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Abstract

We consider Ising models in d = 2 and d = 3 dimensions with
nearest neighbor ferromagnetic and long-range antiferromagnetic in-
teractions, the latter decaying as (distance) P, p > 2d, at large dis-
tances. If the strength J of the ferromagnetic interaction is larger
than a critical value J., then the ground state is homogeneous. It
has been conjectured that when J is smaller than but close to J. the
ground state is periodic and striped, with stripes of constant width
h =h(J), and h — oo as J — J. . (In d = 3 stripes mean slabs, not
columns.) Here we rigorously prove that, if we normalize the energy in
such a way that the energy of the homogeneous state is zero, then the
ratio eg(J)/es(J) tends to 1 as J — J_, with es(J) being the energy
per site of the optimal periodic striped/slabbed state and ey(J) the
actual ground state energy per site of the system. Our proof comes
with explicit bounds on the difference ey(J) — eg(J) at small but fi-
nite J. — J, and also shows that in this parameter range the ground
state is striped/slabbed in a certain sense: namely, if one looks at a
randomly chosen window, of suitable size ¢ (very large compared to
the optimal stripe size h(J)), one finds a striped/slabbed state with
high probability.
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1 Introduction and main results

We consider Ising models in two and three dimensions on the square lattice
with the formal Hamiltonian

H=-J Z(axay —-1)+ Z (ox0y — 1) (1.1)
(xy)

where the first sum ranges over nearest neighbor pairs in Z%, d = 2,3, the
second over pairs of distinct sites in Z?, and the exponent p is chosen to
satisfy p > 2d, for reasons that will become clear below. For more general
values of p, this model is used to describe the effects of frustration induced
in thin magnetic films by the presence of dipolar interactions (p = 3) or in
two-dimensional charged systems by the presence of an unscreened Coulomb
interaction (p = 1) [1,2,4,5,6,7,8,9, 10, 19, 21, 22, 23, 24, 25, 26, 27, 31, 32,
see also [3, 12, 13, 14, 15, 16, 17, 18] for a more detailed introduction to the
subject, as well as for previous rigorous results. The competition between
short range ferromagnetic and long-range antiferromagnetic interaction is
believed to be responsible for the emergence of non-trivial “mesoscopic pat-
terns” in the ground and low-temperature states of the system. Let us be
more specific. As proved in [17], if J > J., with

L Y1
b YT -

y1>0, ytezd-1

then there are exactly two ground states, ox = +1 Vx € Z%, and o, = —1
Vx € Z*. Note that J. is the value of the ferromagnetic coupling such that the
energy of a straight domain wall configuration, i.e., a configuration consisting
of half the spins minus (those at the left of a vertical straight plane) and half
the spins plus (those at the right of the same plane), vanishes. If J < J,,
the ground state is certainly non-homogeneous. There is evidence that the
transition to the ferromagnetic phase as J — J_ takes place via a series of
“microemulsion phases” characterized by phase separation on a mesoscopic
scale that is large compared to the lattice and small compared to the scale of
the whole sample; see e.g. [20, 28, 29, 30| for a discussion of this phenomenon
in the case of Coulomb (p = 1) and dipolar (p = 3) interactions. More
precisely, at zero temperature, the transition to the ferromagnetic state is
expected to take place via a sequence of transitions between periodic striped
or slabbed states, depending on dimensionality, consisting of stripes/slabs
(either vertical or horizontal) all of constant width h(J) and of alternating
sign. If we denote by es(h) the energy per site in the thermodynamic limit
of periodic striped/slabbed configurations consisting of stripes/slabs all of
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size h, the optimal stripe/slabs width h(J) can be obtained by minimizing

es(h) over h € N, and turns out to be of the order (J. — J)fﬁ. Let us
denote by eg(J) := es(h(J)) the optimal striped/slabbed energy per site and
by eo(J) the actual ground state energy per site in the thermodynamic limit.
Our main result can be summarized in the following theorem:

Theorem 1. Let us consider model (1.1) with p > 2d. As J — J. from
below, we have

o)
Jim E =1 (1.3)

Eq. (1.3) is a strong indication of the conjectured periodic striped/slabbed
structure of the ground state. The proof of Eq. (1.3) comes with explicit
bounds on the speed of convergence to the limit, namely

Go(J)
Gs(J)

It also comes with explicit bounds on the energy cost of the “corners”. This
notion was introduced in [17] for the two-dimensional case; every time that
a domain wall bends by 90°, hence creating a corner (or an edge corner, as
we call it, in three-dimensions: this is an edge where two plaquettes come
together at 90°), we pay a positive energy cost, at least in the case that the
corner density is sufficiently high. Combining this remark with our a priori
bounds on the ground state energy, we find that the ground state has a
density of corners that is smaller than (J. — J)%(@=1: therefore, if we look in
a random window of proper side ¢’ (much larger than the optimal stripe/slab

width h(J) ~ (J. — J)WH%, and much smaller than the typical separation
between corners ~ (J, — J)~/(4=1) the ground state restricted to such a
window is striped/slabbed, with stripes/slabs of width close to the optimal
size h(J). Our proof presumably adapts to any dimension, e.g., d = 10,11
or 26, and the interested reader can extend the arguments in Appendix D if
desired.

The logic of the proof goes as follows. We first derive an alternative
representation of the energy in terms of droplet self-energies and droplet-
droplet interactions. Next, for the purpose of a lower bound, we localize the
energy into squares/cubes of side ¢ (to be optimized over), and we show that
the localized self-energy of every droplet with at least one corner along its
boundary is positive; therefore, we can eliminate all such droplets, after which
we are left only with striped/slabbed droplets. Finally, reflection positivity
shows that the optimal striped/slabbed configuration is periodic.

:1+0«%_Jwﬁﬁ%3y (1.4)



2 Droplets and self-energies

Defining 7 := 2(J — J.), the optimal periodic striped energy per site has the
form:
es(J) = —Cy(7)|r| =D/ P=dL), (2.1)

with Cy(7) = C4(0)+O(|7|*®=4=1) asymptotically for 7 — 07, for a suitable
Cs(0) > 0. This result follows from the explicit minimization of eg(h), see
Appendix A, and can also be understood in terms of a balance between “line”
or “plane” energies and line-line or plane-plane interactions, see [17, Section
I1]. We note that the computation in Appendix A also shows that the optimal
stripe/slab width is

h* = argmin es(h) = Cy(7)|7|~ /P4 (2.2)

with Cy(1) = C5(0)4+O(| 7[> P=4=1)) asymptotically for 7 — 0, for a suitable
Cs(0) > 0. Of course, eg(J) < es(J). Our purpose is to get a comparable
lower bound, of the form

eo(J) > —Cy(0)|7|P=D/e=d=1 (1 + O(|7)%)) , (2.3)

for some positive 5. The strategy borrows some ideas from those in [17,
Appendix A].

From now on, for the purpose of simplicity of exposition, we restrict
ourselves to two dimensions. We shall explain how to adapt the proof to three
dimensions in Appendix D. We need to recall the definitions of contours and
droplets. Let us first define the finite volume Hamiltonian for our system:

Hy(oy) =—J Z (oxoy — 1) + Z % +Balaple) . (2.4)
(,y)

x,y€EA x,yEA

Here A C Z? is a square box, gy = {0y }xea € {1} is the spin configuration
in A, 0* = {0} }xezz € {+1}% is a boundary condition and

x0y — 1
Baloale) =—J Y (ooy—1)+ > EﬂLTI (2.5)
XEA, yEA©: xEAN, yeA© |X - y|
[x—yl|=1

In the discussion below, we shall consider + boundary conditions: this means
that o* = {+1}%.

Given o,, we define A to be the set of sites at which o, = —1, i.e.,
A={xeA: ox=—1}. Around each x € A we draw the 4 sides of the



unit square centered at x and suppress the sides that occur twice: in this way
we obtain a closed polygon T'(A) which can be thought of as the boundary of
A. Each side of I'(A) separates a point x € A from a point y ¢ A. At every
vertex of I'(A) N (Z?)*, with (Z?)* the dual lattice of Z?, there can be either
2 or 4 sides meeting. In the case of 4 sides, we deform the polygon slightly
by “chopping off” the edge from the squares containing a — spin. See Figure

Figure 1: In the case that 4 sides of the closed polygon I'(A) meet at a
vertex v, we slightly deform I'(A) so that the two squares containing a —
spin become disconnected from the vertex itself. Case (a) represents the
situation where the minus spins are located at NE and SW of v, before and
after the “chopping”. Case (b) represents the situation where the minus spins
are located at NW and SE of v, before and after the “chopping”.

When this is done I'(A) splits into disconnected polygons I'y, . .., I', which
are called contours. Note that, because of the choice of + boundary con-
ditions, all the contours are closed. The definition of contours naturally
induces a notion of connectedness for the spins in A: given x,y € A we
shall say that x and y are connected if and only if there exists a sequence
(x = x0,X1,...,X, = Y) such that x,,, X1, m = 0,...,n — 1, are nearest
neighbors and none of the bonds (X, X;,+1) crosses I'(A). The maximal
connected components §; of A will be called droplets and the set of droplets
of A will be denoted by D(A) = {41, ...,ds}. Note that the boundaries I'(d;)
of the droplets 6; € D(A) are all distinct subsets of I'(A) with the property:
s T(8;) = T(A).

Given the definitions above, let us rewrite the energy Hx(o,) of o, with
+ boundary conditions as

Hy(oy) =27 Y [Tl+ Y U@®)+> W), (2.6)

rel(A) s€D(A) (5,6

where, if §¢ = 72\ 9,

U =23y (2.7)

XEH yEes© ’X N y‘p

b}



is the self-energy of the droplet ¢, which is negative. Moreover, the third sum
on the r.h.s. of Eq. (2.6) runs over unordered pairs of distinct droplets, and

W(s,4) _4ZZ|

X€EJ yed’

- y|p (2.8)

is the droplet-droplet interaction, which is positive. Note that the choice of
+ boundary conditions implies that all the droplets are closed and within A.

Our first goal is to get a lower bound on the droplet’s self-energy, which is
suitable for later localization of the energy into small squares of side ¢, with
¢ > h*, where h* is the optimal stripe width, see Eq. (2.2). For this purpose,
given a droplet 6 € D(A) and the corresponding boundary I'(0), we define the
notion of “bonds facing each other in 4”, in the following way. Let us suppose
for definiteness that b € I'(J) is vertical and that it separates a point x, € 0
on its immediate right from a point y, = x, — (1,0) € J on its immediate
left. Consider the bond o' € I'(0) such that: (i) b’ is vertical; (ii) b’ separates
a point xy € ¢ on its immediate left from a point y, = x, + (1,0) € 6 on
its immediate right; (iii) the points x, and x,, are at the same height, i.e.,
[xp]2 = [Xw]2, and all the points on the same row between them belong to
d: in other words, x, + (7,0) € 6, for all j = 0,..., [xy]; — [xp]1. We shall
say that O’ faces b in J, and vice versa. An analogous definition is valid for
horizontal bonds. Note that in the presence of + boundary conditions all the
bonds in I'(§) come in pairs b, b, facing each other in 0.

In Appendix B we show that the self-energy U(d) can be bounded from
below as

s Z me{lmpdb >}+21*%Nc(5)+4 > Ix—;ylp

i=1,2 bel'y(§) n#0 {x,y}€P(9)

where:

e [';(0) is the subset of I'(d) consisting of bonds orthogonal to the i-th
coordinate direction.

e dy(9) is the distance between b and the bond ¥’ facing it in 9.
e N.(0) is the number of corners of I'(9).

e P(9) is the set of unordered pairs of distinct sites in § such that both
CMv. and Ch,  cross at least two bonds of I'(§). Here C,  is the path

X—=y X—y X—y
on the lattice that goes from x to y consisting of two segments, the

first horizontal and the second vertical. Similarly, C2", is the path



on the lattice that goes from x to y consisting of two segments, the
first vertical and the second horizontal (note that the two paths can
coincide, in the case that x; = y; for some i € {1,2}).

The lower bound in Eq. (2.9) is very convenient for localization of the
energy into small boxes, as shown explicitly in the next section. More specif-
ically, it will be used for estimating U(d) in terms of a sum of local self-
energies, depending only on the droplet configurations within small boxes;
see Eq.(3.2) below and following comments. Let us remark that, if desired,
the first term on the r.h.s. of this inequality can be further bounded from
below as

- > meﬂmpdb - > Z'"Z — —2J,|T(5)] .

i=1,2 bel;(§) n#0 i=1,2 bcT;(8) n;éO

(2.10)

3 Localization and minimization

We introduce a partition of the big box A into squares () of side ¢, to be
optimized in the following. Our purpose is to localize the energy into these
squares, and to minimize the energy exactly in each small box, thus deriving
a lower bound on the global energy of the system. Given a droplet configu-
ration D and 0 € D, we say that b € I'(d) belongs to @ if either it belongs
to the interior of @), or it belongs to the boundary of () and separates a site
x € 0 NQ from a site y ¢ 0. Note that with this definition every bond
in I'(0) belongs to exactly one square ). The set of bonds b € T'(d) be-
longing to @ will be denoted by I'g(d). The notion that we just introduced
induces a partition of I'(d) into disjoint pieces assigned to different squares:

['(0) = Ugl'g(d). Moreover, if 6o = 6 N Q, we define 58),...,5é2mQ(6)) to

be the maximal connected components of d¢, and FS), e ,F(E?mQ(é)) to be the
portions of I'g(d) belonging to the boundary of 58 ), e ggnQ (5)), respectively.

We shall refer to the pair (58), fg)) as to a bubble in () originating from 0.
We shall indicate by Bg(d) the set of bubbles in Q originating from 4, and
by Bg = U(gepl’;’Q(é) the total set of bubbles in Q.

Given 3 = (§,T) € Bg, note that in general T is a union of disjoint
polygonal curves, each of which can be either closed or open. If one of these
curves is open, then its endpoints must belong to the boundary of ). Given
an endpoint v of an open component of I" such that: (1) v is not at a corner
of Q, (2) the bond b € T exiting from v belongs to the boundary of @Q; then
we shall say that I" has a “boundary corner” at v. The corners of I' belonging
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to the interior of () will be called “bulk corners”. Moreover, we shall denote
by N.(f) the total number of corners of T, i.e., the number of its boundary
corners plus the number of its bulk corners. Note that

Y M) < NG (31)

Q BeBg(d)

This is an inequality (rather than an equality), in general, because § could
have corners located exactly at the corners of the squares (). We now derive a
lower bound on the total energy in terms of a sum of local energies involving
the bubbles we just introduced. First of all, using Egs. (2.9) and (3.1), we
bound the self-energy U(4) from below as

1 a ol
>Z{ S Uty Y WEA 62
BEBG(3) B,8'€Bg(9)
BB’

where the first term on the r.h.s. (the sum of the effective local self-energies
of the bubbles originating from ) comes from the first two terms on the
r.h.s. of (2.9), while the second (the interaction between the pairs of distinct
bubbles originating from §) comes from the last term on the r.h.s. of (2.9).
The functions Uy and W are defined as follows: if § = (6,1"), 5/ = (&', 17),

UCEEY

yeé’

, 3.3
x — Y|p (3:3)

while

[N4S]

Z me{h”’oi’pd (0)} + 25 NL(F) (3.4)

i=1,2 bel; n#0

In the last formula, I'; is the subset of I' consisting of bonds orthogonal to
the i-th coordinate direction, and dl?(g) is the distance between b and the
bond b € T'(§) facing it in 4, if both b and ¥ belong to T, otherwise it is
infinite. In a similar manner, we can bound the droplet-droplet interaction

from below as
weEe)=>{ Y wEa}. (3.5)
Q

BEBQ(9)
BIEBQ (5')

Inserting Eqs. (3.2)-(3.5) into Eq. (2.6) gives

Hy(gy) =) Eq(Bg) , (3.6)
Q
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EoBo)= 3 [I0+Ue(®]+2 S W@EA). (37)

_ = 2
B=(0,T)eBq B,8'€Bq
#8

Q\‘Q\.

Now consider a bubble 3 = (J,I') such that N.(3) > 0, i.e., § is not a
stripe. We want to show that its local energy 2J|T'| + Ug(f) is positive,
provided the box () is not too large. Roughly speaking, this follows from the
fact that every corner costs a finite constant, while every straight portion of
the contour I' within @ gives a gain that is at most 7¢; this can be made
smaller than every pre-fixed constant, by choosing ¢ < |7|~!. The technical
implementation of this idea is a consequence of Eqgs.(2.9)-(2.10), and goes as

follows. Proceeding as in Eq. (2.10), we can bound Ug(f) as

N(B) - (3.8)

Y
2

Ua(B) > ~2JJF| + 2~

Therefore, B ) ) o
2J[T] + Uq(B) = 7IT| + 2" N.(5) (3.9

Note that, in order for I to be very long, the number of corners must be
sufficiently large: in formulae,

IT| <20+ 2(N.(B) . (3.10)

[The reason is: (a) I' (which, in general, is a disjoint union of polygonal
curves) can have at most two exactly straight lines, and this accounts for the
20. (b) Associated with each corner is an ell-shaped open curve, completely
contained in (), with the corner at the apex of the curve. The length of this
curve is at most 2¢, and it is clear that the union of all these curves covers
the remaining part of I'. This accounts for the 2¢N.(53).]

If, as we are assuming, N,(3) > 0, then N.(5) + 1 < 2N,(B), so that

- r
N.(B) > % . (3.11)
Inserting this back into Eq. (3.9) gives
_ _ » [T p
2J|T| + Ug(B) > 21—2%(1 —4-22717)0) (3.12)

which is positive as soon as |7|¢ < 2'7%/4. T herefore, for ¢ shorter than
2'=% /(4]7]), we can decrease the local energy Eq(Bg) by erasing all the
bubbles with at least one corner. Denoting by Sg C By the subset of Bg
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consisting of bubbles without corners (i.e., consisting of stripes), this means
that, if £ < 2'72/(4|7]),

Eq(Bg) > Eq(Sg) - (3.13)

Let now Sg = {B1,...,Bm}, and let us assume without loss of generality
(w.l.o.g.) that the stripes 3; = (8;,1;), i = 1,...,m, are vertical, and are
numbered in a way compatible with their order, from left to right. Let us
also assume w.l.o.g. that Q = [1,/]>NZ% If m =1 and B = (Q, ), then
Eq(Sg) = 0. Let us then assume that T'y # (). Note that the contours T
consist of two vertical parallel lines, for all 2 < i < m — 1. If i = 1, the
contour 'y can either consist of one or two vertical parallel lines; in the first
case, 01 = [1,y1] x [1, £]NZ? for some integer 1 < 4y < £, T'; is the vertical line
located at the horizontal coordinate y; + %, and we shall say that () has —
boundary conditions on the left; in the second case, & = [yo, 1] % [1, €] N Z?
for some integers 1 < yg < y; < ¢, I'y is the pair of vertical lines located
at the horizontal coordinates yy — %,yl + %, and we shall say that () has
+ boundary conditions on the left. Similar definitions are valid for I, and
for the boundary conditions on the right. Note that we can always reduce
ourselves to the case where both the left and right boundary conditions are
+, up to an error term that is negligible provided that ¢ > h*. In fact,
suppose that the boundary conditions on the left (say) are —: then we can
change them to + by erasing the bubble £y, thus increasing the energy by
at most |7|¢. This error term is much smaller than (2eg(J) ~ ¢2|7|(P=2)/(F=3)
it £ > h*. Calling g@ C 8o the set of stripes obtained from Sg after the
possible erasing of 3; and f3,,, we then have

Eo(Sq) > Eo(Sq) + 27¢ . (3.14)

By construction, §Q consists of k vertical stripes, with k € {m—2, m—1,m},
whose contours are located at the horizontal coordinates % < < Ty < - <
Top < U+ % We define h; = ;11 — x;, with i =1,...,2k — 1. At this point
we can utilize the reflection positivity (RP) of the kernel |x — y|™ on Z<,
which is valid for p > 0in d = 2 and for p > 1 in d = 3, see [11, 17]. [In
particular, [11, Lemma 2.1] contains the proof of the RP of |x —y|™ on the
d-dimensional continuum R?, for 0 < p < difd=1,2, and ford—2 <p < d
if d > 3; the adaptation of the proof to the case p > 0 on the 2-dimensional
lattice Z? is spelled out in [17, Appendix BJ; a similar argument can be easily
reworked out for the case p > 1 on the 3-dimensional lattice Z3]. The RP of
|x — y| 7P implies the chessboard estimate proved in [12, 13, 15] that, in its
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turn, yields the inequality (see Appendix C for details)

2k—1
Eq(Sq) = £ hiles(hi) — ChI P07 + 70— CO*7 | (3.15)

i=1

where eg(h) is the specific energy of the periodic striped configuration with
stripes all of size h, defined in the introduction, and C' > 0 is a suitable
constant. In order to get a lower bound on the r.h.s. of (3.15), we can
minimize the expression in square brackets over h; < ¢:

I}}lgl} les(hi) — C’hf’_pﬁ_l} =es(J)(1+ (const.)€_1|7'|_1/(p_3))) , (3.16)
which follows from the explicit expressions of es(h) and eg(J) computed in
Appendix A, provided that ¢ > h*. The minimum is attained at h({) =
h*(14 O(h*/¢)) with h* given by Eq. (2.2). Inserting (3.16) into (3.15), and
using the fact that ). h; < ¢, we get

Eo(Sg) > Pes(J)(1 + (const )¢ 7|~V frg —Cco*=P . (3.17)

where eg(J) = —C,(7)|7|®=2/=3) is the optimal striped energy per site in
the thermodynamic limit.
Putting things together, we find that, for £ < 2'~2/(4|7]),

Ha(on)
Al

> eg(J)(1 4 O 7|7/ #=3))) (3.18)

The optimal choice of ¢ is £ ~ |7|7!, which gives (recalling that eq(.J) is the
actual ground state energy per site of our problem):

eo(J)
es(J)
This proves Eqs. (1.3)-(1.4) and is our final result in two dimensions. In

three dimensions we can repeat a completely analogous proof, see Appendix
D, the final result being

€O(J)
s(J)

> 1 — (const.)|7|P~9/®P=3) (3.19)

> 1 — (const.)|7|®=6/P=8) (3.20)

sy

]

To conclude, let us remark that the proof above also shows that the more
there are corners, the larger the energy becomes: in formulae,

Hy(op) — |Ales > ey N — Cl(\A|Td/(d_l) +|0A]) , (3.21)
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where N, is the total number of corners associated with o, and ¢, C; > 0
are two suitable constants. Therefore, in the ground state, irrespective of the
boundary conditions, if |A| is large enough, N, < (const.)|A|7% (@1 In other
words, by partitioning the macroscopic box into squares of side ¢/ < 7~1/(d=1)
only a fraction (7/(4=D¢") of these squares contains a corner of oy, i.e., the
large majority of these squares are such that the corresponding restriction of
the ground state is striped or slabbed. A similar argument shows that most
of these striped/slabbed restrictions consist of stripes or slabs all of a width
very close to the optimal width h*.

A Computation of the energy of the optimal
periodic state

The specific energy of a periodic striped/slabbed configuration in our two-
or three-dimensional system is the same as the specific energy of a peri-
odic striped configuration in an effective one-dimensional system with formal
Hamiltonian

H=-J]Y (0,0, = 1)+ (0,0, — Do(z—y), (A1)
(z,y) <y
where, for all x # 0,
1
= — A2
S 2 ey 42

The interaction potential v(z) can be conveniently rewritten as v(x) = V(z)+
R(z), where

Vig) — dy B 1 dy Ky
(z) = /Rdl (22 + |y[2)r/? - ||p—d+1 /}Rd1 (1+ y2)r/2 - |p[p—d+1
(A.3)
and R(z) is a rest, which decays to zero at infinity exponentially fast (as
one can prove by using Poisson’s summation formula). The energy of a one-
dimensional periodic state consisting of blocks all of the same size h and
alternating sign is straightforward to compute, and the computation gives
(see [12, Eq. (17)]):

e ah

—



where ,uv( ) is the inverse Laplace transform of v(z), i.e., the function such

that v(z) = [;° dov p(@)e™*, Vo > 0. Of course, fi,() can be rewritten as
(@) = ,uv( )+ pr(a), according to the decomposition v(z) = V(z)+ R(x),
with py () = Map 4 and pgr(a) is zero for « sufficiently small. Plug-

ging this into Eq. (A.4) and computing the resulting integral asymptotically
as h — oo gives

_ 7 A 1 _ Kp a7 —d—2
GS(h) = E‘I‘ hp*d +O(hpfd+2) s Ad(p) = m?p /0 dO./ Oép (l—tanh Oé) .
(A.5)
Finally, optimizing over h gives
—d)A = 2
h* = argmin eg(h) = [%} ’ (1+O(|r|7==7)) (A.6)
p—d—1

es(J) = es(h*) = — =1 (14 O(|r|77))

[(p — d)p=2Aq(p)] 1/(p—d—1) |T|

which proves Egs. (2.1)—(2.2).

B Proof of Eq. (2.9)

We start by proving a weaker version of Eq. (2.9), namely

DEEDMDNDIES -

i=1,2 bel';(§) n#0

Later we will show how to improve (B.1) to (2.9). Let us rewrite the droplet
self-energy as follows:

U@)=->y_ Au(0) : (B.2)

n|?
n#0

where M,(0) is the number of ways in which n = (n;,n2) may occur as the
difference y — x or x —y with x € § and y € §. Let I';(§) be the subset of
I'(9) orthogonal to the i-th coordinate direction. Our claim is that

Z > min{jng|, dy(6)} (B.3)
1=1 bel;(0)
from which Eq. (B.1) readily follows. If n; = 0 or ny = 0, then the proof of
(B.3) is elementary, and we leave it to the reader. Let us consider explicitly
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Figure 2: An illustration of the geometric objects introduced after Eq. (B.3).
The grey area is the droplet §. The two dotted paths connecting x with y
are Cl*, and Cg", . The intersection of the two paths with the boundary
['(0) defines the two special bonds by = b;(x,y) and by = by(x,y). Every
such bond is associated with a point in ¢, denoted by z;, and located on the

path C;“;y or Cjéiy, which can coincide or not with x.

only the case that both n; and nsy are # 0. We need to define a few geometric
objects, which are illustrated in Figure 2.

Consider a pair of points x,y such that x € § and y € 4. Draw
the oriented lattice path C"  that goes from x to y and consists of two

xX—y

segments, the first horizontal and the second vertical. Let by = bi(x,y)
be the first bond in ['(§) crossed by CI’ ; by separates a site x;,, € 6
from a site y,, & . Moreover, let x' be the corner of CJ¥, ; we define

Zp, (x,y) = x if by is between x and X/, or z,, (x,y) = X' if b; is between
x" and y. This construction allows us to associate the pair (b, z,,) with
(x,y). Similarly, drawing the oriented lattice path C}é’;y that goes from x
to y and consists of two segments, the first vertical and the second hori-
zontal, we can associate with (x,y) a second pair (by,z,). By construc-
tion, in both cases the distance of z,, from yy, is < min{|z;, — y;,|, dp, (6)},
where j; = 1 if b; is vertical, and j; = 2 if b; is horizontal. We write
‘F(Xa Y) = {<bl (X7 Y)v Zb, (x,y) (X7 Y))> (b2 (X7 Y)7 Zy(x,y) (Xa Y>)} Vice versa, if
we assign an integer vector n # 0, a bond b € I';(J) separating x;, € 0 from
vy € 9, and a site z, € Zp(n,d) (here Zy(n,d) is the set of allowed locations
of z,, namely, is the set of points z, € 0 belonging to the same column/row
as b depending on whether b is horizontal /vertical, with the property that
1z, — yu| < min{|n,|,dy(0)} and all the sites between z, and x; belong to ¢),
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then the set Gn(b,2;) = {(x,y) € F1(b,2) : x—y € {£n}} has at most two
elements. This fact immediately implies Eq. (B.3). In fact, if x(condition)
is the function = 1 when condition is verified, and = 0 otherwise,

Na(8) = Y x(x—y € {£n})

XEH
y¢&é
1 2
= §ZX(X_Y S {in}>z Z X((b7zb) G‘F(X7Y))
X€EJ i=1  bel;(9)
y&o z,€Zp(n,0)

- %Z S S X(xy) € Galb.m) (B4)

=1 bel;(6) %€
2z, €2 (n,8) YEI

< Y mindind )

1=1 bel;(0)

where in the last inequality we used the facts that |Gn(b,z)| < 2 and
1Z,(m, 8)] < minf ], (0)}.

Let us now discuss how to improve (B.1) into (2.9). First of all, from its
proof, it is clear that (B.3) overcounts the pairs in P(J) (for the definition
of P(6), see the fourth item after (2.9)). Therefore, we can freely subtract
from the r.h.s. of (B.3) the additional contribution coming from these pairs,
so that

<Z Z min{|n;, dy(5)} — 2|Pa(0)] , (B.5)
1=1 bel;(

Where Pu(d) = {{x,y} € P(6) : x —y € {£n}}. Inserting (B.5) into (B.2)
gives

> B Z Z Zmln{lTrzl||pdb )} +4 Z ; (B.G)

x —ylr’
1=1,2 bel';(§) n#0 {x,y}€P()

which is almost what we are after, up to the term in (2.9) proportional to
N.(0). In order to get it, let us consider the special case of n such that
|n1| = |n2| = 1. Note that if |n;| = |na| = 1, then Z,(n, d) consists of a single
point, Vb € T'(§). The key remark is that for every bond b € I'(d) adjacent
to exactly one corner of I'(d), we have

S Y Gl <3, (5.7

n: ni|=n2|=1
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while for every bond b € T'(0) adjacent to two corners of I'(6)

% > (Galbm) < 2. (B.8)

n: |ni|=n2|=1

Of course, in the last two equations z, is the unique element of Z,(n, ). Note
that in general (B.7) is an inequality (rather than an equality), because the
corner which b is adjacent to could actually be a “double-corner” like one of
those in Fig.1, rather than a standard one; in fact, if b adjacent to exactly
one double-corner of I'(§), then > i |=lnaj=1 |9n(b:Z5)| = 2. A similar
comment is valid for Eq. (B.8).

Using the same rewriting as in Eq. (B.4), together with (B.7)—(B.8), we
find

> NG = g S Sy € Galbz))

n: |ni|=1, n: |ni|=1, i=1 bel;(§) xE€§
\n;|:1 |";‘:1 zp, €2, (n,0) y&é
1
< 5 X Y winfnd0)} - Ne(d).  (BY)
n: |ni|=1, =12

Moreover, if we also take into account the presence of double-corners, as
discussed after (B.8), then we can further improve (B.9) into

Z Na(6 % Y>> min{|nl dy(6)} — N(0) — > 2.

n: |ny|=1, n: |ny|=1, i=1,2 {x,y}eP(9):
Ina|=1 [ng|=1 beT, (5) lz1—y1|=lza—y2|=1

(B.10)
Combining (B.10) with Egs. (B.2) and (B.5) finally gives Eq. (2.9).

C Proof of Eq. (3.15)

Let g@ = {Bi1,..., Bk} be a bubble configuration consisting of k vertical
stripes, with + boundary conditions on the left and right sides of ). We
assume that the bubbles’ contours are located at the horizontal coordinates
% <Xy < X < o0 < xg < U4 1 5, and we let h; = x;1y — x;, with ¢ =
1,...,2k—1. Given the spin conﬁguratlon og in Q = [1,(]*NZ? corresponding
to g@, we can naturally extend it to the strip Agz, = [-L+1, L] x [1,{]NZ?,
by filling the portions of Ay, to the left and to the right of ) by + spins;
we denote the resulting spin configuration by oa,,,. By construction, the
droplets’ boundaries within Ayz , are still located at z1 < -+ < Tgy,.
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In terms of these definitions, we can rewrite the energy EQ(gQ) as follows:

k .
3\ min{|nq |, ho;—1}
Eo(Sg) = 4Jke—23" o +4 3 |X_y|p

i=1 n#0 1<i<j<k xe4;
y€6j

= 4Jk£—22 > Fyr y|p +4 ) Z _y|p (C.1)

c 1<i<j<k x€s;
yEIS; yES;

where in the second line 6¢ = Z*\ &; and S; is the infinite vertical strip of
width hy; 1 containing d;, i.e., S; = [(xgi,l, Toi) N Z] x Z. It is convenient to
rewrite (Slc \ Sz = Az U Bi, where Az = ZQ \ (Sz U Aoo’g> and Bz = Aoo?g \ 5@

Correspondingly, we can rewrite:

. 1
Eq(Sq) = 4Jkt—2 Y oy 3 _y|p + > Ag(hai)
=1,k 1<i<j<k i=1
xX€Ed;, YEB; XE6;, yES;
= Jim HYO (G, ) + ZAe (hai-) , (C2)

1=1

where HJ) pcrO is the finite volume Hamiltonian (2.4) with periodic bound-
ary Condltlons in the horizontal direction and open boundary conditions in
the vertical direction (of course, the choice of boundary conditions in the
horizontal direction is arbitrary in the limit L — oo), and

Ag(ho;— —2 = -8 C.
) 1 g |X Y|p _h2zzl<:fcl<0 91%20 |X y|’P ( 3)
yEA; —<x2<0
Note that, for h < ¢,
Ay(h) = —k + O(R*P) | (C.4)

where £ is a positive constant independent of ¢ and h (it coincides with the
“corner energy” defined in [17, Eq. (3)]). The spin configuration oy, , we
are interested in is quasi-1D, i.e., the value of 7(;, 4,) is independent of z.
We shall write 0y, 2y) = 04, and oa,y, , = On,,, With Ay = [-L+ 1, L] NZ.
Correspondingly,

Hye (UAQL e) = nger Z(UAzL) ] (C5)

Aar e
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where

H/Iizrf =—J Z (020211 — 1) + Z Go(x — y)(UxO'y -1,
—L<z<L —L<x<y<L
1 ‘ 1

bo(r —y) = - ) (C.6)
¢ qezz m;_1 (& —y + 2qL)2 + (m — n)2]""?

is a one-dimensional spin Hamiltonian with a reflection positive long-range
interaction and periodic boundary conditions, of the class considered in [12,
13]. Therefore, we can apply the chessboard estimate proved e.g. in the
Appendix of [13]. As a result, using [13, Eq. (A5)] and recalling the fact that
the periodic spin configuration o,,, consists of blocks of alternating sign, of
size hy, ..., hog_1, hog, where hop = hoy (L) = 2L + £ + x1 — o, we get

2k
HY (0n,) = > hiea(hs) (C.7)

i=1

where &,(h) is the energy per site (as computed from ﬁf{zje, in the limit
L — o0) of the infinite periodic configuration consisting of blocks all of the
same size h, and of alternating sign. Inserting Eqgs. (C.4) and (C.7) into
Eq. (C.2), we find:

2%—1
~ K 1 K
> s (h) — _
Eo(So) > > [ﬁh,eg(hl) : +O<hf4>] C+ (C.8)
L—oo
Now we observe the following:
Cheu(h) = theg(h) — & + O(——) + O(—— C.9
ex(h) = the(h) = &+ O( ) + Ol 5) (C9)

where eg(h) is the specific energy of the infinite periodic striped configuration
defined in the introduction. Moreover, recalling that limy . hog(L) = +00
and using (C.9) together with (A.5), we see that limy_,o hég(h) = 7 + 55 +
O(£37P). Therefore, for a suitable constant C' > 0,

2k—1
Eq(Sq) > 03" hiles(hy) — ChP0™ Y] + 1 — Ce*7 (C.10)

=1

which proves Eq. (3.15).
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D Three dimensions

In this Appendix we adapt the argument spelled out above for two dimen-
sions to the case of three dimensions, by introducing droplets and contours
analogous to the two-dimensional ones. Note that now bonds separating a +
from a — spin are replaced by plaquettes. Droplets now are three-dimensional
regions whose boundaries are unions of plaquettes. The energy still admits
the representation (2.6). The first issue to be discussed is the lower bound
on the self energy of the droplets, which should be replaced by the analogue
of (2.9), namely

N I S AL (UITED =

i=1 bel;(§) n#0 {x,y}€P(9)
(D.1)

where now the label b € I';(§) is associated with a plaquette of the boundary
of §, orthogonal to i-th coordinate direction, and dj(¢) is the distance between
b and the plaquette b’ facing it in . Moreover, N.(d) is the number of edge
corners belonging to I'(d). By ‘edge corner’ we mean an edge that is common
to two orthogonal plaquettes of I'(§). Note that an edge corner has length
1. Finally, P(9) is the set of unordered pairs of distinct sites in § such that
each of the paths C*, C2°1, and CJ13, cross at least two bonds of I'(d).
Here C}f_liy is the path on the lattice that goes from x to y and consists of
three segments, the first in coordinate direction i, the second in coordinate
direction j and the third in coordinate direction k.

The proof of (D.1) follows the same lines as the proof in Appendix B.
The only relevant differences are the following. When constructing the set
F(x,y) we have to draw the three disjoint lattice paths Cg*,, C3*, and
Cil_%y, so that F(x,y) consists of exactly three elements. Similarly, the set
Gn(b, zp) consists of at most three elements. From these considerations, the
analogue of (B.4) immediately follows.

The proof of (B.5) is unchanged, and the proof of (B.10) does not even
need to be repeated or adapted. Indeed, the analogue of the Lh.s. of (B.10)

that we now want to estimate is

Y MOty Y MOt; X MG (D2

[n1|=[n2|=1 [n1|=[ns|=1 [ng|=|nz2|=1
n3=0 na=0 n1=0

Note that the n vectors involved in these sums are all the vectors whose length
is v/2. The first sum, for example, is really a sum over the contributions
from horizontal sections of §, at constant x3; each of these can be estimated
in exactly the same way as in (B.10). The same holds for the second and
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third sums above. Putting all these together allows us to estimate (D.2) from
above by

1
5 Y winfnl @} - NG - Y 2, (D3
n: [nj=v2 =123 {x,y}eP(9):
bel; () [x—y|=v2
which is the desired analogue of (B.10)

The next step is localization into boxes of side ¢. The relevant definitions
remain unchanged (with certain obvious changes, e.g., the summation over
i =1,2in (3.4) should become i = 1,2,3), and the key estimates (3.7)—(3.9)
are still valid without alteration. The symbol 3 = (§,T") will still indicate a
bubble (i.e., a pair consisting of a droplet and its contour; the bars are meant
to remind the reader that both the droplet and the contour are localized into
a finite box); similarly, N,(3) will still be the total number of corners of T,
i.e., the number of its boundary corners plus the number of its bulk corners;
see the lines preceding (3.1). The first estimate to be changed is (3.10), which

should be replaced by - o
0| < 20% 4 2(N.(5) . (D.4)

The reason is completely analogous to the one explained after (3.10). Insert-
ing (D.4) into (3.9) gives

2T+ Ug(B) = 25 MB (1 - 212 oty 0y
.0
If N.(B) > 1, then
21|+ Ug(B) = 2 N(B) (1 — 2H1r) (6)

- . 1p
which is positive as soon as ¢ < 27271 |7|~1/2,

Under this condition, therefore, for the purpose of a lower bound, we can
erase all the bubbles with one or more corners, and obtain the analogue of
(3.13). It is at this point that columns are excluded, because a column has
many edge corners. From this point on the proof is very similar to the one
of the two-dimensional case: We can assume without loss of generality that
our bubble configuration of interest consists of a collection of straight slabs.
Moreover, we may reduce ourselves to + boundary conditions, up to an error
of the order 7/2, so obtaining the analogue of (3.14), with 27¢? replacing 27/
in the right hand side. Now we are in conditions to apply reflection positivity,
the result being the analogue of (3.15), namely

2k—1
EqQ(Sq) = 12> hiles(h:) = Chi P07 + 70 — P (D.7)

i=1
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where now eg(h) denotes the energy per site of the periodic slab energy.
Minimization of this expression under the required constraints on h; and /¢
leads to our final result,

60(J)

p—6
> 1 — (const.)|r|2(-9 . D.8
() > ( )7 (D.8)
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