. Then,

1 d 1 def
b=sup Y (Bl-DlI®gleo= Y, —#jcz%: j#0,ljlo=k}<2d Y ———— = by(a,d).
iczd B3i =1 K f= kiramd
For all @ > d, we have uniqueness as soon as § < o def ﬁ. Observe that By | Owhen a | d.
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Exercise 6.21: Using the invariance of 75 in the second equality,

(Bjy)nA(A):an(AIij)y(dw):fngflA(H;IAlw)u(dw) :/,me;lA(BJTIA) :y(Hj_-lA):ij(A).

Exercise 6.22: Let u € ¢ () (which is not empty by Theorem [6.26) By Theorem [6.24] we can consider a
subsequence along which pp, converges: pp; = p«. To see that u, is translation invariant, 0; i« = ux«

forallie Zd, it suffices to observe that, for any local function f,
Z 0j+in(f) - Z Bju(f)(sCllf\\oollillilae"B(nk)l.
jeBng) jeBny)

Then, p € ¢ () and Exerciseimply that up, € 4 (m) for all k. Since ¥ () is closed (Lemma, this
implies that py € 4 (7).

Exercise 6.23: Let w € Q. Since f is non-constant, there exists ' such that f(w) # f(w'). Let 0™ =

)w’ - Then "Y' — w. However, f(@") = f(w') for all n and therefore f(w™) £ f(w).

wB(n B(n

Exercise 6.24: Let g be 7 c-measurable. We first assume that g is a finite linear combination ¥ ; a ;1 A
with Aj € #c. On the one hand,

(gv)ma(A) =an(A|w)g(w)v(dw) :Zaij A (Alw)v(dw).
j J

On the other hand,

g(WIA)(A)=ng(w')vnA(dw'):ZajvnA(AnAj):Zajan(AnAjlw)v(dw).
i i

By Lemma we have mp (AN Aj |w) = nA(AIw)lAj (w). This implies that (gv)mp = g(vmp). In the
general case, it suffices to consider a sequence of approximations g, (each being a finite linear combi-
nation of the above type) with ||g; — gllcc — 0, and use twice dominated convergence to compute

(gv)mp(A) = nlggo(gnv)n/\(A) = nlggogn (vp)(A) = glvmp)(A).
The reader can find counterexamples that show that (6:63) does not hold in general when g is not .# ¢ -

measurable.

Exercise 6.25: Since 14 = (1+00)/2and 1, = (1+0)/2, t(ANB) ~ (A u(B;) = § (1000 ) ~po0) (o).
By symmetry, ME,O(UOUi) = Hg (0007 and p(og) = 21— l)uE 0(00), o) = (A~ UME,O(UJ By the
FKG inequality, ,u;g 0(0007) = “E O(Uo)ug 0(0i). We therefore conclude that u(o90;) — u(oo)p(o;) =
(1-A- 1)2) (HE 0(00))2, which is positive for all 8 > B.(2) and all A € (0,1).

Exercise 6.26: Extremality of uZ; ;, implies that, for any € > 0, there exists r such that 0 < (;;0 j)E nS€
forall j ¢ i + B(r). Therefore,

Varygyh(mB(n)):|B(n)|‘2 Z (gi;aj)g,h

i,jeB(n)
_ IB(r)|
sBw? ¥ | ¥ (opophut ¥ <"i;"i>¢+3,h}s|5( )l
ieB(n) jei+B(———  jeB(n) —  —— n

<1 jgi+Br)  se
Letting n — oo and then ¢ — 0 shows that lim; Varﬂ+ (mgyy) = 0. The conclusion follows from
B.h
Chebyshev’s inequality (B.18).
Exercise 6.27: On the one hand, if v is trivial on %, then
f v(B)v(dw) =v(B)v(A) =v(ANB),
A

forall B € .% and all A € I, since v(A) is either 1 or 0. This shows that v(B) = v(B| J) v-almost surely.
On the other hand, if the latter condition holds, then, for any A € I,

v(A) :f lAdv:f v(A| .7oo)dv:f v(A)dv:v(A)Z,
A A A

which implies that v(A) € {0, 1}.
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Exercise 6.28: A simple computation yields

1+m 1+4m 1-m 1-m

a _ 2

", (wy,) = IVnI{dﬁm +hm-— 5 log > T log 5 },
where we have introduced m def @ip i It is now a matter of straightforward calculus to show that the
unique maximum is attained when m satisfies m = tanh(2dm + h).

Exercise 6.29: By (6.93), we have, for any n =0,

S S (K)  SBm (W
limsup s(ug) =limsup inf AlKE) <limsup B el _ 2BonH .
k—o0 k—oo AeZ Al k—oo 1B [B(n)]

Letting n — oo yields the desired result.

Exercise 6.32: We show that ,uni =pforallA € Z4. For each local function f,we write

() = {unS () — kxS (O + {ukad (H - uknA (N} +pka (f).

Since ® has finite range, w — nf (flw) is local. Therefore, u* = y implies that pkni( H—- /m%( f)as
k — oo. For the second term, proceeding as in @ gives

,uknf(f) u* nA (f)|<f|7t,\(f|w) nA (flw)lu (dw)<2|AI||f|IooZ IICI>B—<D§IIOQ,
B30

which tends to zero when k — oo. Finally, since ,u €Y ((Dk f) k(f), and ,uk(f) — u(f).

Exercise 6.33: Assume that there is a unique Gibbs measure at (8, hg). Observe that, setting g = ﬁ 2i~0000;
and A = - fp, we have
def . Isin, Isin,
W= lim —L_jog(exp{n ] =y S1"8(B, ho) —w >"8 (Bo, ho) -
v o A g< p{ je;(g)go ]}>Aﬁ0h =y 58 (B, ho) — "8 (B, ko

We deduce that

‘ _ oylsing(p, ho)‘ | _ oy'sing(B, )
A=0" 9T B=po’ (w A=0"  9pt p=po’

Therefore, if u/lsmg(ﬁ, ho) was not differentiable at By, then the same would be true of ¥ and Proposi-
tion| would imply the existence of multiple Gibbs measures at (S, hp), which would contradict our
assumption.

Solutions of Chapter|7]

Exercise 7.2: Tt suffices to show that 7 enjoys the following property. For each k = 1, n is a minimizer
(possibly not unique) of %B(k)-(bo among all configurations of QnB o To prove this, observe that the

configuration 77 possesses a unique Peierls contour y and check that the length of yn{x € R? : | X]loo < k}
cannot be decreased by flipping spins in B(k —1).

Exercise 7.3: The following construction relies on a diagonalization argument, as already done earlier in
the book. Fix some arbitrary configuration 1 € Q. For each 7 = 0, let " be a configuration coinciding
with ) outside B(n) and minimizing #g .. Order the vertices of z% iy, ip,.... Let (n1,K) k=1 be a

(nl,k)

sequence such that w; " converges as k — oo. Let then (ny ;) k=2 be a subsequence of (1 }) =1 such

) . .
that w "2k converges. We proceed in the same way for all vertices of Z4: for each m = 1, the sequences
n .
(wg.mm k ) k=1 converges as k — co. We claim that the configuration w defined by
w; def Jim w( "””), viez?,
m—oo

is a ground state. Indeed, let w’ = w and choose 7 so large that w and o’ coincide outside B(n). Let N be
so large that w coincides with o™ on B(n+ r(®)). Then, by our choice of o)

Hpwlw)= Y. {0p@)-0pw)}
BNB(n)Zo

= Y A{®s@gu )~ 280N} = A @ g e |0 ™) 2 0.
BnB(m)#92
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536 Appendix C. Solutions to Exercises

Exercise 7.4: 1. Consider the pressure constructed using a boundary condition 7 € gP®(®). On the one
hand, Zg(A) = e’ﬁjf/\@(”), which gives y(®) = —eq (7). On the other hand, for any w € o,

A0 ) = 0 0) + {00 (0) - A0} = Hp0 M) + Ko (00 = Hyom).
This gives

Zg (A) < e_ﬁ‘%/\;d) (m |Q7\| )

Since |Q] | = 1Qo|', this yields /(®) < —eq () + 5~ log|Qol.

2. Observe that a configuration w € QX is completely characterized by its restriction to % (w). Therefore,

Z?D(A): Y e~ BHh0 @) < o—BHp 0 M) Y e PPIBW) _ =PI ;0 m) Y Y o~ PpIBl

weQ']\ weQ'}\ BCAQweQZ:
(w)NA=B
A A (1l n V% IAl
< o B0 y (|Qo|e*,3l’) =e P Aol (1 4 |Q(]|eiﬁp) .
n=0

This gives y(®) < —eq + ! log(1 +Qqle PP) < —eq + 71 1QplePP.

Exercise 7.5: It is convenient to work with the following equivalent potential:

- iwi—55w;+w;) ifB=1{ijl,i~],
CDB(w)déf Wiwj— 55 +w;) {l. Jhi~]
0 otherwise.

We are going to determine g, (®). For any pair i ~ j,

1-(h/d) ifh=+2d,
bii,jy =min®y;, jy () = { -1 if bl <2d,
1+ (h/d) ifh<-2d.

(The three cases correspond to w; =wj =1, w; = w; = —1 and w; # w respectively) The cases h = +2d
are discussed below; for all other cases:

n*} if h>+2d,
gm(@ =1 n*,nT} iflhl<2d,
n~} ifh<-2d,

= a =
where n*,7% are the two chessboard configurations defined by nf def (—l)zk=1 ' and n* d:ef—ni. When
h = +2d, gm (®) contains infinitely many ground states. For example, if h = +2d,

gm(cl>):{w€Q:3§i,j€Zd,i~j, such thatw; =w; = ~1}.

Exercise 7.7: Forall{i,jle 7, w;jw j is minimal if and only if w; # @ Iz and this cannot be realized simul-
taneously for all three pairs of spins living at the vertices of any given triangle. This implies that ® is not
an m-potential.

For the triangle T = {(0,0), (0,1), (1, 1)}, let

D7 (W) = w,0)@(0,1) +@O,1HP(1,1) + 0,0 @(1,1) -

Define @ similarly on all translates of T. Then @ is clearly equivalent to @, and can be easily seen to be
an m-potential; each 7 being minimized if the configuration on T contains at least one spin of each
sign. This allows to construct infinitely many periodic ground states for ®. For example, any configu-
ration obtained by alternating the spin values along every column necessarily belongs to g, (®). Since
this yields two possible configurations for each column, one can alternate them in order to construct
configurations on Z2 of arbitrarily large period.

Exercise 7.8: Clearly, the constant configurationsn* and n~ are periodic ground states, and their energy
density equals eq = a. Then, any other periodic configuration will necessarily contain (infinitely many)
plaquettes whose energy is § > a. By Lemma this implies that gP®"(®) = {n*,n~}. Examples of
non-periodic ground states are obtained easily, by patching plaquettes with minimal energy.

To see that Peierls’ condition is not satisfied, consider a configuration w = =, which coincides
everywhere with 77~ except on a triangular region of the following type, with L large:
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o0 0 0 0 0 0 0 0 0
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o0 0 0 0 0
o0 0 0 0 0
OO0 0 0O

o0 0

o0 0

o

o

O 0 0 0 0 0 0 0 0 0
o0 0 0 0 0 0 0 00

Notice that all points along the boundary of the triangle are incorrect, which implies that | %2 (w)|
(and therefore |T'(w)|) grows linearly with L. Nevertheless, for each L, there are exactly three plaquettes
with a non-zero contribution to .73 (w 1), indicated at the three corners of the triangle. This means that
o (w|n) is bounded, uniformly in L: Peierls’ condition is not satisfied.

Exercise 7.9: Let

if B is a translate of B(r),

. IBerol™1,  _
wé(w)d:ef{ T ep=np)

otherwise.

Suppose first that m € I. In that case, setting A =0forallie Iand AJ = A >0 for all jefl,...,mi\ I, we
obtain, for each k€ {1,2,...,m},

( k) g¢0+/1 ifke{l,....m\1I,
e — i i =
o0y AW = g ifkel.

When m ¢ I, we proceed similarly by setting Al =0forallie {1,...,m}\ I and Al =21 <o0for alljel.
The reader can check that these potentials do not create new ground states.

Exercise 7.10: By construction,
K @17 = Apw|n) = plT ()| 2 p|B (W),

where we used Peierls’ condition for ®. Now, observe that if a vertex i of the renormalized lattice is not
#-correct, there must exist a vertex of the original lattice such that j € iryx + B(3r«) and j is not #-correct.
Therefore, | Z(®)] = IBBr+)| " B(w)| = 37%|B(r«)| "} |B(w)|. Thus, since [T(@)| < 3¢|2(®)|,

plBW) = p3~ 4 B(r) 112 @) = p3~24B(r)| " T @)

We conclude that Peierls’ condition holds for ® with a constant p3_2d|B(r*)|_1.

Exercise 7.11: Leti,je€ A?, and consider a path 7 = (i1 = i,12,...,ip-1,in = J), With doo (i, if+1) = 1. If

. def . . def . P
7 exits A, let 51 = min{k: i € Ay} -1 and s, = max{k: i € As} + 1. By construction, i, ,is, €.
Since ¥ is connected, there exists a path from is; to is, entirely contained inside . But this allows us to
deform 7 so that it is entirely contained in A?.

Exercise 7.12: For ease of notation, we treat the case of a single contour; the same argument applies in
the general situation. Proceeding exactly as we did to arrive at (7.34), treating separately the numerator
and the denominator, we arrive at the following representation:

_ ZI‘E@{I HyeFW#(Y) % Zl‘edz H}/EI‘W#(Y)

#o
= = =w"(y),
Yre oy Hyer w? () Yrey yer w# ()

H?\;(D (l—'/ 3 YI)

Revised version, August 22 2017
To be published by Cambridge University Press (2017)
© S. Friedli and Y. Velenik
www.unige.ch/math/folks/velenik/smbook


www.unige.ch/math/folks/velenik/smbook
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where we have introduced the following families of contours:

Ay def compatible}, A def {T € o : 7' is an external contour of '},

while % is the set of all ' € .7 such that each y € T is compatible with y’ and there does not exist y € T
such thaty’ cinty.

Exercise 7.13: Notice thatif Ry, Ry are two parallelepipeds such that R UR> is also a parallelepiped, then
Z(R1UR2) = Z(R1)Z(R2). Namely, the union of two compatible families contributing to Z(Ry) and Z(R»)
is always a family contributing to Z(Rj U R2). One can then use Lemma

Solutions of Chapter|8|

Exercise 8.1: One could use a Gaussian integration formula, but we prefer to provide an argument that
also works for more general gradient models. We can assume that A is connected. Consider a spanning
treeEl T of the graph (A, &) and denote by T the tree obtained by adding to T one vertex igp € ™A
and an edge of &P between ig and one of the vertices of T; we consider iy to be the root of the tree
To = (Vp, Ep). Clearly,
Hpsp,m() = 5 Y wi-w)? E gy p@).
{i,J}€Ey
Of course, B
Z7\;ﬁ,m sfe"%lb;ﬁ(‘”Vo’“o) [1 do;.
ieA
Letie Abea leafElof the tree Ty. Then, denoting by j the unique neighbor of i in Ty,

o _B( )2 © _p 2
f e 4d(“’t ‘“1) dwi:f e 1d* dx=/4nd/p.

—00 —00
We can thus integrate over each variable in A, removing one leaf at a time. The end result is the upper
bound A2
7]
Zppm= {ama/p}' ™=,

Exercise 8.2: The problem arises from the fact that, when no spins are fixed on the boundary, all spins
inside A can be shifted by the same amount without changing the energy. This can already be seen in
the simple case where A = {0, 1} < Z, with free boundary condition:

_ P won—w)? 4dn
2] _ (wo—wq) _ _
ZA;,B,O‘[{[@ ad dwl}dwo—,l 5 fdw0—+oo.

Exercise 8.3: The first claim follows from the fact ¢;, - is an odd function, so its integral with
respect to the density (with ap = 0) vanishes.

Let us turn to the second claim. First, observe that one can assume that all vertices iy, ..., iz, are
distinct; otherwise for each vertex j appearing r;j > 1 times, introduce r;j — 1 new random variables,
perfectly correlated with ¢ ;.

The desired expectation can be obtained from the moment generating function by differentiation:

62}1

" Pizpiy

NI Ep[e'a ]|

T 0ty 0ty tA=0

The identity allows one to perform this computation in another way. First,
exp{%tAEAtA}: Z %2_"{ Z ZA(j,k)tjtk}n.
n=0 jrkeA

Therefore,
4%n n
l_[ ZAGm km),
{j1.k1beoljnknicA m=1
:ln=1 {mrkmi=li1,....ian}

1 1
= eXp15Ip-ZAL ‘ =5
0ty -0ty Platn Zaiat], o= m

where the factor 27" was canceled by the factor 2" accounting for the possible interchange of j,; and
km for each m = 1,..., n. Now, we can rewrite the latter sum in terms of pairings as in the claim. Note
that, doing so, we lose the ordering of the n pairs {j;, kim}, so that we have to introduce an additional
factor of n!, canceling the factor 1/n!. The claim follows.

1A spanning tree of a graph G = (V, E) is a connected subgraph of G which is a tree and contains all
vertices of G.
2 leaf of a tree if a vertex of degree 1 distinct from the root.
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Exercise 8.4: The procedure is very similar to the one used in the previous exercise. We write C;; =
E(@;¢}). Then, using and (812),

Efeor]=Y, ¥ E[[lef 1114
nz0(r;)jepA<SZ>0: i i
iri=2n

=2 X {Z [1 CM'}HQ-U

n=0(ry)jeaCZs0: Pl e P i

Yiri=2n
1 & ri
_ -n
- Z Z ni2 { H Cimfm}l__[til
nz0(r;)jea<Z>0: {1 k1beolin knlcA m=1 1
Yiri=2n Em1 Ujm=iy t ik =ip) =T, YiEA
n
- 1,-n T 7
- Z WZ { . Z l_[ Clm]m tlmt]m}
n=0 {j1,k1}oljn, kntcAm=1
— 1,-n n_ 1
= Z mz { Z Cijtitj} —exp{ Z Zcij[itj}.
n=0 i, jEA i,JEA

Exercise 8.6: Let (¢;)j=_p-1,.,n be iid. random variables with distribution ¢; ~ .47(0,2). Let Lp der

ép1+--+¢é-1and Ry def ¢o + -+ +&n. The density of ¢g coincides with the conditional probability
density of Ly, given that Ly + R, =0, which is equal to

1 X
_1 L, 3rmn 2
an (X)fRn (—=x) _ {\/4n(n+l)e " } _ 1 e_%(rzx*fl)
0 1 ~ V2rn+D) ’
JL,+R, (0 =

so that pg ~ A4 (0,n+1).

Exercise 8.7: Since ¢ is centered, ¢ also is. Then, observe that
0 itp-@ 0 ity -
EA;O[el A ‘PA] :EA;()[el A ‘PA]’
where ; def tiforalli#0and i =~ ¥ jea\(0 ;- From (B8), we get
E?\;O[e”""“] —exp{-1 ¥ GAG)E i} = exp{-1 Y Gali, tit,
i,jeA i,jeA\{0}
with G (i, j) given in (8:34).

Exercise 8.10: Whend =1, (—ﬁA +m?2)u =0 becomes

Uy =20+ mP)ug — up_, .
For any pair of initial values up, 11 € R, we can then easily verify that uy, k = 2, is of the form
Up = Az’j +Bzk )

where zi = 1+ m2 +v/2m? + m* and A, B are functions of ug, 1. The conclusion follows, since z_ =
1/z5+.

Solutions of Chapter|[9)

Exercise 9.1: Since (S;-S;), —0 uniformly as || j — ill, — oo, we can find, for any € > 0, a number R such
that (S; ~Sj>y <eforall i, j such that || j — i[l, > R. Consequently, for any i € B(n),

Y (8i-Sju=IBR)|+elB(n)l.
jeB(n)
It follows that
limsup(llmp I3), =limsup|B(m)|™* Y. (8;-S;), <limsup[B(m|™' max Y (S;-Sj)y<e.
n—oo n—o0 i,jeB(n) n—oo ’EB(")jEB(n)

Since e was arbitrary, the conclusion follows.
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Exercise 9.3: Simply take H?W =(1-lilleo/m)m.

Exercise 9.4: First, observe that

n—1
Y (Uil = FUlfIe))? = Y k97N (FR) - fle+ 1))
li.Je68 k=¢

By the Cauchy-Schwarz inequality,

n-1 n-1 n-1
{ 3 (Ft) - flk+ 1))}2 < { Y kd‘l(f(k)—f(k+1))2}{ Y k—(d—v}.
k=¢ k=0 k=¢
Therefore,
n—1 n-1 _
Y (Uil - ffI)? 2 { Y (F - flke+ 1)} T k@)
=,

= (f(0 —f(n))z{ > k‘(d‘l)}_l = { y k—(d—l)}‘l .

k=0 k=t

Exercise 9.5: Fix M = 2 and partition (-, 7] into intervals Iy,...,Ips of length 27/M. Write v, def
u%(n};ﬁ(ﬁo € Ir). Then, @.9) implies that |v, —vs| < ¢/Ty(d) for all 1 < r,s < M and thus |v, — ﬁl =

ﬁ Izg 1 r =vs)| = ¢/ Tp(d). The first claim follows. The second claim is an immediate consequence of
the first one.

Exercise 9.7: Writing S; = (cos9;,sind;) gives §; -8 = cos(d; —9;), so the partition function with free
boundary condition can be written as

T T n
V4 = do_ f do Beos(0;—-0;_1)
Bm:p f’” " I nizl_r[z-v-le
Now, observe that

Y/ /A
[ donepeos0n0n-0 [ arePost —zmig(py.
-7 -

One can then continue integrating successively over 8,1, ...,0_,+1, getting each time a factor 2z Iy (f),
with a final factor 27 for the last integration (over 6_). Therefore,

Zg(n)-ﬁ - (271)‘B(n)|]0(ﬁ)|8(")‘_1 R

and, thus, ¥ (B) =limy—co \B(n)l’1 loglg(m,‘6 =log(2n) +logIp(B). The computation of the numerator
of the correlation function (Sg Si)é(ﬂ)‘ﬁ is similar. We assume that i > 0. Integration over 8y,...,0;,1 is

carried out as before and yields Iy (ﬁ)"’i . The integration over 6; yields, using the identity cos(s+ t) =
COsscos f+sinssint,
s 0.-0 Y/
f deieﬁcos( i=0i-1) cos(@; —0) :f dTe’BCOSTCOS(T+9,-,1 ~0y)
- -

3
=cos(f;_1 — Go)f dreP 05T cos(r) = 2711 (B) cos(6;_1 — 6p) .
-7

The integration over 6;_1,...,0; is performed identically. Then, the integration over 6y, ...,0— is done
as for the partition function. We thus get, after simplification,

Io(B)

50557 o 21(21Ly(B)" (2211 ()’ (21T ()" _(Il(ﬁ))'”
0SB (n); 2n(2ﬂ10(ﬁ))2" .

Letting n — co yields (So -S;)u = (I (B)/ To(B) .
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Solutions of Chapter|[10]

Exercise 10.2: Suppose first that ©(u) = p. In this case, for any f, g € 24 (©),

(fO()u = (O(fOENu = ONEu-

L,+(©) Tr,-©)

0 be
xB, f=1;and g= 1o We then

Conversely, suppose that (f©(g))y = (§O(f))y, forall f,g €A, (0). Let Ac Qg ,BcQ

Tr,-(©) =def Tp+(©)

. ~ def
arbitrary measurable sets and set A = Ax QO , B QO

have o o
AN B) = (fO(Q)yu = (O(f)gu=uOANB)).

Since events of the form AN B generate the product o-algebra, we have shown that p = ©(w).

d .
Exercise 10.3: Consider Qp = {+1}. Let o’,0"” € Qp be defined as follows: o) = (~1Zk=1k, o = -,
Let p def %(6 o' T 04,m). Then p is translation invariant but not reflection positive. Namely, let © be

any reflection through the edges and let e = {i, j} € &7 be such that j = ©(i). Let f(w) def w;. Then
(foMHu=-1<0.

Exercise 10.4: As a counterexample to such an identity, one can consider, for example, the Ising model
on Tg with blocks of length B = 2 and the four Ay-local functions given by fo = 14+, f1 = 1+—,f2 =

1, f3=1_y,where 1,y €1, _ .
Exercise 10.5: Write f(S;,Sj) = —a8;-8;—-(1- a)S}S}.. The first term is minimal if and only if §; = S ;.
The second term is minimal if and only if ll = S} = +1. The claim follows.
Exercise 10.6: This is immediate using the following elementary identities:
|1Tl’f|_1 Z eU-krp 8k foralljkeTr, and [Ty Z Ap=p"j = 5p,p/ forall p,p’ € FZ .

peT} JeTr

Exercise 10.7: We will use twice an adaptation of the discrete Green identity on the torus. First,
since (using ¥ jet, (Ah); = 0 for the last identity)

Zp,5(h) )
—— =(expi-2f Y. (§;=S))-(hj—hp-B Y Ihi-hjls)
Z5,50) < { Whes LR e Wies, ter 2}>L,/3
={exp{2p ¥ S;-(AM); - B I — hil2
< { iEZFL ' l {i,ﬂze& C 2}>L‘ﬁ
:<exp{2ﬁ Y (8i-S0)-(Ah);—p Y ||hl-—hj||§}>w,
ieTy {i,j}eé&, ’

the equivalence of (10.43) and (10.45) follows.
Now, observe that the Boltzmann weight appearing in v, can be written as a product:

4
ep(-f Y 18-S, = [Tew(-5y ¥ wf-¢p?),
{i,jle&L, k=1 {i,j}e&],

where we defined the collections (pi.C et \/4a!ﬁS{.C . Therefore, the families (q)é‘)ig ,, and (q)f )ieT, are
independent of each other if k # ¢ and each is distributed as a massless Gaussian Free Field on Tj.
Of course, the latter is ill-defined on the torus. However, notice that the expectation we are interested
in only involves the field (i)i.‘ ef (pi? - (pIOC. Adapting the arguments of Chapter E (working on T with
0 boundary condition at the vertex {0}), the reader can check that the latter is a well-defined centered
Gaussian field with covariance matrix

.. def ,
Gt o () ) = Y PiXn=j,T0>n),
n=0
that is, the Green function of the simple random walk on T, killed at its first visit at 0. Moreover, this
Green function is the inverse of the discrete Laplacian — ﬁ AonTy.
We can thus fix k€ {1,2,...,v}, define

def def
hkz(hi'c)ieTLr tf < (v/ ﬁ/d(Ahk)i)ieTLv ok ((Pf)iehv
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and use (8:9):

kK
<eXp{2ﬁiEZh(Ahk)i (S{F — Sg)}>VL;ﬁ = <etL PrL >VL;ﬁ = exp(% tf . GTTL\{O} Z‘f) .

Changing back to the original variables and using the fact that the Green function is the inverse of the
discrete Laplacian, the conclusion follows:

%t]]f -Gr0\j0} L‘f = 7,3Ahk . {G‘[L\{O}(fﬁA)hk} = 7ﬁAhk -nk.

Solutions of Appendix B|

Exercise B.1: For the first inequality, it suffices to write yas y = ax+ (1 —a)z, witha = (z—y)/(z—x). The
second follows by subtracting f(x) on both sides of (B:5).

Exercise B.4: Assume first that f”(x) = 0 for all x € I. Then, forall x,y € I,

y ! y ! u I !
o :f(x)+f f (u)du:f(x)+f {f (x)+f f (v)dv}duzf(fo @y -x).
X X X

This implies that f has a supporting line at each point of I and is thus convex by Theorem| Now if f
is convex, then, for all x € I and all i # 0 (small enough), (f'(x+ h) — f'(x))/h = 0, since f” is increasing.
By letting i — 0, it follows that f”/(x) = 0.

Exercise B.5: Assume f is affine on some interval I = [a, b], and consider a < ap < bgp < b. On the one
hand, by Theorem and since each fj, is differentiable, 0 = f'(bg) — f’(ag) = limy (f},(bo) — f},(ap))-
On the other hand, f,] = ¢ and the Mean Value Theorem implies that, uniformly in 7, f,’, (bg) — f,’1 (ag) =
c(bg — ap) > 0, a contradiction.

Exercise B.6: It suffices to write, for all x, y1, y2 and a € [0, 1],
xayi+Q-a)y) - f=afxyi - fO}+Q-a){xy— fO}<af*GN+L-a) " (y2).

Exercise B.7: By explicit computation: f*(y) = % ¥, I 44% y413, f5"(») =1yl, which are all convex.
Furthermore, fl** =11, 2** = f» but fs** # f3 since f3** (x) =0if |x| < 1, +o0 otherwise.

Exercise B.8:
f7(x) = sup{xy —sup(yz~ f(2)} < f(x).
¥y z

=yx—f(x)

Exercise B.10:

J\}M ’ W _\1 f**()f) - ,1 X
X

T
-1 1

Exercise B.11: Let x;, — x. Then, forany z€ I,
lkqgff*(xn) = hnnlio%f syt;}]){xny—f(y)} > lirlnli()réf{xnz—f(z)} =xz- f(2).
Therefore, liminfy oo f* (xp) = sup ¢ {xz— f(z)} =f* (.
Exercise B.12: Since f(x) = f(xp) + m(x — xg) for all x, we have f*(m) = xom — f(xg). By definition,

f*(y) =sup,{yx - f(x)}, and so
W =x0y— flxo) =x0(y—m)+ (xom— f(x0)) = xo(y —m) + f*(m).

Exercise B.14: Since epi(g) is convex, closed and contains epi(f) (since g < f), we have

CEf(x) =inf{y: (x,y) € C} =inf{y: (x,y) €epi(g)} = g(x).

Exercise B.15: Let u be the counting measure on (N, Z(N)): u(n) %) for all n e N. Let (Xn)n=1 < Ibe
any sequence converging to xp and consider the sequence (fy);>1 of functions in :N — R defined by
B.40

fn(k) d=effk(xn). Then Y. &4 (xp) = [ fndp, so the result follows from Theorem
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