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Abstract: In this paper we study a two-dimensional directed self-avoiding walk model
of arandom copolymer in a random emulsion. The copolymer is a random concatenation
of monomers of two types, A and B, each occurring with density % The emulsion is
a random mixture of liquids of two types, A and B, organised in large square blocks
occurring with density p and 1 — p, respectively, where p € (0, 1). The copolymer in the
emulsion has an energy that is minus « times the number of A A-matches minus 8 times
the number of B B-matches, where without loss of generality the interaction parameters
can be taken from the cone {(«, 8) € R?: « > |B]|}. To make the model mathematically
tractable, we assume that the copolymer is directed and can only enter and exit a pair of
neighbouring blocks at diagonally opposite corners.

In [7], a variational expression was derived for the quenched free energy per monomer
in the limit as the length n of the copolymer tends to infinity and the blocks in the
emulsion have size L, such that L,, — oo and L,/n — 0. Under this restriction, the
free energy is self-averaging with respect to both types of randomness. It was found
that in the supercritical percolation regime p > p., with p. the critical probability for
directed bond percolation on the square lattice, the free energy has a phase transition
along a curve in the cone that is independent of p. At this critical curve, there is a
transition from a phase where the copolymer is fully delocalized into the A-blocks to
a phase where it is partially localized near the A B-interface. In the present paper we
prove three theorems that complete the analysis of the phase diagram : (1) the critical
curve is strictly increasing; (2) the phase transition is second order; (3) the free energy
is infinitely differentiable throughout the partially localized phase.

In the subcritical percolation regime p < p., the phase diagram is much more
complex. This regime will be treated in a forthcoming paper.

1. Introduction and Main Results

1.1. Background. The problem considered in this paper is the localization transition of
a random copolymer near a random interface. Suppose that we have two immiscible
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liquids, say, oil and water, and a copolymer chain consisting of two types of monomer,
say, hydrophobic and hydrophilic. Suppose that it is energetically favourable for mono-
mers of one type to be in one liquid and for monomers of the other type to be in
the other liquid. At high temperatures the copolymer will delocalize into one of the
liquids in order to maximise its entropy, while at low temperatures energetic effects
will dominate and the copolymer will localize close to the interface between the two
liquids, because in this way it is able to place more than half of its monomers in their
preferred liquid. In the limit as the copolymer becomes long, we may expect a phase
transition.

In the literature most attention has focussed on models with a single flat infinite
interface or an infinite array of parallel flat infinite interfaces. Relevant references can
be found in the monograph by Giacomin [4] and in the theses by Caravenna [3] and
Pétrélis [9]. In the present paper we continue the analysis of a model introduced in den
Hollander and Whittington [7], where the interface has a random shape. In particular,
the situation was considered in which the square lattice is divided into large blocks, and
each block is independently labelled A (oil) or B (water) with probability p and 1 — p,
respectively, i.e., the interface has a percolation type structure. This is a primitive model
of an emulsion, consisting of oil droplets dispersed in water (see Fig. 1).

The copolymer consists of an i.i.d. random concatenation of monomers of type A
(hydrophobic) and B (hydrophilic). It is energetically favourable for monomers of type
A to be in the A-blocks and for monomers of type B to be in the B-blocks. Under
the restriction that the copolymer is directed and can only enter and exit a pair of
neighbouring blocks at diagonally opposite corners, it was shown that there are phase
transitions between phases where the copolymer is fully delocalized away from the
interface and phases where it is partially localized near the interface. Let p. = 0.64 be
the critical probability for directed bond percolation on the square lattice. It turns out
that the phase diagram does not depend on p when p > p., while it does depend on
p when p < p.. In the present paper we focus on the supercritical percolation regime,
i.e., p > pe.

Our paper is organised as follows. In the rest of Sect. 1 we recall the definition of the
model, state the relevant results from [7], and formulate three theorems for the supercri-
tical percolation regime. These theorems are proved in Sects. 3, 4 and 5, respectively.
Section 2 recalls the key variational formula for the free energy, as well as some basic
facts about block pair free energies and path entropies needed along the way.

Fig. 1. An undirected copolymer in an emulsion
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1.2. The model. Each positive integer is randomly labelled A or B, with probability %
each, independently for different integers. The resulting labelling is denoted by

w={w:iecN}e{A, BN (1.2.1)

and represents the randomness of the copolymer, with A denoting a hydrophobic mono-
mer and B a hydrophilic monomer. Fix p € (0, 1) and L,, € N. Partition R? into square
blocks of size L,;:

R? = U A, (x), A, (x) =xL,+(0,L,)% (1.2.2)

xeZ?

Each block is randomly labelled A or B, with probability p, respectively, 1 — p, inde-
pendently for different blocks. The resulting labelling is denoted by

Q={Q(): x 7% € (A, B} (1.2.3)

and represents the randomness of the emulsion, with A denoting oil and B denoting
water.
Let

e W, = the set of n-step directed self-avoiding paths starting at the origin and being
allowed to move upwards, downwards and to the right.

e W, 1, =thesubset of W, consisting of those paths that enter blocks at a corner, exit
blocks at one of the two corners diagonally opposite the one where it entered, and in
between stay confined to the two blocks that are seen upon entering (see Fig. 2).

The corner restriction, which is unphysical, is put in to make the model mathematically
tractable. We will see that, despite this restriction, the model has physically relevant
behaviour.

Given w, 2 and n, with each path = € W, ;, we associate an energy given by the
Hamiltonian

n
,Q _ o L, _ _ Ly —
HZLn (1) =— Z (0( 1 {wi - Q(ﬂi—lsm) - A} +h1 {wi - Q(T[{—lvﬂi) - B})’
i=1
(1.2.4)

m

Fig. 2. A directed self-avoiding path crossing blocks of oil and water diagonally. The light-shaded blocks
are oil, the dark-shaded blocks are water. Each block is L, lattice spacings wide in both directions. The path
carries hydrophobic and hydrophilic monomers on the lattice scale, which are not indicated
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where (m;_1, ;) denotes the iy, step of the path and Q(L;l o) denotes the label of
the block this step lies in. What this Hamiltonian does is count the number of AA-
matches and B B-matches and assign them energy —a and —pf, respectively, where
o, B € R. (Note that the interaction is assigned to bonds rather than to sites: we identify
the monomers with the steps of the path). As we will recall in Sect. 2.1, without loss of
generality we may restrict the interaction parameters to the cone

CONE = {(a, B) € R?: a > |B]}. (1.2.5)

Given w, 2 and n, we define the quenched free energy per step as

0,2 _ 1 w,2
f;z,L,, - ;log Zn,Ln’

(1.2.6)
Z;”Lgn = Z exp [—Hfl‘j‘fi (71)].
€W L,
We are interested in the limit n — oo subject to the restriction
1
L, — o and -L, — 0. (1.2.7)
n

This is a coarse-graining limit where the path spends a long time in each single block
yet visits many blocks. In this limit, there is a separation between a copolymer scale and
an emulsion scale.

In [7], Theorem 1.3.1, it was shown that

Jim [V = f = f@ pip) (12.8)
exists w, 2-a.s. and in mean, is finite and non-random, and can be expressed as a varia-
tional problem involving the free energies of the copolymer in each of the four block
pairs it may encounter and the frequencies at which the copolymer visits each of these
block pairs on the coarse-grained block scale. This variational problem, which is recalled
in Sect. 2.1, will be the starting point of our analysis.

1.3. Phase diagram for p > p.. In the supercritical regime the oil blocks percolate,
and so the coarse-grained path can choose between moving into the oil or running along
the interface between the oil and the water (see Fig. 3). We begin by recalling from den
Hollander and Whittington [7] the two main theorems for the supercritical percolation
regime (see Fig. 4).

Theorem 1.3.1. ([7], Theorem 1.4.1). Let p > p.. Then (a, B) — f(a, B; p) is non-
analytic along the curve in CONE separating the two regions

D = delocalized phase = {(a, B) € CONE: f(«, B; p) = %a + w} ,
(1.3.1)
L = localized phase = {(a, B) € CONE: f(w, B; p) > %a + w}.

Here, o = lim,_ % log W1, | = % log 5 is the entropy per step of the walk subject
to (1.2.7).
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NN

Localized

Fig. 3. Two possible strategies when the oil percolates

Theorem 1.3.2. ([7], Theorem 1.4.3). Let p > p..

(1) Forevery a > 0 there exists a B.(«) € [0, o] such that the copolymer is

delocalized if —a < B < B.(a),
(1.3.2)
localized if B.(a) < B < a.

(i) o +— Bc(@)isindependent of p, continuous, non-decreasing and concave on [0, 00).
There exist a* € (0, 00) and B* € [a*, 00) such that

Be(a) = a if a <,
(13.3)
Bela) < aif a > a*,

and

lim % Be(a)
im ——
ala* o —oF

€ [0, 1), alem Be(@) = B*. (1.3.4)

The intuition behind Theorem 1.3.1 is as follows (see Fig. 3). Suppose that p > p,.
Then the A-blocks percolate. Therefore the copolymer has the option of moving to the
infinite cluster of A-blocks and staying inside that infinite cluster forever, thus seeing
only AA-blocks. In doing so, it loses an entropy of at most O(n/L,) = o(n) (on the
coarse-grained scale), it gains an energy %om + o(n) (on the lattice scale, because only
half of its monomers are matched), and it gains an entropy @wn+o(n) (on the lattice scale,
because it crosses blocks diagonally). Alternatively, the path has the option of running
along the boundary of the infinite cluster (at least part of the time), during which it
sees A B-blocks and (when B > 0) gains more energy by matching more than half of its
monomers. Consequently,

fla, Bip) > ta+w. (1.3.5)

The boundary between the two regimes in (1.3.1) corresponds to the crossover from
full delocalization into the A-blocks to partial localization near the A B-interfaces. The
critical curve does not depend on p as long as p > p.. Because p — f(«, B; p) is
continuous (see Theorem 2.1.1(iii) in Sect. 2.1), the same critical curve occurs at p = pe.
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The proof of Theorem 1.3.2 relies on a representation of D and £ in terms of the single
interface (!) free energy (see Proposition 2.3.4 in Sect. 2.3). This representation, which
is key to the analysis of the critical curve, expresses the fact that localization occurs
for the emulsion free energy only when the single interface free energy is sufficiently
deep inside its localized phase. This gap is needed to compensate for the loss of entropy
associated with running along the interface and crossing at a steeper angle.

The intuition behind Theorem 1.3.2 is as follows (see Fig. 4). Pick a point («, )
inside D. Then the copolymer spends almost all of its time deep inside the A-blocks.
Increase 8 while keeping « fixed. Then there will be a larger energetic advantage for the
copolymer to move some of its monomers from the A-blocks to the B-blocks by crossing
the interface inside the A B-block pairs. There is some entropy loss associated with doing
so, but if B is large enough, then the energetic advantage will dominate, so that A B-
localization sets in. The value at which this happens depends on « and is strictly positive.
Since the entropy loss is finite, for o large enough the energy-entropy competition plays
out not only below the diagonal, but also below a horizontal asymptote. On the other
hand, for « small enough the loss of entropy dominates the energetic advantage, which
is why the critical curve has a piece that lies on the diagonal. The larger the value of «
the larger the value of 8 where A B-localization sets in. This explains why the critical
curve is non-decreasing. At the critical curve the single interface free energy is already
inside its localized phase. This explains why the critical curve has a slope discontinuity
at ™.

1.4. Main results. In the present paper we prove three theorems, which complete the
analysis of the phase diagram in Fig. 4.

Theorem 1.4.1. Let p > p.. Then o — B.() is strictly increasing on [0, 00).

Theorem 1.4.2. Let p > p.. Then for every a € (a*, 00) there exist0 < C; < Cy < 00
and 8y > 0 (depending on p and «) such that

C1 8% < f(a, Be(@) +8; p) — f (o, Be(@); p) < C28> V8 € (0,80]. (1.4.1)

Fig. 4. Qualitative picture of & — B.(«) for p > p.
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Theorem 1.4.3. Let p > p.. Then, under Assumption 5.2.2, («, ) — f(«, B; p) is
infinitely differentiable throughout L.

Assumption 5.2.2 states that a certain intermediate single-interface free energy has a
finite curvature. We believe this assumption to be true, but have not managed to prove
it. See the end of Sect. 5.2, in particular, Remark 5.3.3, for a motivation and for a way
to weaken it.

Theorem 1.4.1 implies that the critical curve never reaches the horizontal asymptote,
which in turn implies that ¢* < B* and that the slope in (1.3.4) is > 0. Theorem 1.4.2
shows that the phase transition is second order off the diagonal. (In contrast, we know that
the phase transition is first order on the diagonal. Indeed, the free energy equals %a +w

on and below the diagonal segment between (0, 0) and («*, «™), and equals %,B + @ on
and above this segment as is evident from interchanging « and 8.) Theorem 1.4.3 tells us
that the critical curve is the only location in CONE where a phase transition of finite order
occurs. Theorems 1.4.1, 1.4.2 and 1.4.3 are proved in Sects. 3, 4 and 5, respectively.
Their proofs rely on perturbation arguments, in combination with exponential tightness
of the excursions away from the interface inside the localized phase.

The analogues of Theorems 1.4.2 and 1.4.3 for the single flat infinite interface were
derived in Giacomin and Toninelli [5,6]. For that model the phase transition is shown
to be at least of second order, i.e., only the quadratic upper bound is proved. Numerical
simulation indicates that the transition may well be of higher order.

The mechanisms behind the phase transition in the two models are different. While
for the single interface model the copolymer makes long excursions away from the
interface and dips below the interface during a fraction of time that is at most of order
82, in our emulsion model the copolymer runs along the interface during a fraction of
time that is of order §, and in doing so stays close to the interface. Morover, because near
the critical curve for the emulsion model the single interface model is already inside its
localized phase, there is a variation of order § in the single interface free energy. Thus,
the 62 in the emulsion model is the product of two factors &, one coming from the time
spent running along the interface and one coming from the variation of the constituent
single interface free energy away from its critical curve. See Sect. 4 for more details.

In the proof of Theorem 1.4.3 we use some of the ingredients of the proof in Giacomin
and Toninelli [6] of the analogous result for the single interface model. However, in the
emulsion model there is an extra complication, namely, the speed per step to move
one unit of space forward may vary (because steps are up, down and to the right),
while in the single interface model this is fixed at one (because steps are up-right and
down-right). We need to control the infinite differentiability with respect to this speed
variable. This is done by considering the Fenchel-Legendre transform of the free energy,
in which the dual of the speed variable enters into the Hamiltonian rather than in the set
of paths. Moreover, since the block pair free energies and the total free energy are both
given by variational problems, we need to show uniqueness of maximisers and prove
non-degeneracy of the Jacobian matrix at these maximisers in order to be able to apply
implicit function theorems. See Sect. 5 for more details.

1.5. Discussion. The corner restriction imposed through the set YW, 1, in Sect. 1.2 is
unphysical. However, without this restriction the model would be very hard to analyze,
and would have a degree of difficulty comparable to that of the directed polymer in
random environment, for which no detailed phase diagram has yet been derived. If
the copolymer is allowed to exit a pair of blocks also at the corner to the right of the
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entrance corner, then this adds an extra critical curve to the phase diagram, namely, the
critical curve of the single linear interface. Our critical curve still persists, because the
copolymer has to cross A B-blocks diagonally every now and then in order to reach the
most favorable block environment. The order of the phase transition at our critical curve
is unaffected. The order of the extra critical curve would be the same as for the single
linear interface, i.e., second order or higher.

2. Preparations

In Sects. 2.1-2.3 we recall a few key facts from den Hollander and Whittington [7]
that will be crucial for the proofs. Section 2.1 gives the variational formula for the free
energy, Sect. 2.2 states two elementary lemmas about path entropies, while Sect. 2.3
states two lemmas for the block pair free energies and a proposition characterising the
localized phase of the emulsion free energy in terms of the single interface free energy.
Section 2.4 states a lemma about the tail behaviour of the single interface free energy
and the block pair free energies, showing that long paths wash out the effect of entropy.

2.1. Variational formula for the free energy. To formulate the key variational formula
for the free energy that serves as our starting point, we need three ingredients.

I. For L € Nand a > 2 (with aL integer), let W, denote the set of a L-step directed
self-avoiding paths starting at (0, 0), ending at (L, L), and in between not leaving the
two adjacent blocks of size L labelled (0, 0) and (—1, 0) (see Fig. 5). Fork,[ € {A, B},
let

1
V(L L) = a—logZaL L

Z%, = > exp[ @, L(n)] when (0, 0) = k and (0, —1) =/,

ﬂEWaL_L

(2.1.1)

denote the free energy per step in a kl-block when the number of steps inside the block
is a times the size of the block. Let

Lli_)moo VYuaL, L) = Yy (a) = Yu (e, B; a). (2.1.2)

Note here that k labels the type of the block that is diagonally crossed, while [ labels
the type of the block that appears as its neighbour at the starting corner (see Fig. 5). We
will recall in Sect. 2.3 that the limit exists w-a.s. and in mean, and is non-random. Both
Va4 and ¥ pp take on a simple form, whereas ¥ 4p and {54 do not.

IL. Let W denote the class of all coarse-grained paths I1 = {I1;: j € N} that step
diagonally from corner to corner (see Fig. 4, where each dashed line with arrow denotes
a single step of IT1). Forn e N, I[1 € W and k, [ € {A, B}, let

pi1 (1, n)

_ l i 1 (IT;_1, IT;) diagonally crosses a k-block in €2 that has an /-block
T n 4 in Q2 appearing as its neighbour at the starting corner

(2.1.3)
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Fig. 5. Two neighbouring blocks. The dashed line with arrow indicates that the coarse-grained path makes a
step diagonally upwards. The path enters at (0, 0), exits at (L, L), and in between stays confined to the two
blocks

Abbreviate
PP, n) = (o] (L, 1)) ca - (2.1.4)

which is a 2 x 2 matrix with non-negative elements that sum up to 1. Let R®(IT) denote
the set of all limits points of the sequence {p**(I1, n): n € N}, and put

R® = the closure of the set U RE(IT). (2.1.5)
mew

Clearly, R exists for all . Moreover, since 2 has a trivial sigma-field at infinity (i.e.,
all events not depending on finitely many coordinates of €2 have probability O or 1) and
R is measurable with respect to this sigma-field, we have

RY=R(p) Q-—aus. (2.1.6)

for some non-random closed set R(p). This set, which depends on the parameter p
controlling €2, is the set of all possible limit points of the frequencies at which the four
pairs of adjacent blocks can be seen along an infinite coarse-grained path. The elements
of R(p) are matrices

(,OAA /OAB) 2.1.7)

PBA PBB

whose elements are non-negative and sum up to 1. In [7], Proposition 3.2.1, it was
shown that p — R(p) is continuous in the Hausdorff metric and that, for p > p., R(p)
contains matrices of the form

M, = ((1)_”5) fory € C C (0, 1) closed. 2.1.8)

III. Let A be the set of 2 x 2 matrices whose elements are > 2. The elements of these
matrices are used to record the average number of steps made by the path inside the four
block pairs divided by the block size.

With I-III in hand, we can state the variational formula for the free energy. Define

>k Priaki ki (ak)

Vi ((ox)s (akr)) € R(p) x A=
> ki PriGk]

(2.1.9)
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Theorem 2.1.1. ([7], Theorem 1.3.1).

(i) Forall (o, B) € R? and p € (0, 1),

lim % = f = f(a. B: p) (2.1.10)

n— o0

exists w, Q-a.s. and in mean, is finite and non-random, and is given by

S = sup sup  V ((or1), (ak)). (2.1.11)
(o) ER(p) (ar)eA

(i) (a, B) — f(a, B; p) is convex on szor all p € (0, 1).
(i) p v+ f(a, B; p) is continuous on (0, 1) for all («, B) € R2,
(iv) Forall (a, B) € R and p € (0, 1),

fla.Bip) = f(B.a: 1= p),

(2.1.12)
[l B p) = 3(a+p)+ f(=B. —a: p).
Part (iv) is the reason why without loss of generality we may restrict the parameters to
the cone in (1.2.5).

The behaviour of f as a function of («, B) is different for p > p. and p < p. (recall
that p. is the critical probability for directed bond percolation on the square lattice).
The reason is that the coarse-grained paths IT, which determine the set R(p), sample €2
just like paths in directed bond percolation on the square lattice rotated by 45 degrees
sample the percolation configuration (see Fig. 6).

2.2. Path entropies. The two lemmas in this section identify the path entropies associa-
ted with crossing a block and running along an interface. They are based on straightfor-
ward computations and are crucial for the analysis of the model.

L 4 L 4
A B A A
®
B A B B
A 4
L 4 L
B A A A
A a4
® L 4 ®
B B A B
® L

Fig. 6. IT sampling Q2. The dashed lines with arrows indicate the steps of I1. The block pairs encountered in
this example are BB, AA, BA and AB
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Let
DOM = {(a,b): a > 1+b,b > 0}. (2.2.1)

For (a,b) € DOM, let Ny (a, b) denote the number of aL-step self-avoiding directed
paths from (0, 0) to (bL, L) whose vertical displacement stays within (—L, L] (aL and
bL are integer). Let

1
k(a.b)= lim —-log Ny (a.b). (2.2.2)

Lemma 2.2.1. ([7], Lemma 2.1.1).

(1) «(a, b) exists and is finite for all (a, b) € DOM.
(i) (a, b) — ak(a, b) is continuous and strictly concave on DOM and analytic on the
interior of DOM.
(iii)) Foralla > 2,

ak(a, 1) =log2 + 1 [aloga — (a — 2)log(a — 2)]. (2.2.3)

(iv) sup,=sk(a, 1) = k(a*, 1) = §log5 with unique maximiser a* = 3.
v) (%K)(a*, 1) = 0and a*(%K)(a*, 1) = 1log %

. 2 2 2
i) (Siya*, 1) = =35, (Dzr)@*, 1) = =35 and (55556)(@*, 1) = =5 log 3 +
44

dadb
ﬁ.
Part (vi), which was not stated in [7], follows from a direct computation via [7],
Egs. (2.1.5), (2.1.8) and (2.1.9).

For u > 1, let N 1 () denote the number of i L-step self-avoiding paths from (0, 0)
to (L, 0) with no restriction on the vertical displacement (x L is integer). Let

1 o
k(u) = lim —log Np(w). (2.2.4)
L—oo L

Lemma 2.2.2. ([7], Lemma 2.1.2).

(i) k(w) exists and is finite for all u > 1.

(1) w > uk(w) is continuous and strictly concave on [1, 00) and analytic on (1, 00).
(iii) k(1) = 0and uk () ~ logu as u — oo.
(iv) sup,- wle () — %log 5] < %log %.

2.3. Free energies per pair of blocks. In this section we identify the block pair free
energies. In [7], Proposition 2.2.1, we showed that w-a.s. and in mean,

Yaala) = ja+k(@ 1) and  Yppa) = 1B +k(a, D). (2.3.1)

Both are easy expressions, because A A-blocks and B B-blocks have no interface.

To compute Y 4p(a) and Ypa(a), we first consider the free energy per step when
the path moves in the vicinity of a single linear interface T separating a liquid A in the
upper halfplane from a liquid B in the lower halfplane including the interface itself. To
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that end, for ¢ > b > 0, let W, 1. denote the set of cL-step directed self-avoiding
paths starting at (0, 0) and ending at (bL, 0). Define

1
I/fZ”’I(c, b) = I log ZZUL%;L (2.3.2)
with
T T
Z b = Z exp [—HCwL’ (N)],
TE€EWeL bL
cL

chle(”) = —Z(O‘ Hoi = A, (i1, 7i) > 0} + B H{w; = B, (wi—1, 7)) <0}),
i=1
(2.3.3)

where (7;_1, 7;) > O means that the i;;, step lies in the upper halfplane and (r;_1, ;) <0
means that the i;; step lies in the lower halfplane or in the interface (see Fig. 7).
Fora € [2, 00), let

poM(a) = {(c,b) e R?>: 0<b<1,c¢>b,a—c>2—b}. (2.3.4)

Lemma 2.3.1. ([7], Lemma 2.2.1). For all («, B) € R2andc>b >0,
Jim % e.b) = ¢F(e/b) = ¢7 (. i c/b) (235)

exists w-a.s. and in mean, and is non-random.

Lemma 2.3.2. ([7], Lemma 2.2.2). For all («, B) € R2anda > 2,

ayap(a) = ayap(a, B; a)

= s Nedemr@-ollarc@=—c1-n]}. 236
(c,b)eDOM(a)

Lemma 2.3.3. ([7], Lemma 2.2.3). Let k, [ € {A, B}.

(i) Forall (o, B) € R2 4 avyri (a, B; a) is continuous and concave on [2, 00).
(i) Foralla € [2,0), a — Yy (a, B; a) and B +— Yy (a, B; a) are continuous and
non-decreasing on R.

solvent A | =5

_ Interface
e

solvent B > I-|-|_|'I-| Ln‘rL_LJ'I
< > Juismes

L

Fig. 7. Nlustration of (2.3.2-2.3.3)forc = pand b =1
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The idea behind Lemma 2.3.2 is that the copolymer follows the A B-interface over
a distance bL during cL steps and then wanders away from the A B-interface to the
diagonally opposite corner over a distance (1 — b) L during (a — c¢) L steps. The optimal
strategy is obtained by maximising over b and ¢ (see Fig. 8). A similar expression holds
for ¥pa.

The key result behind the analysis of the critical curve in Fig. 4 is the following
proposition, whose proof relies on Lemmas 2.3.1-2.3.3.

Proposition 2.3.4. ([7], Proposition 2.3.1)
Let p > pe. Then (a, B) € L if and only if

su[; nw [d)I(a, B ) — %a — %log 5] > %log %. (2.3.7)
w=

Note that %a + % log 5 is the free energy per step when the copolymer diagonally crosses
an A-block. What Proposition 2.3.4 says is that for the copolymer in the emulsion to
localize, the excess free energy of the copolymer along the interface must be sufficiently
large to compensate for the loss of entropy of the copolymer coming from the fact that
it must diagonally cross the block at a steeper angle (see Fig. 8).

We have

¢t (1) = Ja+ RV > 1,
o7 () < a+R(WVYp = 1, (2.3.8)

where & (u) is the entropy defined in (2.2.4). The upper bound and the gap in Lemma
2.2.2(iv) are responsible for the linear piece of the critical curve in Fig. 4. In analogy
with Lemma 2.2.2, we further note that, for all («, 8) € R2, = ,uq{)I(u) is finite
and concave on [1, 00), and hence is continuous on (1, c0). In the definition of q‘)I the
interface belongs to solvent B (see (2.3.3)), so that ¢I (D) = % B. Finally, by mimicking

the proof of Lemma 2.4.1(i) below, we can show that lim,, | L) = %a.

2.4. Tail behaviour of free energies for long paths. In this section we show that long
paths wash out the effect of entropy. This will be needed later for compactification
arguments.

Fig. 8. Two possible strategies inside an A B-block: The path can either move straight across or move along
the interface for awhile and then move across. Both strategies correspond to a coarse-grained step diagonally
upwards as in Fig. 6
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Let IP’I“:’LI denote the law of the copolymer of length L in the single interface model
with the energy shifted by —7, i.e.,

: HOT w 2.4.1
a),I exp - /‘LL (T[) ’ T e ;,LL,L’ ( T )
nL,L

P (n) =

with

nL
HY T (1) = = > (o Hoy = A} + B Lo = BY) H{(mi—1,m) <0). (242)

i=1
Let
ot (w) = ¢t (@, s p) = Lli_)moo qbZ”LI ®—a.s. with
1
027 = 6% @, B) = L o zot, (2.4.3)

(compare with (2.3.3)). Henceforth we adopt this shift, but we retain the same notation.
The reader must keep this in mind throughout the sequel!

Lemma 2.4.1. For any fy > 0,

(i) limy— o0 ¢ (at, B3 1) =0,
(i) limg_ oo Vap(a, B;a) =0, uniformly ina > B and B < .

Proof. (i) Recall the definition of W, 1 in Sect. 2.3. Abbreviate x; = 1{w; = B}—1
{w; = A}. Because @ > B and 8 < By, we have

1 &
¢I(a,ﬂ;u)§L1meM—L10g > e | B xil{rioi, m) <0)

JTEWML,L i=1

L
1 M

< k() + Polimsup — max 1> xil{(mi1,m) <0} . (244)
i=1

L—soo ML meWur 1

We know from Lemma 2.2.2(iii) that lim,_, o £ (1) = 0. Therefore it suffices to show
that for every ¢ > 0 there exists a po(¢) > 2 such that

nL

1
limsup — max xi{(mwi—1, 7)) <0}t <& w—a.s. VYu=>pugle).
L—oo ML 7eW,r1 ; l l l

(2.4.5)

The random variables yx; are i.i.d. &1 with probability % Let I; be the set of indices

i in the j;, excursion of w on or below the interface. Then Zf‘:LI xil{(mi—y, m) <
0} = Zj Zidi xi- Let F,, 1 denote the family of all possible sequences I = (I;) as



Localized Phase of a Copolymer in an Emulsion 839

7 runs over the set W,y 1, and write |I| = Zj [1;]. For 0 < & < 1, consider the
quantity
pure =P eFur: DD xizenl|. (2.4.6)
j iE[j

where [P denotes the probability law of w. By the exponential Markov inequality, there
exists a C > 0 such that

N
P(Zx,- zsRN)geC€2RN VN,R>1,¥0<e<l. (2.4.7)
i=1

Since |I| < uL forall I € F,, 1, we can apply (2.4.7) with N = |I| and R = uL/|I|
to estimate

2
PurLe< ., P Zin_emm < | Fuple CHE (24.8)

1€F,.1 j i€l

Since
nL)?
[FuLl < L) = exp [C(W)L +o(L)] as L — oo, (2.4.9)

with C() ~ log u as u — o0, there exists a C’ > 0 such that, for 4 > 2 and L large
enough, |F, | < exp[LC’log ] andhence p, 1 < exp[L(C'logu— Ce2)]. Thus,
there exists a ;o(e) > 2 such that for u > (),

o0
> Pure < 0. (2.4.10)

The Borel-Cantelli lemma now allows us to assert that, w-a.s. for u > uo(e) and L
large enough, the inequality >-; >, 1; Xi < &L holds uniformly in I € Fy, .. Hence
(2.4.5) is true indeed.

(ii) This follows from a similar argument. The counterpart of Eq. (2.4.4) is (recall (2.2.1)-
(2.2.2))

1 alL
Van(@, i) < k@ D+ olimsup - max l)IZle{(ﬂz L) <0}}
24.11)

Lemma 2.2.1(iii) implies that x (a, 1) — 0 as a — oo, while the proof that w-a.s. the
second term in the r.h.s. of (2.4.11) tends to O is the same as in (i). O

3. Proof of Theorem 1.4.1

In Sect. 3.1 we derive a proposition stating that the excursions away from the interface
are exponentially tight in the localized phase. In Sect. 3.2 we use this proposition to
prove Theorem 1.4.1.
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3.1. Tightness of excursions. We will call the triple («, 8, ) € CONE X [1, 00) weakly
localized if (recall Proposition 2.3.4 and (2.4.1-2.4.3))

a € (a*,00) and supv [¢I(a, B;v) — w] =u [qu(a,ﬁ; w) — w] >c¢ (3.1.1)

v>1
with
@ =4log5 and ¢ =1log?. (3.1.2)

Let [, denote the number of strictly positive excursions in w € W), 1. For
k=1,...,1,1,let 7y denote the length of the k;, such excursion in 7.

Proposition 3.1.1. Let (o, B, ) be a weakly localized triple. Then for every C > 0
there exists an Mo = Moy(C) such that for M > M,

lur
Jim E IP’;”LI > wlfne =M} =CuL || =0. (3.1.3)
k=1

Proof. Along the way we need the following concentration inequality for the free energy
of the single interface. Let ¢::i1 = (1/uL)log ZZ)’LI,L (recall (2.3.3)).

Lemma 3.1.2. There exist C1, Cy > Osuchthatforalle > 0, («, 8, u) € CONEX[1, 00)
and L € N,

P (‘qﬁ,“jf(a, B)—E (¢5’Lf(a, ﬂ))‘ > e) < Cjexp [—eszL/Cz(a + ,3)] . (3.14)

Proof. See Giacomin and Toninelli [6]. The argument for their single interface model
readily extends to our single interface model. O

Step 1. Throughout the proof, («, 8, 1) is a weakly localized triple and C € (0, 1). Fix
M.Form € Wy, L, we let

K=K (m)y=1{kefl,...,luL}: w =M} 3.1.5)
We also define

WLZ T eWuLL: kaECuL s
keKy
Qr={CuL,...,uL} x{1,...,L}yx{1,...,uL/M}. (3.1.6)

Note that VT/L is the union of the events (Ag ;) (s.r.neg, With

Asri=1 D w=stN{ D> w/m=rtn{Kc =1}, (.1.7)

keKy keKy

where py is the number of steps divided by the number of horizontal steps in the
kyp, strictly positive excursion. Let v = (v,l, v,%)ke k, denote the starting points and
ending points of the successive positive excursions of length > M. If V; denotes all
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possible values of v, then Ay ,; is the union of the events (Af’,’l)vevL. We will estimate
Z

E(Py 7 (AY,0).

Step 2. We want to bound from above the quantity

w,T w,T
E(PoF (AL,,) =E ((ZneAgvme_H“L (”)) e ML ) (3.1.8)

To that end, we concatenate the excursions of 7 in [v,%_l, v,l], ke{l,...,t},asfollows.
Since these excursions start and end at the interface, either with a horizontal step or
with a vertical step up, we concatenate them by adding a strictly positive excursion of
3 steps between them. The latter has no effect on the Hamiltonian. We also concatenate
the strictly positive excursions in [v,l, v,%], k € {1, ...,t}, by adding 1 horizontal step
between them. Thus, if we abbreviate S| = uL — s + 3t and S = L — r +1, and if we
denote by w, the concatenation of the w; in [v,%_l, v,l], k € {1,...,t}, then we have

o, T _gov,T
T < S e 0 T K Hren, (G19)

ereA'?

st

where K (a, b) is the number of strictly positive excursions of length a that make b
horizontal steps. A standard superadditivity argument gives

K(s+t,r+1) < 0HFGD (3.1.10)
with & the entropy function defined in (2.2.4). Put i = S;/S,. Then with (3.1.10) we
can rewrite (3.1.9) as

0, T wy, L Ayt
ZneA}{m e Hui” (@) < 1 Pasy s R(E). (3.1.11)

At this stage, two cases need to be distinguished. Fix n > 0.
Case S1 > nL. Let

Av={opf <E(a57) - e}

Ay = {¢>“’”’I >E (¢°’“’I) +e} .

sy sz

(3.1.12)

Since uL > [1S> = S; > nL, Lemma 3.1.2 gives the large deviation inequality

max{lP(A1),P(Az)} < Cyexp [—ean/Cz(a + ,6)] . (3.1.13)

By superadditivity, we have E((bgg’zz) < SUp; N E(¢Z’2’I ) = (pZ (). Moreover, for L

large enough, we have JE(d)Z)’LI) > qu(u) — ¢. Hence, it follows from (3.1.11-3.1.13)

that
o, T w,T
E (Pcl:’liz (A;'),r,l)) =K ((ZNEAy”e_ nL (7{)) e—ﬂL¢ML )

w,T w,T
<P(A))+P(A)+E ((ZneAy,,_,e_H“L (”)) e MLbuL 1A‘1’ﬂA§)
< 2C =M/ C2@HB) 4 oSI@T (+e) —pL@T(1)=28) s+ R

(3.1.14)
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Case S1 < nL. Note that, for (o, B) € CONE, the trivial inequality ¢Z”LI < a+i(w)
(compare with (2.3.8)) and Lemma 2.2.2 (iii) are sufficient to assert that there exists an
Ry, > 0 such that ¢Z)LI < Ry forall u > 1, L € N and w. Therefore also q‘)gg’zj < Ry,
forall & > 1, S» € N and w,, and so it follows from (3.1.11-3.1.13) that

E(P Z A — _g“T Lo

( zL ( g,r,t)) E((E rear, @ ul 07)) e M ‘%L)
— w, T 0, T
_H(Al)*‘E((E ey € L (ﬂ)) o HLSLL IAT)

s, rt
< Cre= S HL/ICB 4 pSiRa o=HL@T(0)=20) LG+ R(ED — (3.1.15)

Step 3. To bound the quantity S;¢% (1) = S1¢%(S1/S2) in (3.1.14), we define x = s/uL
and g =s/r.Then S = uL(1 —x)+3tand Sp = L(1 —xu/f) +1t. Since (o, B, 1) is
a weakly localized triple (recall (3.1.1)), we have Sl¢I(Sl /S2) < ;LSzd)I(u) +w (51—
nS2), with e given in (3.1.2). This can be further estimated by

2
$167(51/82) < uLe™ () — wxpl +x%L[w — ¢T(w]

+ [MJ(M) + (- M)] (3.1.16)
< Lot (w) — Swxul, (3.1.17)

where we use that @ — ¢Z (1) < 0,1 < uL /M, and M is large enough (by assumption).
Next, let g be such that k(v) < % for all v > % (which is possible by Lemma
2.2.2(iii)).

Case i > o. Since s > cuL and t < uL/M, if i > o, then (s +1)/(r +1) >
n/(1+t/r) > % Since s+t < xpuL+unL/M, it follows from (3.1.17) that for M large
enough,

S1 ¢L(S1/82) + (s +1) & (i—:) < uLep* () — toxpuL. (3.1.18)

Case i < po. For i < po, we first note that, by Lemma 2.2.2(iv) and (3.1.1), there
exists a z > 0 such that

Su;l)y[/%(y) — @] =p@r (W) — @) -z (3.1.19)
=

Therefore, picking y = (s +¢)/(r + 1) in (3.1.19), we get

(s+1)k (%) < u(r+ t)d)I(u) +wl[(s+t) —pu@r+0)]—z(r+t)

< wr¢ (W) + @ (s — pr) —zr + m

2 ’

L L C'L

= quﬁI(u) +wxpl (1 - i) _
e 7 i M

., (3.1.20)
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where C’ = C’(n) > 0 and the second line uses r < uL/M. Summing (3.1.16) and
(3.1.20), we obtain that for M large enough,

T s+t T xul C'L
S1¢7(S1/S) + (s +Dk | — ) S ule™ (w) —z——+
r+t n M

(3.1.21)

Since x > C and it < g, we can choose M large enough such that the r.h.s. of (3.1.21)
is bounded from above by wLopT(n) — %ML.
Setting C3 = inf{zC /2y, @w C/6}, we obtain that the r.h.s. of (3.1.18) and (3.1.21) are

both bounded from above by ,LLL¢I (n) — C3uL.
Step 4. In the case S1 > nL, (3.1.14) becomes

E (P07 (AL,)) = 2C 7 I/ Coath) 4 qnb(=Crese), (3.1.22)
while in the case S1 < nL we choose n < C3/2R,, and (3.1.15) becomes
( wr(Al, t>) < Cre LGP | rl(3C3v20), (3.1.23)
Thus, there are C4, C5 > 0 such that, for ¢ small enough,
(IP” T(AY ”)) < CheCsml, (3.1.24)

Therefore it remains to estimate the number of possible values of (s, r, ) and v. Since
(s,r, 1) € {1,..., uL}>, there are at most (uL)> such triples. At fixed ¢, choosing v

amounts to choosing ¢ starting points and # ending points for the excursions, which can
be done in at most () < (ZM“LL/ ) Ways when M > 4. By Stirling’s formula there

existsa C” > O such that forall M >4 and L € N,

( nL ) < "L AMEL with  d(M) = — 2 log (%) - (1 _ %) log (1 _ %)

2uL/M
(3.1.25)

Since limpy; oo d(M) = 0, we have d(M) < Cs5/2 for some Cs > 0 and M large
enough. Therefore

> DE(PIF(AL)) = CCT (LRSI (31.26)
(s,r,1)eQp Vv

Since the 1.h.s. equals the expectation in (3.1.3), we have completed the proof. O

3.2. Proof of Theorem 1.4.1. The proof uses Lemma 2.2.1 and Proposition 3.1.1.

Step 1. From Theorem 1.3.2(ii)) we know that ¢ +— B.(«) is non-decreasing and
converges to a finite limit 8* as @« — oo. Equation (2.3.7), which gives a criterion
for the localization of the copolymer at A B-interfaces, implies that

suqu(a, B ) —wl=¢c VYa=0 3.2.1)
w>

with @, ¢ defined in (3.1.2) (recall the energy shift made in (2.4.1-2.4.3)). Lemma
2.4.1 asserts that ¢I(a, Be(a); 1) tends to zero as 4 — oo, uniformly in o > 0. Since
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¢I (o, Be(); 1) = O for all @ > O (the path lies in the interface), it follows that the
supremum in (3.2.1) is attained at some p, > 1. Therefore, if we can prove that

¢7 (@' Be(@); 1ta) > T (@, Be(@): o) Vo> e, (3:2.2)

then

sup uld? (@, Be(@); 1) — @] > pald? (@', Be(@); pha) — @]
n=

> wal¢? (@, Be(@); o) — @] =5, (3.2.3)

and hence B.(a) > Bc(a).
Step 2. Let o' > « and

D = ¢ (&, Be(@); 1ta) — ¢F (@, Be(@); )

L/ o, T
— 1 —H, (@ Be(a)im) —H, 7} (@ Be(@);m)
= Lll_)moo oL log Z e hal log Z e hal
“ REW/LO[L,L T[EWMQL.L
1 HeL
= Jlim —=logBY) e | (@ = o) D Hoy = A, (ritm) <O | )
o

i=1
(3.2.4)

where the expectation is w.r.t. the law of the copolymer with parameters « and S.(«),

which are both suppressed from the notation. For & > 0,let A, ; = {7 : fi’l]‘ Hw; =
A, (mwi—1, ;) <0} > euqL}. Then we may estimate

D > lim sup
L—oo Ma

log [e(a—a/)waL PC,LIL (Agp) + PZ);IL([AE,L]C)] . (325

We will prove that, for ¢ small enough, there is a subsequence (L;,),,eN Such that
limy;— 0o PZ)QILm ([A¢.1,,1°) = 0 w-a.s. This willl imply that D > (o —a')e and complete
the proof.

Step 3. We recall that [,,,; denotes the number of strictly positive excursions in

7 € Wy,t,L- By Proposition 3.1.1, w-as., Pi;IL(Zi“zalL wl{tx = M} > Cuql)

L
tends to zero as L — oo along a subsequence. Moreover, w-a.s., ngl Hw; = A} >

%H«aL - C,u.aL for L large enough. Thus, putting s = % —2C — ¢, for L large enough
we have the inclusion

lug L
[AeL] C 1 D wl{m = M} = CoL
k=1
HaL
U Z Wy = AYHOM =1} > spuL t N[A: L]}, (3.2.6)

i=1

where @lM is the indicator of the event the i;;, step lies in a strictly positive excursion of
length < M.
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From now on we fix C = % and ¢ < %, implying that s > %. We also fix M such that
Proposition 3.1.1 holds for C = %. The proof will be completed once we show that

Jim_ P“’ L(Ber)=0 w-—as., (3.2.7)
where
Mo L
Bop={n: Z Hoi = AJIOM =1} > suuL § N[Ac L] (3.2.8)

i=1

Each path of B, ;, puts at least sy L monomers labelled by A in strictly positive excur-
sions of length < M and at most €, L monomers labelled by A in non-positive excur-
sions.

Step 4. For m € Be 1, let £ () label the excursions of 7 that are strictly positive,
have length < M and contain at least 1 monomer labelled by A. Abbreviate ry (7) =
|EL ()| > spe L/ M. Partition £ (;r) into two parts:

- £ i (7r): those excursions whose preceding and subsequent non-positive excursions
do not contain an A.

- 8% (7r): those excursions whose preceding and/or subsequent non-positive excursions
contain an A.

The total number of non-positive excursions containing an A is bounded from above
by euq L. Since a non-positive excursion can be at most once preceding and once sub-
sequent, we have |€ i (m)| = (s/M —2¢&)uq L. We will discard the excursions in 52 ().
Morover, to avoid overlap, we will keep from & i (7r) only half of the excursions. Call

the remainder gi (), and abbreviate 7y () = |ffi (m)|. Then rp(w) > ruel with
r=(s/2M — &)oL

Next, for 7 € Bg Ls let x (7r) denote the partition of {1, ..., ugL} into 27y () +
1 intervals, i.e., (It) o with Iy, j € {1,2,...,7.}, the interval occupied by
the ji, excursion of &£; °l () and its preceding and subsequent non-positive excursions.

The partition y (;r) also contains 27, + 1 integers (z,)l o withi,, i €{0,1,...,27},the
number of horizontal steps the path 7 makes in ;.

Let K}’ be the set of possible outcomes of x () as 7 runs over B, . For x € K}, let
t(x) denote the family of possible paths over the even intervals Iy, I2, ..., Ir7(y). The
paths of 7 () do not put more than ¢, L monomers of type A on or below the interface,
put exactly one excursion of type 1 ineachinterval I}, j € {1, ..., 27 (x)}, no excursion
of type 1 in I and at most one excursion in Ipz(,y. For j € {1,...,7())}, let £;(x) be
the set of paths on /I5;_1 that make i>;_ horizontal steps, perform exactly one excursion
of type 1, and have their preceding and subsequent non-positive excursions without an
A. Then we have the formula

_Hw’I ! r(X) _Hru.I .
ZXGKZ) [(Zn’et(x) € o )> H] 1 (anaj(x) e (”/)>:|

e—H*I(m)

VA
P;LL (Bs,L) = >
TeEWuuL.L
(3.2.9)

Step 5. For j € {1,...,7(x)}, lets;(x) be the set of non-positive excursions of |I2; |
steps of which i ;1 are horizontal. Then we may estimate
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w, T Mo L
PMaL ( & L) = ElLaL(a;/.aL)
. T ./ 7( —H* L (7))
erl(“) |:(Z7r Et(x)e —H C >) H' *) (Zn er (X)e i

zxek“’ [(Zﬂ/et(x)g Hw,I(n/)) l—[r(X (Z” o, (X)eiH i +an€sj-(x)57Hw’I(”j))i|-
(3.2.10)

X

Here, the prefactor comes from the fact that a path with more than one non-positive
excursion containing an A may be associated with more than one family (x, #(x)) in the
sum in the denominator of (3.2.9). However, a path 7(x) cannot have more than & ,uo,L
excursions of such type. Since the number of excursions is bounded from above by 1y L
we can assert that each path can appear at most ey L ( frn L) times in the denomlnator

At this stage it suffices to show that there exists a C > 0, depending only on «, &’
and M, such that forall x € K and j € {1, ...,7())},

St s 0 S e, (3.2.11)

mjesi(x) mjeti(x)

Indeed, since r > 4 L this yields, via (3.2.10),

o

L
]P’wI (Bg L) < e,uaL(Ma ) (1+C) Ml (3.2.12)
e L

For & small enough the r.h.s. of (3.2.12) tends to zero as L — oo because C > 0,
implying (3.2.7) as desired.

Step 6. To prove (3.2.12), we note that, since the paths of s ; (x ) stay in the lower halfplane,
their Hamiltonian is a constant, namely, H oLy i) =2e I (al{w; = A}—Bl{w; =
B}) (recall (2.4.2)). A path of 7; () puts at most M steps of I; in the upper halfplane,
and so ; € t;(x) implies H‘”*I(nj) > H“”I(sj (x)) — aM. It therefore remains to
compare the cardinalities of s () and ; (x ). The number of strictly positive excursions
of length < M is some integer, denoted by #(M). Moreover, on I; the possible starting
points of the excursion of type 1 are at most M. Indeed, the excursion has to contain all
the w; of /; that are equal to A, and hence it must start less than M steps to the left of the
leftmost i € I; such that w; = A. Thus, we have at most M (M) possible excursions of
type 1 in /; (if we take into account their starting point). Next, we note that by fixing the
starting point and the shape of the excursions of type 1, we can create an injection from
tj(x) to s;(x) as follows (see Fig. 9). If 2r is the number of vertical steps in the fixed
excursion of type 1, then we associate with each path of 7; () a path of s ; (x) that begins
with r vertical steps down before performing the preceding non-positive excursion, next
makes s horizontal steps, where s is the number of horizontal steps in the excursion of
type 1, next performs the subsequent non-positive excursion, and afterwards returns to
the interface with r vertical steps.

We conclude that |s; ()| > |t;(x)|/Mh(M), which allows us to estimate

> e D <o) e 00
i€si(x)

|t](X)| _Hrul'(s ) _ ,I( X
> =C T (3.2.13)
Mg(M) z

”/GIJ(X)

with C = e=*M /Mh(M), proving (3.2.11).
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by
! j}”tfps N .
n LL AN b+ o

da

by

Fig. 9. Injection from 7;(x) to s;(x). Here, (b1, b2) and (dy, dp) label the endpoints of the preceding and
subsequent non-positive excursions

4. Proof of Theorem 1.4.2

Section 4.1 states two propositions providing the lower, respectively, upper bound for
f near the critical curve. These two propositions are proved in Sects. 4.3 and 4.4,
respectively, and together yield Theorem 1.4.2. Section 4.2 contains several lemmas
about the maximisers of the variational problem for 14p, which are needed in the
proofs.

4.1. Lower and upper bounds on the free energy. Recall (2.4.2). Fix p > pc,
a € (a*,00) and Jyp > O small enough (depending on p and «). Abbreviate
Inp = (0,80] N (0, @ — Be()], and for § € Iy define

Yu(a, 8) = Yo, Be(@) +68;a), a>2,

(4.1.1)
¢ (1, 8) = T (o, Bel@) + 8 1), =1,
and
Ty (3) = fla, Be(@) +8; p) — f(a, Be(a); p). (4.1.2)

Proposition 4.1.1. There exists a C1 > 0 such that

T,(8) > C18° V6 € Iy. (4.1.3)
Proposition 4.1.2. There exists a Cy < oo such that

T,(8) < C28> V8 € Ip. (4.1.4)

4.2. Maximisers of the block pair free energy. Lemmas 4.2.1-4.2.6 below are elemen-
tary assertions about the existence and the limiting behaviour of the maximisers in the
variational expression for ¥4 in (2.3.6). These lemmas will be needed in the proof of
Propositions 4.1.1-4.1.2 in Sects. 4.3—4.4.

Step 1. We first show that a — 4 (a, §) has a maximiser for § small enough.

Lemma 4.2.1. For every 8o > 0 there exists an ag > 2 such that, for every o > a™* and
8 € Ip(@), there exists an ay(8) € (2, ap] satisfying

sup Yag(a,8) = Yap(aa(8),d). (4.2.1)

a>2
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Proof. Recall (4.1.1). In Lemma 2.4.1 we showed that, for every By > 0, Y ap(a, o, B)
tends to zero as a — oo uniformly in @ > B and 8 < fy. Since B.(x) < B* for all
a > 0, there therefore exists an ag > 2 such that ¥ 4p(a, 8) < x(a*, 1) for all a > ay,
a > a*and § € Ip(«). By [7], Theorem 1.4.2, we have sup,~, ¥4 g(a,d) > k(a*, 1)
forall § > 0 and & > a*. This implies -

sup Yap(a,8) = sup Yap(a,d) VYa>ao*, §cla). (4.2.2)

ax2 2<a=<ap

For § fixed, a — ¥ ap(a,d) is continuous on [2, o0) and ¥ 45(2,5) = 0. Therefore
there exists an a, (8) € (2, ap] such that the Lh.s. of (4.2.2) is equal to ¥4 p(aq(3), §).
O

Step 2. Let
Q=i 0<e<p n=po a@®—c=2-c/u) (423

and
1 va
Hee.a,n.8) =~ [cd” (.9 +@—ow@—c1—c/w]. @24
a

Then, by Lemma 2.2.1(ii), we can assert that there exists a unique pair (¢4 (8), e (8)) €
5.1 satisfying Y ap(au(6), 8) = H(ca(8), aa(8), na(8), 8).

Lemma 4.2.2. For every &9 > 0 there exists a po > 1 such that (cy(8), e (8)) €
51\Q5 ,, foralla > o and § € Ip(a).

Proof. Prior to (4.2.2) we noted that 14 g (ay (8), 8) > Kk (a™, 1). We will show that there
exists a wo > 1 such that H(c, aq(8), u,8) < k(a*, 1) forall « > a*, § € Ip(a) and
(c,n) € Qg‘q o This goes as follows. In Lemma 2.4.1(i) we showed that ¢I (u, 8) tends
to zero as . — o0, uniformly in @ > o* and § € Iy(«). Therefore there exists a g > 1
such that ¢Z (u, 8) < %K(a*, 1) forall © > o, @ > o™ and § € Ip(a).

Lemma 4.2.3. There exists an M > 0, depending on ag, such that x(a, b) < k(a*, 1)+
M(1 — b) for all (a, b) € DOM (recall (2.2.1)) satisfying a < ag and % <b<l

Proof. This is easily proved via Lemma 2.2.1(ii), which says that (a, b) — «(a, b) is
analytic on the interior of DOM, and the equality k (a,a — 1) =0 foralla > 2. 0O

We now choose 1 large enough so that u > 2ag and Mag/pw < %K(a*, 1). Thus, for
(c,n) € Qg"m we have c/u < ap/mo < %, which entails % <1—c/u < 1. Therefore,
(ay(8) — ¢, 1 — ¢/ ) satisfies the assumptions of Lemma 4.2.3 and

1
H(c,aq(8), 1, 8) < o ®) [C%K((l*, D)+ (ag(8) —¢) (k(@*, 1)+ Mc/u)]
< k(a*, 1)+ aal(a) ¢ [Mao/ — Sk(a*, D] < k(@*, 1). (4.2.5)

O
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Step 3. We next show that a — ¥ 4p(a, 0) has a unique maximiser.

Lemma 4.2.4. For every a > o, SUp,>o Yap(a,0) = k(a*, 1) and is achieved
uniquely at a = a*. Consequently, for ¢ > a* and B = B.(a), the supremum in
(2.3.6) is achieved uniquely at ¢ = 0.

Proof. Since («, B:(a)) € L, [7], Theorem 1.4.2, tells us that sup,>p ¥Yap(a,0) <
k(a*, 1). Moreover, ¥ ap(a*, 0) > k(a*, 1), and therefore

supap(a,0) = «(a*, 1) = Yap(a*,0). (4.2.6)

a>2

Now, pick @ > 2 such that ¥4 p(a, 0) = «(a*, 1) and recall that DOM(a) in (2.3.4) is the
domain of the variational problem for ¥4 p(a, 0). We argue by contradiction. Suppose
that there exist ¢, b > 0 such that (c, b) € DOM(a) and

Vap(@.0) = k(@* 1) = - [cqu(c/b, 0)+(a—c)la—c,1— b)] . 427
a
Then

1
" {(c/b) [(Z)I(c/b, 0) — k(a*, 1)] — (a/b —c/b) [K(a*, 1)—«k(@a—c,1— b)]} =0.
(4.2.8)

However, (c/b) [q)I(c/b, 0) — k(a*, 1)] < ¢ by Proposition 2.3.4. Moreover, by [7],
Eq. (2.3.3), we have

gw) =v |k(@*,1) — sup  k(bv,1=b)|>¢ Vv>1 (4.2.9)
2/(v+1)<b<1
Pick v = (a — ¢)/b to make the Lh.s. of (4.2.8) strictly negative. Then the equality in
(4.2.8) cannot occur with b > 0 and ¢ > 0. Consequently, the only way to obtain (4.2.8)
istotakec =0anda = a*. O

Step 4. Fix a > a™ and §g > 0. For § € Iy(«), the quantity a,(§) may not be unique,
which is why from now on we take its minimum value. We next prove that (a, (8), ¢y (8))
tends to (a*,0) as § | 0. In what follows, (5,),cN is a sequence in Ip(«) such that
lim;— 0 8, = 0.

Lemma 4.2.5. Let (a,),en and (n)nenN be such that lim,_.a, = a > 2 and
M, oo ptn = p = 1 Then lim, o Yap(an. 8,) = Va,p(a.0) and lim, o ¢~
(s 8n) = ¢ (. 0).

Proof. A simple computation gives that Y 4p(a, §) —¥ap(a,0) < §foralla > 2 (recall
(4.1.1)). This allows us to write the inequality

|VaB(an, 8n) =V ap(a, 0)] = [Yap(an. 8p) =V ap(an, 0)|+[¥ap(an, 0)—¥ag(a, 0)|
<8+ |¥aB(an, 0) — Yap(a, 0)]. (4.2.10)

Since a — Y4 p(a, 0) is continuous (recall Lemma 2.3.3(1)), the r.h.s. of (4.2.10) tends
to zero as n — oo. This yields the claim for ¥4 p. The same proof gives the claim for
oL, o

Step 5. Finally, we obtain the convergence of aq (§) and ¢, (5) as § | 0.
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Lemma 4.2.6. (i) limg o aq(8) = a™
(i1) limgocy(8) = 0.

Proof.

(ii)

(i) The family (aq(8))sery(«) is bounded. We show that the only possible limit
of its subsequences is a*. Assume that a5, — aoc as n — 00, with as € [2, ap].
Since § — Y4 p(ay(8), 8) is non-decreasing, we get

Yap(as,,8n) — Yap(a*,0) > 0. (4.2.11)

Lemma4.2.5 tellsus thatthe r.h.s. of (4.2.11) tends to ¥ 4 g (doo, 0)— ¥4 (a*, 0) as
n — 00. Thus, ¥4 (dco, 0) > ¥ ap(a™, 0) and, since a* is the unique maximiser
of ¥4, p(a, 0) (by Lemma4.2.4), we obtain that ao, = a*. This implies that a, ()
tends toa™ as § | 0.

The family (c(8))ser, is bounded, because ¢y (8) < aq(8) — 1 < ap — 1 for
every 8 € Iy. Assume that ¢, (8,) — coo as n — 00. Since ay(8,) — a*, we
necessarily have coo < a®*—1. Moreover, (144 (8,)) N is bounded above by g (by
Lemma 4.2.2). Therefore, we can pick a subsequence satisfying py (8,) = oo
as n — 0o0. We now recall (4.2.4) and write

1
Van(aa(:).8n) = o= o ()T (e (8n), 8n)

1
m [(as, —ca(8n)) & (ag(8)—ca(8n), 1 — ca(8n) /)]
(4.2.12)

Let n — o00. Then Lemma 4.2.5 tells us that

1
Van(@,0) = — [endT (oo, 0+ (@ — coo) i (a7 = oo, 1 = eoopicc) |
(4.2.13)
Therefore Lemma 4.2.4 gives that co, = 0 and consequently ¢, (8) tends to O as

5 0.
O

4.3. Proof of Proposition 4.1.1.

Proof. Along the way we need the following. Let 8¢>I /3BT and E)q)I /0B~ denote the
right- and left-derivative of ¢Z, respectively.

Lemma 4.3.1. Forall u > 1 and a, B > 0 such that ¢Z(Ol, B ) > k(w),

¢I 7

0
GO %(mﬂ;m ~ 0. 4.3.1)

Proof. Use that ¢I(a, B; ) is convex in § and that qSI(a, Biw) > ¢I(a, 0; ) =k(w)
forall >0. O
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What Lemma 4.3.1 says is that the localized phase of qu (e, B; ) for fixed p corresponds
to pairs (o, B) satisfying ¢~ (o, B; 1) > K ().

Step 1. Recall (2.1.8) and pick a y € (0, 1) for which M,, € R(p). By picking
apa = aap = a* = % and (o) = M, in (2.1.11), and noting that 44 (a*) =
f(a, Bc(@); p) = k(a*, 1) = @, we get

To(8) = v [Yan(@®, 8) — «(a*, D]. 4.3.2)
Since u — ¢I(,u, 0) is continuous and ¢I(l, 0) = 0, Proposition 2.3.4 allows us to
choose a (1, > 1 that is a solution of the equation qbz(,u, 0) = @ + (1/u)g (recall
(3.1.2)). Pick C € (0, 1) and, in the variational formula for {4 g (a*, §) in Lemma 2.3.2,

pick ¢ = Cé§ and ¢/b = 114, to obtain the lower bound

T, () = = [C6¢I(ua, §) + (a* — CO)K (a* — €8, 1 — C8/1uq) — a*r (a*, 1)].
a

(4.3.3)

Use Lemma 2.2.1(iv—vi) to Taylor expand
Kk (a*—C8,1—C8/pa) = k(@*, 1) — (s/a*) C8/uqy + B4 C*5*
+ (C8,C8/ ) C282 (1 + 1/,;,3,) L8510, (434

for some B, € R and ¢ a function on R? tending to zero at (0, 0). Since B.(«) < B* for
o > o*, Lemma 2.4.1 tells us that ¢Z (c, Be(e0); w) tends to 0 as © — oo uniformly in
o > a*. Consequently, 14 is bounded uniformly in @ > «*, and therefore so is B,. By
inserting (4.3.4) into (4.3.3), we obtain that there exist M € R and §p > 0 such that

T,(5) > ;/—* [ca {¢I(Ma,5) — ¢I(ua,0)} +Ma*C282] Va > a*, 8 € Ip(a).
(4.3.5)

Since, by Lemma 2.2.2(iv) and Proposition 2.3.4, ¢ (g, 0) > K(ig), Lemma 4.3.1
gives that (o, B.()) lies in the localized phase of (o, B') — ¢~ (ita, &', ). Therefore

7
¢ (e, 8) — ¢% (11g, 0) > CL5  with C, = %(a, Be(@); ta) € (0, 1]. (4.3.6)

Hence (4.3.5) becomes
T, (8) > l*(cc; +Ma*C? 8% Vo >a*, 8§ ly(a). (4.3.7)
a

Now pick C small enough so that Ma*C > —%C !, to get the inequality in (4.1.3) with
C = 2’;—*C Cl.

Step 2. To complete the proof of Proposition 4.1.1 it suffices to show that C}, can
be bounded from below by a strictly positive constant. The latter is done as follows.
Suppose that there exists a sequence (@), in (a*, 0o] such that lim,_, o C,;n =0.
By considering a subsequence of (o), <N, we may assume that o, and w,, converge,
respectively, to a0 € [a*, 00] and . Moreover, as proved in Lemma 4.2.5,

Jim ¢F (@, B. tta,) = ¢7 (@00, B to) VB >0, (43.8)
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and 8 — ¢I (cn, B; e, ) 1s convex for every n € N. Consequently,

apT . apT : )
—— (0o, Be(@o0); o) < lim sup _+(0‘n7 Belon); te,) = limsupC, =0
8,3 n—o0 8,3 n—o0 "
4.3.9)
and
1 X
¢F (oo, B o) = T + —¢ > R (1oo). (4.3.10)

o0

But (4.3.9) yields g;%f(aoo, Be(@so); Moo) < 0, which contradicts the statement in
Lemma 4.2.5, because of (4.3.10). O

4.4. Proof of Proposition 4.1.2. Step 1. Since Yop > ¥y for all kI € {A, B}?, we can
write

F@ Bel@) +8: p) = (@ Bo(@)i p) = Yap(@a(8),8) — . (@Gl
Because of Lemma 4.2.4 we also have
F @ Be(@) 48 p) = f (@ Be(@); p) = Vap(@a(8),8) — Yan(aa(®),0).  (44.2)
Since
Va8 (aa(®). 8) = V45(a4(8),0)
[ea® [¢7 (ha®), @ pe@) +6) = 7 (ha(®). e pel@)) |} @43)

<

T au(9)

and, for ¢ fixed, 8 — qu (o, B; g (8)) is convex with slope bounded by 1, we obtain

1 9
Yap(aw(8),8) — Yap(ag(d),0) < @ [(@(bz) (a, Be(a) +8; ua(S))} cq(8) 6
<1 ca(8) 8. (4.4.4)
ap

Step 2. The proof of (4.1.4) is now completed by the following.

Lemma 4.4.1. Forevery o > o™ there exist Cy, < 00 and 8y > 0 such that ¢4 (8) < Cyé
forall § € Ip(x).

Proof. Recall the statement of Lemma 4.2.2, i.e., for every § € Io(«) there exists a
e (8) € [1, uo] such that

Vap(aq(8),8) = sup H(c, aq(8), na(8),8) (4.4.5)
c<min{da (8)=1.1a (8) (e (8)=2)/ (1ta (8)=1))

with

H(c, aq(8), pna(d), ) =

[c07 (1a(8). 8) + (@ (®) = Ok (@a(®) — ¢, 1 = ¢/ua(®))].
(4.4.6)

aq (8)
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We proved in Lemma 4.2.6 that the supremum is attained in a point ¢, (§) > 0O that tends
to zero as § | 0. Since H is differentiable w.r.t. its first variable, we have

aH
o7 (€@(®: au(®), 1a(8),8) = 0. 4.4.7)

Moreover, since H is also differentiable w.r.t. its second variable, and since the maximum
of Yap(a, ) overa € [2, 00) is attained in ay (), we have

H
o7 (€a(8), aa(9), 11a(8), 8) = 0. (4.4.8)

In what follows, we consider three functions (8§ — &; o(8));=1.2.3 that tend to zero as
8 | 0.Since ay (8) tends to a* by Lemma 4.2.6(i), we use the notation ay (§) = a*+dy(8).
For simplicity, when we do not indicate the point at which a derivative is taken, this point
is (a*, 1) by default.

Computing the derivative in (4.4.7) from (4.4.6), we obtain a relation between ¢, (8)
and ay (§). We may simplify this relation by using a first order Taylor expansion of the
quantities

0
K (@a(8), 1 — co(8)/1ta(6)) . a—’; (0 (), 1 — ca(8)/11a(6)) .
(4.4.9)

a—; (@0 (8). 1 — ca(8)/11a(5)) .

in the neighbourhood of (a*, 1). This gives, after some straightforward but tedious
computations,

67 (10 (0). 8) = (@* 1) = 55535 |
+¢(8) Aqys +a(8) Bas +£1.4(8) (Ica(®)] +1da()) =0 (4.4.10)

with
_ 1 3 _5 ¥ o (8) 92
Aws = @ [2 § + S + w5+ 975]
(4.4.11)
_ 1 ] 592 51a(8) 3%k
Bus = —m [a_K +39ms t S 312]
The same type of computation applied to (4.4.8) gives
g (8) +62,4(8)da (8) = o (8)Ca,s +&3,0(8)ca (8) (4.4.12)
with
212 k(@ 1)=¢7 (114 (8).8) s
Cas = —(2) e S ‘(’;;’Zai (4.4.13)
912 T

Recalling that ¢, (§) and a4 () tend to zero as § | 0 (by Lemma 4.2.6), we obtain
from (4.4.12) that ay (8) € [(Ca.s — €)ca(8), (Cy.s + &)cq(8)] for all ¢ > 0 and § small
enough. From this last inclusion and (4.4.10), we get that there exists a 6; > 0 such that,
foralle > Oand § < 61,

[¢I(M(5), 5) —k(@*, 1) — 3.3 )3—’5] +a(®) (Aqs + BusCas+£) = 0. (44.14)
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Abbreviate

A©) = 7 (1a(8).8) —k(a*, D) — 7755 5 (4.4.15)
Since («, Bc(«)) lies in the delocalized region, Proposition 2.3.4 tells us that

dT (e (8),0) < k(a*, 1) + ﬁ%—g Therefore we can write

AB) < ¢F (11g(8), 8) — T (1a(8), 0). (4.4.16)

A simple computation gives that ¢I (u,8) — qu (u,0) < forall u > 1 (recall (4.1.1)).
Hence A(§) < 6.
From (4.4.11) and (4.4.13), we have

Aws + BusCap = o + M) [MQB@) - %] (4.4.17)

with

=
Il
—

32¢ 92 9102 9102
212
(4.4.18)
_ 1 2\2 0k 2 9%
B = 2 [_ (3) 2 36132]'
212

By inserting the values of the derivatives given in Lemma 2.2.1(v—vi), we find that
A < 0. Thus, recalling that 1 < uy(8) < uo for all § € Ip(«) (by Lemma 4.2.2), we
can rewrite (4.4.14) as

A5+ By sCos < HA% +A@) [IB]+ %]. (4.4.19)

Since A(8) < §, we can now assert that there exists a 6o > O suchthat 0 < § < §;
implies Ay 5+ By 5Cq.5 < 3A/2p,(2). Therefore (4.4.14) becomes § + ¢, (§) 3A/2u% >0
and, consequently, for §9 = min{d1, 8>} there exists a C, > 0 such thatforall § € Ip(«),

ca(8) < Cyé. (4.4.20)

This completes the proof of Lemma 4.4.1. O

5. Proof of Theorem 1.4.3

In Sect. 5.1 we study a variation of the single linear interface model in which the variable
1 is replaced by a dual variable A, which enters into the Hamiltonian rather than in the
set of paths. We show that the free energy for this dual model is smooth. In Sect. 5.2 we
show that the dual free energy has a non-zero curvature. In Sects. 5.3 and 5.4 we use
this to prove that ¢I and ¥4 p are smooth on their localized phases and have a non-zero
curvature too. The latter in turn are used in Sect. 5.5 to prove the smoothness of f on L.
Key ingredients in the proofs are the implicit function theorem, the exponential tightness
of the excursions in the localized phases, and the uniqueness of the maximisers in the
variational formulas for ¢Z, Y45 and f.
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5.1. Fenchel-Legendre transform of »L. We begin by defining the dual of the single
interface model. Let Wy, be the set of L-step directed self-avoiding paths that start at
(0, 0) and end at (x, 0) for some x € {1, ..., L}. Form € Wy, let h(sr) be the number
of horizontal steps in 7. For A > 0, define (recall (2.4.2))

w,T
UZJ’I(O(,,B;)\) — z ef)\h(ﬂ)fHL ()

TeWyr
(5.1.1)
uL (e, ;1) = lim llogUw’I(a BiX) w—a.s
P L—oo L L e o
and
1
(\) = lim —1 —Ah(m) 5.1.2
ROy = lim —log > e (5.12)

HEWL

The convergence w-a.s. and in mean and the constantness w-a.s. of ut(a, B; A) follow
from the subadditive ergodic theorem (Kingman [8]). Set

L, = {((x, B, %) = CONE x [0, 00): uZ(a, B 1) > k(x)}, (5.1.3)

i.e., the region where the dual of the single linear interface model is localized.

Proposition 5.1.1. The function (o, B, &) — u”’(c, B; 1) is infinitely differentiable on
L.

Proof. The proof is similar to that of the infinite differentiability of the free energy for
the single interface model, proved in Giacomin and Toninelli [6]. Therefore, we only
sketch the main steps in the proof and refer to [6] for further details.
Step 1. The claim follows from the Arzela-Ascoli theorem as soon as we prove that for
all («o, Bo, Lo) € L, thereexists V C L, aneighborhood of («g, By, Ag) such that for all
k € N, the k;, derivative of L_I]E(log UZ)’I(Ol, B; A)) w.r.t. any of the parameters «, 8, A
is bounded uniformly in L and (, B8, 1) € V, where E denotes expectation w.r.t. w.
Fora, b € Nwitha < b,let’H, ; be the set of bounded functions that are measurable
w.r.t. the o-algebrao(r;: j € {a,...,b}). As explained in [6], the conditions of the
Arzela-Ascoli theorem are satisfied once we show that for all («g, B0, Ag) € L, there
exist C1, C2 > 0and V C L, such that, for all a;, by, a>, b) € Nwitha; < b; < ap <
by < L and (f1, f2) € Hay,by X Har,p, and («, B, 1) € V, the following inequality
holds:

E(EL7 (1) = EPTUDEPT () = €l filloo I falloo ™7 (5.1.4)

Here, E(Z’I is expectation w.r.t. the law of the L-step copolymer at fixed @ given by
(recall (5.1.1))

1 0,
PZU,I(T[) _ - e—)»h(ﬂ)—HL (”), (5.1.5)
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Next, the correlation inequality in (5.1.4) will follow once we show that there exist
C1,Cy > 0and V C L, (depending on «g, Bo, Ag) such that, for all a, b, L € N with
a <b < L, wehave

E ([PEU’I]®2(Bu,b)) < Cre” @070, (5.1.6)

where [PZ"’I]®2 is the joint law of two independent copies of the L-step copolymer at
fixed w, and
B,y = {(nl, nz): ﬂj € {a, ..., b} such that the j; steps
of 1 and m; are the same and occur at the same height}. (5.1.7)
Indeed, on [ B, ,]¢ the two paths can be coupled as soon as they make the common step.
An example of a pair of paths (1, m2) notin B, p is displayed in Fig. 10.
Step 2. Fori = 1,2and M € N, let/; 3 be the number of excursions of 7; (either strictly

positive or non-positive) that are included in {a, . .., b} and are smaller than or equal to
M. Let

Em(m) =By, €)), ..., (], €, )} (5.1.8)

where (b;., e?) denote the end-steps of the j;, excursion. Put r} = 63 — b; + 1, and for
y € (0,1)let

li,m
Aiym={m: D tizyb—at. (5.1.9)
j=1

Lemma 5.1.2. (i) For all yy € (0, 1) and (xg, Bo, 20) € L, there exist M € N,
an open neighborhood V of (ag, Bo, Mo) in L, and Ci, Co > 0 such that, for
L>b>aand(a, B, L)€,

E (IP’”LJ’I(A,',VO,M)) >1—Ce -0 j_12
(i) For all Ty € N and (g, Bo, ro) € L, there exist y € (0, 1), an open neighbo-
rhood V of (ao, Bo, o) in L, and Cy, Co > 0 such that, for all L > b > a and
(o, B,2) €V,

= (P‘Z’I(Ai,y,ro)) <Cle @m0 =12

j-step of my j
a>—|—|—|—|; {: 7}4> j-th step of oy

His]

)

Fig. 10. A pair of paths (;r1, 72) whose j;j, steps are the same and occur at the same height
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Proof.

(ii)

(1) This part gives the exponential tightness of the excursions of the copolymer
in the localized phase. Compared to Proposition 3.1.1, both the model and the
statement are different. However, the same tools can be used and for this reason
we only give a sketch of the proof. By the definition of Al.c, VoM there are two cases.
Case 1. The sum of the lengths of the strictly positive excursions larger than M
in{a,...,b}is > y 252,

Case 2. The sum of the lengths of the non-positive excursions larger than M in
{a,....b}is > y 5.

In Case 1, by concatenating the strictly positive excursions larger than M in
{a, ..., b}, we can bound the total entropy carried by these excursions (i.e., the
logarithm of their total cardinality) from above by the entropy of a large single
positive excursion whose length is equal to the sum of the lengths of the excur-
sions larger than M, which is at least yb%“. This provides an upper bound for
the analogue of the sum in (3.1.14). Next, the gain in the free energy obtained by
replacing the large single positive excursion by a path with the same endpoints
but no positivity constraint is, for » — a large enough, of order exp[C2(b — a)],
with Cp = %[u()») — k())]. This provides a lower bound for the normalizing
partition sum in (3.1.14). By choosing a small enough open neighborhood V' of
(a0, Bo, Ao) in L,,, we get that there exists a ¢ > 0 such that, for all («, 8, A) € V,
we have u(«, B; A) — k(L) > c. Thus, % is a lower bound for C,, uniform in V.
In Case 2, a similar argument applies.

Again we only sketch the proof. We partition {a, . . ., b} into b;“ blocks of size R.
A block is called “good” if it carries only monomers of type A. By the law of large
numbers, there exists a cg > 0 such that approximately cg (b — a) of the blocks
are good. We can therefore choose y close enough to 1 such that, on -Al,y,T’ at
least %R(b — a) of the good blocks are covered only by excursions smaller than
T. Such blocks are called “good T'-blocks”. Consequently, more than % excur-
sions are required to cover a good 7'-block and so at least % steps in each good
T-block are below the interface. Thus, after relaxing the condition A],y,r in the
normalizing partition sum, we can replace on each good T'-block the excursions
smaller than T by a large strictly positive excursion. This does not decrease the
entropy, but increases the energy by at least 8 % on each good T'-block. Summed

up these energy increases are of order £ (b — a) ,3%
]

Step 3. Let D = .Al’%’M ﬂAz’%’M and Ty = {Ey(my): m € Al’%M}. Fori =1,2
and &y € Ty, let J'(Ey) = {mi: Em(wi) = Ep}. Then Lemma 5.1.2 applied at
Yo = % implies that there exists M € N, an open neighborhood V of («g, Bo, Xo) in
L, and C1, C; > 0 such that for L > b and (o, 8, 1) € V we have [PZ)’I]®2(DC) <
2C e~ 2= 5o that it remains to estimate [Pi“’I]®2(Ba,b N D),

[P L1%%(B, , N D)

> et (Bu,b NI (EL) x jz(g,%l)})

E).E2,€Ty

> B (l{meJZ(sm Pyt (B“”’ Nim e T En) | ”2>) - 6.110)

e
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Next, seti = 2ifi = 1 and vice versa, and define

RIEL, &) = {j € (1,....lim): b orel € (bl e for some k € (1, ...,l;’M}}.
(5.1.11)

By the definition of A, 3m in (5.1.9), for any £, 52 € Ty there are at least 4(b a)
steps in {a, ..., b} belongmg to excursions smaller than M, in both 7; and . The-
refore we can choose a C > 0 small enough such that, for all £ . 81%/[ € Ty, either
IRIEL,, E3)| = C(b—a)/M or |RV(E},, E3)] = C(b—a)/M. Without loss of genera-
lity, we may assume that |R' (£}, 51%,1)| > C(b—a)/M. Because of the condition impo-
sed by B, p, forall j € RV EL, E}%,,) the excursion of 71 on {b;, el e}} has some prohi-
bited parts. Indeed, 7y starts or ends an excursion inside {b }, R e}. }, which restricts the
possible excursions of 71, because 771 cannot make the same step as 77, at the same height.
Moreover, there is only a finite number of possibilities to make an excursion smaller than
M and so, forall j € 721(5l , 51%,1), relaxing the condition B, ; on {b}, e, e}} amounts
to increasing the probability in (5.1.10) by a factor Q > 1 depending only on M, i.e.,

Pt (Ba,b N{m e T E) | nz) < o Rl ppt ({7” < *71(81{4)}) '

(5.1.12)
Therefore, since |R! (] ,51%,1)| > C((b —a)/M, (5.1.10) becomes
[P T1®2(B, , N D) < e~ €' e 0, (5.1.13)
which proves (5.1.6) and completes the proof of Proposition 5.1.1. O
The following proposition provides the link between u” and ¢Z.
Proposition 5.1.3. For A > 0,
uf(n) = sup {—rp+¢L(1/p)}. (5.1.14)
0€(0,1]
Proof. For p € (0, 1], let W (p) ={m € W: h(w) = pL} and
Urton = D et (5.1.15)

TeWL(p)

By restricting the sum defining UZ)’I()\) in (5.1.1) to the set W (p), we obtain ul(n) >
limy oo E[L7! log UZ”I(A, Pl =—io+ ¢I(1/,o). Therefore, optimising over p, we

get ul (1) = sup,c o 1{—10 +¢L(1/p)}.
To prove the reverse inequality, we note that an analogue of the concentration inequa-
lity (3.1.4) gives that there exists a C > 0 such that, forall L e N, p € (0, 1]and ¢ > 0,

P(L1ogue %0, 0) = B | ~l0g v 02 <C ’L/C 2
7 oely (x, p) = 7 gl (A, p)|+e) = Cexp[—e"L/C(a+p)7].

(5.1.16)
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Next, we define the event

J(L) = IEIj efl,....L}: %logUZ”I(X,j/L) zE[%logUZ”I(A,j/L)} +g],

(5.1.17)

and abbreviate E(L) = E[L™! log UZ)’I(A)]. Then we can write

L
1 I 1 I .
j:
(5.1.18)

Trivially, the quantity L~ log U Z)’I(A) can be bounded from above by « + £ (0) (recall
(5.1.2)), uniformly in L and w. Therefore, with the help of the inequality in (5.1.16),
we see that the first term in the r.h.s. of (5.1.18) is bounded from above by (o +
%(0))CLexp[—&>L/(C(a + B)?)], which tends to zero as L — oo. Moreover, for
every j € {l,..., L}, a standard subadditivity argument gives that E(L~!log UZ)’I
(A, j/L)) < —XAj/L+ ¢I(L/j). Therefore, on the event [J(L)]¢, we have that L~! log
UZ)’I(A, j/L) < —xj/L+¢L(L/j)+eforall j €{l,...,L}. Thus, the second term in
ther.h.s. of (5.1.18) is bounded from above by (log L) /L+max ¢, 11{—Ap +¢I(1/p)}+
e.Letting L — ooande | 0, weobtainlimy o E1(L) < maxpe(o,l]{—)»p+¢1(1/p)},
which is the reverse inequality we were after. O

Since p — ¢Z(1/p) is continuous and concave, we can apply the Fenchel-Legendre
duality lemma (see Dembo and Zeitouni [2], Lemma 4.5.8), to obtain

oL () = inf {3/ + Wt ), w=l (5.1.19)

In the same spirit we have

K(A) = sup {—rp+k(1/p)}, A =0,
pe(0,1]
(5.1.20)

k(p) = Aigfo{k/uﬂ?(/\)}, =1

5.2. Positive and finite curvature of uLl. In Propositions 5.1.1-5.1.3 we found that ut is
smooth and is the Fenchel-Legendre transform of ¢Z. In Sect. 5.3 we will exploit these
properties to obtain information on L. To prepare for this, we first need to show the
following. It is immediate from (5.1.1) that A — ut (o, B; A) is convex. Lemma 5.2.1
and Assumption 5.2.2 below state that it has a strictly positive and finite curvature. To
ease the notation, we suppress «, f from some of the expressions.

Lemma 5.2.1. For all (o, B, 1) € Ly, 02u” (o, B; 1)/92% > 0.
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Proof. 1t suffices to prove that for all («, 8, A9) € L, there exist C, ¢ > 0 such that, for
allh € I.(Ag) =[Ao—¢&,20+e]land L > 1,

E ([E‘L“’I]®2 ([h(m) - h(nz)]z)) > CL, (5.2.1)

where E;”I is the expectation w.r.t. the law in (5.1.5), and A is suppressed from the
notation.

Step 1. By Lemma 5.1.2(ii), we can assert that for all 7 € N there exist zg € (0, 1) and
Lo € N such that, for all L > Lo and A € I.(1g),

153
E(Pz)z([z T lig>1p) = ZOL])) >
k=1

where 1 is the length of the k'™ excursion. Similarly, by Lemma 5.1.2(i), there exists
Mo € N with My > Tp and L| € N such that, forall L > L; and A € I.(Ag),

L
E(PZ)’I(HZW lme<mo) = (1 - ZEO) L])) z % (5:23)
k=1

Abbreviate 'y = {Tp + 1,..., Mo} x {—1,+1}. Let (j,o0) € Tpand L > L, =
max{Lg, L1}. Define

, (5.2.2)

AW

I
20
A(L) = I;Tkl{TO<Tk<M0} > ?L} and

L
<0
B(joy(L) = lyg=iop=0t = ————L ¢, 5.2.4
(],(T)( ) ikglrk {tk=j,0r=0} = 4(MO_TO) } ( )

where oy is the sign of the k'™ excursion. It follows from (5.2.2-5.2.3) that E
(PZ)’I(A(L))) > % and A(L) C UjoreryB(j,0)(L). Since [I'o| = 2(Moy — tp), for
all L > Ly and A € I.(Xg), there exists a (jz, or) € ['g such that

(5.2.5)

w 1
E (PL ’Z(BUL.,UL)(L))) > e —To)

Step 2. Henceforth, we abbreviate BX = B(j, 5,)(L). We will show that the quantity

HE=F ([EZ”I]‘X’Z ([h(m) — h() P 1 () 1 (m))) (5.2.6)

is bounded from below by C L for some C > 0, which will complete the proof of (5.2.1).
For given r, we let

T(n)={(T,T{, 01),...,(T1, TI’L, o1,)} (5.2.7)

denote the starting points, ending points and signs of the /; excursions of 7 between 0
and L. Forr € N, we set

ZE = (T (7): mw e BL, 1L =), (5.2.8)
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and we denote by (T, o) the set of excursions of length 7 and sign o. Futhermore, we
write (€1, ..., &) ~ T as shorthand notation for (¢1, ..., &) € E(Tl/ —T1,01) X--- X
E(T! — Ty, o). With this notation, we can write the quantity in (5.2.6) as

RL
33 S e (T 222 8 | 29
rr TleL TEZ;L s=1 5=1
with Z{ the total partition sum,
2

ro T o hh(es) o= hh(E) |

Roprr= 2. 2 lj[1 ezT—zT PIICOEDINICS!

(€18 ~T (&), 85)~T s=1 s=1 s=1
(5.2.10)
and (recall (2.3.3))
g, = > o Mh(e)—H"T ()
i k]
es€E(T,s)
Zrs= Y. e, (5.2.11)
es€&E(T,s)
Note that RL .. does not depend on w.
Step 3. Puttlng
Xy =h(ey), X;=h@E), to=z0/4Mo(Mo — Tp), (5.2.12)
we note that in RY__ . the random variables
r,T,r,T
X1, .. X, X1, X5) (5.2.13)

are independent, and that the law of X depends on (7, — Ty, o). Since (7, T) €
ZE x Z;L, there are at least foL excursions of length j; and sign o7 in T and T. Let

(81, ...,8,r) and (51, ..., §; ) be the indices of the #o L first such excursions in 7" and
T, put
L — _ Y -
Y= Z X, Z X;, (5.2.14)
sefl, ..., r}\{s1,.‘.,stoL} se{l,....,i\ {51, S,OL}

and write (5.2.10) as

toL
L
Rl ;= [ZWk+ o T} , (5.2.15)

where Wy = X, — X 5 and E;. 7 denotes expectation w.r.t. the law of (5.2.13). Clearly,
W = (Wikeqt, ... 1oL} are i.i.d., symmetric and bounded random variables. Denote their
variance by vy, . We can choose Ty large enough so that the Wy, are not constant. Moreover,
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since the Wy have only a finite number of laws, there exists an a > 0 such that vy > a
forall A € I.(Ag) and L > L.

Step 4. At this stage, we may assume without loss of generality that P, f(YrLT a5 =
0) > 1. Then (5.2.15) gives
toL 2 toL 2
L L 1 1
k=1 k=1
(5.2.16)

where E(j, o) is expectation w.r.t. the law of W. Since the W take only values smaller
than 2 M), their third moments are bounded by some finite N uniformly in A € I, (1)
and (j, o) € I'p. Therefore we can apply the Berry-Esseen theorem and, writing & (u) =
PN(,1) < u), u € R with N(0, 1) a standard normal random variable, can assert
that, forallu € R, A € I.(Ag) and (j, o) € Iy,

toL
3N
Pj.o) (Z Wk < uy toLUL) —§u)| = 57—, (5.2.17)
=1 a’/2/tyL

where P(; o) is the law of W when (j., 01) = (j, o). Taking the restriction of the r.h.s.
of (5.2.16) to the event K = {ZZ’ZLI Wi /toLvy, € [1,2]}, we obtain

vptoL
L~~> L0
r,T,r,T — 4

L
Pij.o) (K) = % (5(2) —&(1) - (5.2.18)

6N )
a’2tL)’

which implies that RrLT sz 1oL for L large enough and some 7, > 0. Recalling (5.2.9),
we can now estimate

HE> (LR ([Pf”z]@(BL)) > 1\ L/A(Mo — Tp), (5.2.19)

which yields (5.2.1) with C = 1)L /4(Mo — Tp). O
The following assumption will be needed in Sects. 5.3-5.5.

Assumption 5.2.2. For all (o, B) € CONE and A > 0 there exist C(A) > 0 and 5y > 0
such that, for all § € (0, 5o,

ut v —8) +ut (v +8) — 2uT (L) < C(W)8>%. (5.2.20)

Although we are not able to prove this assumption, we believe it to be true for the follo-
wing reason. First, as a consequence of Proposition 5.1.1, we have that, for all (¢, B) €
CONE, A — u(a, B; A) is infinitely differentiable on the set {A € [0, 00): u(c, B; A) >
k(M)}. Since A +— k(A) is infinitely differentiable on [0, 00), this implies that A +—
u(a, B; A) is infinitely differentiable on the interior of the set {1 € [0, 0c0): u(a, B; 1) =
K (M)}. Thus, the assumption only concerns the values of A located at the boundary of
the latter. For these values, proving the assumption amounts to proving the reverse of
inequality (5.2.1), i.e., showing that the variance of the number of horizontal steps made
by the polymer of length L is of order L, which we may reasonably expect to be true.
In Remark 5.3.3 we give a weaker alternative to Assumption 5.2.2.
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5.3. Smoothness of L in its localized phase. Having collected in Sects. 5.1-5.2 some
key properties of the dual free energy u”, we are now ready to look at what these imply
for pZ. We begin by showing that oL is strictly concave.

Lemma 5.3.1. Let

1 1 1
D) = 1¢* (m) + 1ot (m) — ¢t (%) ) (5.3.1)

Then, for all (o, B) € CONE and pgy € (0, 1) there exist C > 0 and 8o > 0 such that, for
all § € (0, 8o,

D) < —C8*. (5.3.2)
This inequality implies the strict concavity of p — ¢ (1/p) on (0, 1].

Proof. Lemma 5.2.1 states the strict convexity of A — u”Z (1), which implies the uni-
queness of the maximiser in the variational formula (5.1.19), i.e., there exists a unique
X0 = to(p) = 0 such that ¢Z(1/pg) = Aopo + ut(ig). Let x > 0. By picking
A = Xdo — x8in (5.1.19) with u = 1/(pg +8), and . = Ap + x6 in (5.1.19) with
w=1/(po — §), we obtain
D) < 5(ho — x8)(po +8) + u” (o — x8)]
+31(h0 +x8)(po — 8) + u” (o + x8)] — hopo — u” (Ao)
= —x82 + Lk (ho — x8) +uF (o + x8) — 2uF (M0)]. (5.3.3)

Picking x = 1/2C (Ap), with C (Ap) the constant in Assumption 5.2.2, we see that (5.3.3)
implies, for 0 < § < 2C(19)do,

D(§) < —x8 + C(ho)x28> = —82/4C (Xg), (5.3.4)

which proves (5.3.2). To prove the claim made below (5.3.2), pick 1 < u < v and
consider (5.3.1) at the point pg = (u + v)/2. Then, by (5.3.1-5.3.2), there exists a
0 <§ < (v —u)/2 such that
¢' o) — G 6T o) — T ()
< .
8 8

Since v > pg+ 38 > pg — & > u, it follows that

(5.3.5)

¢t
ap

1 ateT (1
— ) lp=v < Lhs.(5.3.5) < rhs. (53.5) < — ) lp=u, (5.3.6)
P ap \p
with — and + denoting the left- and the right-derivative. O
We are now ready to prove that ¢Z is smooth. Let
o=@ By =conEx[1,00): ¢7(@ i) > k(). (537
i.e., the region where the single linear interface model is localized.

Proposition 5.3.2. (o, 8, n) — &L (o, B; ) is infinitely differentiable on L.
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Proof. Let (o, B, u) € Lg. Lemma 5.2.1 states the strict convexity of A +— uL(0) on
{L:u(}) > k (1)} and it can be shown that A — & (1) is strictly convex on [0, 0o). This
entails that A — uZ (1) is strictly convex on [0, 00). Therefore, the variational formula in
(5.1.19) attains its maximum at a unique point A(x) > 0, so that the variational formula
in (5.1.14) allows us to write

¢T (1) = A(w)/u + s?op”{—mmp +¢7(1/p)}, (5.3.8)
0e(0,

after which the strict concavity of p +— ¢Z (1/p) (recall Lemma 5.3.1) implies that this
supremum is attained uniquely at p = 1/u. Since &L (p) > k(p) forall p, and ¢>I () >
& (w), the variational formula in (5.1.20) allows us to write uZ (A(1)) > & (A(w)), and
therefore («, B, A(w)) € L.

Next, let

S ={(a, B, i, A) € CONE x [1,00) x [0,00): (o, B, i) € Loy, (e, B, 1) € Ly},
(5.3.9)

and define Y as

A/ +ut ()

Y (a, B, u,A) €8
1: (o, B, e, ) — o

(5.3.10)

We want to apply the implicit function theorem in Bredon [1], Chapter II, Theorem 1.5,
to Y. This requires checking three properties:

(i) Ty is infinitely differentiable on S.
(ii) For all (o, B, u) € Ly, A() is the unique A € [1, 0o) such that (o, 8, 1) € L,
and Y (a, B, p, A(n)) = 0.
(iii) Forall (o, B, ) € Ly, %(a, B, w, A(w)) # 0.

Property (i) holds because u? is infinitely differentiable on £, (by Proposition 5.1.1).

Property (ii) holds because A +— uL(n)is strictly convex (by Lemma 5.2.1). Moreover,
Lemma 5.2.1 gives that

Y 92ut

1 u
an (@ B M) = =5 (@, B () > 0, (5.3.11)

so property (iii) holds too. We can therefore indeed use the implicit function theorem,
obtaining that (o, 8, u) — A(w) and (o, B, 1) — &L (a, B; w) are infinitely differen-
tiableon Ly. O

Remark 5.3.3. Assumption 5.2.2 can be weakened. Namely, instead of assuming finite
curvature of A > u(e, B; 1), we may assume strict concavity of s > u¢L (1) (which
is already known to be concave). This strict concavity (which is implied by Assumption
5.2.2, Lemma 5.3.1 and (5.4.1)) is sufficient to guarantee, in the proof of Proposition
5.3.2, that A(p) in (5.3.8) is unique and satisfies («, B, A(u)) € L. The latter in turn is
enough to carry out the rest of the proof.
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5.4. Smoothness of W ap inits localized phase. Inthis section we transport the properties
of ¢I obtained in Sect. 5.3 to ¥4 p. We begin with some elementary observations. Fix
(o, B) € CONE and recall (2.3.4). By Lemma 5.3.1 and Lemma 2.2.1(ii), for all a > 2,
(c,b) — C¢I(C/b) and (¢, b) — (a—c)k(a—c, 1 —b) are strictly concave on DOM(a).
Consequently, foralla > 2, the supremum of the variational formula in (2.3.6) is attained
at a unique pair (c, b) € DOM(a) (use that DOM(a) is a convex set).

Next, note that Lemma 5.3.1 and Proposition 5.3.2 imply that for all («, B, po) € Ly
there exists a C > 0 such that

Slos” o) = 52 [0 /o] (%) = -C. (5.4.1)
Let
Ly = {(a, B,a) € CONE x [2,00): Yap(a, B;a) > w}, (5:42)

i.e., the region where 14 p is localized. Our main result in this section is the following.
Proposition 5.4.1. (o, B, a) — Yap(a, B; a) is infinitely differentiable on Ly, .

Proof. Define
Lo.g.a =1{(c,b) € DOM(a): ¢I(0t, B;c/b) > k(c/b)}. (5.4.3)

As noted above, the variational formula in (2.3.6) attains its maximum at a unique pair
(c(a, B; a), b(a, B; a)) € DOM(a). We write (c(a), b(a)), suppressing («, B) from the
notation. Since (¢, 8) € L (recall (1.3.1)), Lemma 2.2.2 (iv) and Proposition 2.3.4 imply
that (c(a), b(a)) € Ly - Let

F(c,b) =co(c/b), I:"(c, b)y=(a—c)x(a—c,1—-D>b), 5.4.4)

and denote by {F,, Fp, Fec, Fep, Fpp} the partial derivatives of order 1 and 2 of F with
respect to the variables ¢ and b (and similarly for F). By the strict concavity of (¢, b)
F(c, b)+ F(c, b) in DOM(a), we know that (c(a), b(a)) is also the unique pair in L g 4
at which F. + F, = 0 and F}, + F = 0.

We need to show that (c(a), b(a)) is infinitely differentiable w.r.t. («, 8, a). To that
aim we again use the implicit function theorem. Define

R={(a,B,a,c,b): (a,B,a) € Ly, (c,b) € Lopa) (5.4.5)
and
Ya: (o, B.a,c,b) € R (Fq+ F,, Fj + F}). (5.4.6)

Let J5 be the Jacobian determinant of Y as a function of (c, b). Applying the implicit
function theorem to Y» requires checking three properties:

(i) 7Y is infinitely differentiable on R.
(ii) Forall (o, B, a) € Ly, (c(a), b(a)) is the only pair in Ly g, satisfying Yo = 0.
(iii) Forall (o, B,a) € Ly, J» # 01in (c(a), b(a)).
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As explained below (5.4.4), property (ii) holds. Proposition 5.3.2 and Lemma 2.2.2 (ii)
show that also property (i) holds. Computing the Jacobian determinant J>, we get

T2 = (Fec + Fee) (Fo + Fop) — (Fep + Fep)”. (54.7)
Since FyeFpp — F2 = 0, Fpp = p*> Fee and Fopp = pFyc, (5.4.7) becomes
= Fcc'ﬁbb - ﬁczh + Fcc[ﬁbb + 2Mﬁcb + Hzﬁcc]o (5.4.8)

By the concavity of ¢ +— F(c, b) and ¢ +— I:“(c, b), we have F.. < 0 and I:“CC < 0.
Moreover, by the concavity of (c, b) — F (c, b), its Hessian matrix necessarily has
two non-positive eigenvalues. Therefore, the determinant of this matrix is non-negative,
ie., I:ﬂccl:"bb — Ffb > 0. This, together with the inequality I:}-L. < 0, implies that & +—
Fpp + 2,u1:“cb + uzﬁcc is non-positive on R. Hence J, > 0.

Lemma 5.4.2. FCCFZ,;, — Fczb > 0.

Proof. The strict inequality can be checked with MAPLE. In [7], an explicit variational
formula is given for the entropy function in (2.2.2), which is easily implemented. O

It follows from Lemma 5.4.2 that J, > 0, which proves property (iii). We know from
Lemma 2.2.1 (ii) and Proposition 5.3.2 that F and F are infinitely differentiable on
DOM(a) for all a € [2, 00). Hence, the claim indeed follows the implicit function theo-
rem. O

We close this section with the following observations needed in Sect. 5.5.

Lemma 5.4.3. Fix (o, 8) € CONE.

(i) Forallk,l € {A, B}, a +— vy (a) is strictly concave on [2, 00).
(i) Forallk,l € {A, B} withkl # BB, lim,_  ayy;(a) = oo.
(iii) Forallk,l € {A, B}, limy— oo d[ayi(a)]/0a < O.

Proof. (1) This is a straightforward consequence of the observations made at the
beginning of this section, together with the strict concavity of pu +— udt ()
proved in Lemma 5.3.1.

(ii)) Because ¥ap > a4, it suffices to consider kI € {AA, BA}. For kIl = AA,
the claim is immediate from Lemma 2.2.1(iii) and (2.3.1). For kIl = BA, we use
the fact that qbz (m) > k(u) (recall (2.3.8)) in combination with the variational
formula of Lemma 2.3.2 withc = a — % and b = % This gives

aypala) = 3 Qa—3)kQRa—-3)+3 [kG, D+ 5B -], (549

which yields the claim because k() ~ log u as u — oo by Lemma 2.2.2(iii).

(iii) Since, forallk,l € {A, B}, ¥ap > Y anda +— ayy(a) is concave, it suffices to
prove that lim sup,,_, ., ¥ ap(a) < 0. The latter is immediate from the variational
formula in (2.3.6) and the fact that lim,_ o ¢>I (a) = 0 (Lemma 4.2.6(1)) and
lim, . k(a, 1) =0((2.2.3)). O
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5.5. Smoothness of f on L. We begin by proving the uniqueness of the maximisers in
the variational formula in (2.1.11). For (&, 8) € CONE, p € (0, 1) and (px;) € R(p), let
(recall (2.1.9))

foowy = sup V ((or), (ar))

(ar)eA
O = {kl € (A, BY*: pu > 0},
RI(p) = {(pr)) € R(P): = fion}s

P(p) = U Oou)-
(o) ERS (p)

(5.5.1)

Proposition 5.5.1. (i) For every (a, 8) € CONE, p € (0,1) and p = (pr1) € R(p),
there exists a unique family a® = (a,fl)kleop € A satisfying
 2ueo, PudgVilag)

fo = =V(p,a’). (5.5.2)
Zkze(’)p Pridy

(ii) For every (a, B) € CONE and p € (0, 1), Rf(p) # @, and there exists a unique
Samily (@) . 1yep(p) such that a,fl =ay, forall p € R (p) and kI € Op.

Proof. Recall Theorem 2.1.1. (i) The case ppp = 1 is trivial. In that case we have
fo= SUPg, 2 Ypplagp) = Ypp(a®) = %ﬂ+w (by Lemma 2.2.1(iv)), and so aﬁB =
a* = 2. Therefore assume that ppp < 1. Then at least one pair k1/; € {AA, AB, BA}
satisfies pg,;;, > 0, and since lim,—, oo W), (u) = 0o by Lemma 5.4.3 (ii), we have
fo > 0. The latter is needed in what follows.

To prove existence of a”, for R > 0 let

foor= sup V(p,a). (5.5.3)
ae[2,R197

We prove that for R large enough the supremum in (5.5.2) is attained in [2, R1%,ie.,
fo = fo,r- Indeed, fora € A, p € R(p) and k2l € {A, B}? we have (recall (2.1.9))

v Pkal Ouriyr, (u)]
(p,a) = =2 =2
0aky1, > ki PkIGK] ou

|u:ak2[2 —V(p,a)j. (5.5.4)
Moreover, for every kI € {A, B2, u +— uyy(u) is strictly concave and u +>
o[urk (u)]/0u is strictly decreasing (by Lemma 5.4.3(i)) and converges to a limit < 0 as
u — 0o (by Lemma 5.4.3(iii)). Pick R > 0 large enough so that d[uv; (u)]/0u < f,/2
forallu > R and kl € {A, B}z. We will show that f, > f,, g implies that V(p,a) <
max{f,/2, f, r}foralla € A\[2, R19, and this will provide a contradiction.

To achieve the latter, assume that AA € O, and consider, for instance, a € A such
thatags > Randay < R forkl € O,\{AA}. Fix x > R and denote by a* the element
of O, given by a); , = x and ay; = ax, kl € O,\{AA}. Since a® €12, R1©, we have
V(p,a®) < fo.r < fp and

9V
V(p,aX)—Wp,aR):/ @(p,a"mu. (5.5.5)
R



868 F. den Hollander, N. Pétrélis

Since, by (5.5.4), the sign of (0V /das4)(p, a") is equal to the sign of d[uyr g4 (u)]/0u —
V(p,a"), it follows that V (p, a*) decreases with x whenever V (p, a*) > f,/2. Since
V(,o,aR) < fp, we therefore have V(p, a*) < max{f,/2, f, g} for all x > R and,
consequently, V(p, a) < max{f,/2, f,, r}. Therefore the supremum of (5.5.2) is attai-
ned in [2, R]Oﬂ.

The uniqueness of a” realising f, = V (p, a”) follows from (5.5.4), because for each
kl € {A, B}OP we must have (dV /da;)(p, a”) = 0. This means that for each k/ € O,
we must have

v (W)} 0 =V(p,a”) = sup V(p,a), (5.5.6)

|u=a,
du ki acA

and, since u +— uy;(u) is strictly concave (by Lemma 5.4.3(1)), there is only one such
ay foreach kl € O,.

(i1) As shown in [7], Proposition 3.2.1, p +— f, is continuous on R(p). Therefore,
the compactness of R(p) entails R (p) # @. Consider (p1, p2) € Rf(p) and kI €
O, NO,,. Then (5.5.4) also gives

Outpr ()] o Oluyk(w)]
T'Fale =f= T|“=“fzz’ (5.5.7)

which, by the strict concavity of u + u (u), implies that ay) = al;. O

We are now ready to prove the smoothness of f on L. Because of the inequalities
Yaa = ¥pp and Yap > Ypa, the concavity of a +— asa(a) and a — ayap(a)
implies that the variational problem in (2.1.11) reduces to the matrices {M,,y € C},
with M, the matrix and C the set defined in (2.1.8). Write V (y, aap, asa) for the quan-
tity V(M,, (aap,aaa,0,0)) defined in (2.1.9), put y* = max C and let (x*(a, B),
y*(e, B)) be the unique maximisers (a}; 5, @’ ,) defined in Proposition 5.5.1. By diffe-
rentiating the quantity V (y, x*, y*) with respect to y, we easily get that R/ (p) contains
only the matrix M, «. Thus, we have the equality

kK k * * *
Fa ) = Vrat,y = LA £ Ay Oy D o
Y+ (1 —y*)y*

Since (&, B) € L, we have Yy 45(x*) > @ and therefore («, B, x*) € Ly . To show that
f is infinitely differentiable on £, we once more use the implicit function theorem. For
that we define

N ={(e, B,x,y): (., B) € L, (o, B,x) € Ly, y > 2} (5.5.9)

and
aV A%
T3: (o, B,x,9) e N > (a—x()/*,x, ¥), E(y*,x, y)) . (5.5.10)

Let J3 be the Jacobian determinant of Y3 as a function of (x, y). To apply the implicit
function theorem we must check three properties:

(i) Y3 is infinitely differentiable on N
(i) Forall (o, B) € L, (x*, y*) is the only pair in [2, 00)? satisfying (a, 8, x, y) € N
and T3(a, B, x, y) = 0.
(iii) Forall (o, B) € L, J3 #01in («, B, x*, y*).
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It follows from Lemma 2.2.1(ii), Proposition 5.4.1 and (5.5.8) that property (i) and (ii)
hold. To get property (iii), abbreviate x4 g (x) = ¥ (x), yk (¥, 1) = k(y). From Lemma
2.2.1(ii) and Proposition 5.4.1, we know that ¢ and « are infinitely differentiable. By
(5.5.10),

(5.5.11)

32V 92V ( 32V )2
J3 .

= o2 ay2  \oxdy

Taking into account that (3V/dx)(x*, y*) = (dV/dy)(x*, y*) = 0, we deduce from
(5.5.8) that ¥/ (x*) = «/(y*) and J3 = c*¢¥" (x*)k”(y*), where ¢* > 0 is a constant
depending on (x*, y*). We already know from Lemma 2.2.1(iii) that «”(y*) < 0.

Lemma 5.5.2. ¥"(x*) < 0.

Proof. For x > 2 satisfying («, B, x) € Ly, we will show that (xy¥4p(x))” < 0. For
this it suffices to show that there exists a C > 0 such that, for § small enough,

T©) =3 [(x +O)Yap(x +8) + (x —)VYap (x —8) — 2xPup(x)] < —C8™.
(5.5.12)

Setx_s = x—d6and x5 = x + 6, and let (e_s, b_s) and (es, bs) be the unique maximisers
of (2.3.6) at x_g and xs. Pick (¢, b) = (%(e_(; + e5), %(b_g + bg)) in (2.3.6). Since
x = %(x_g + x5), we obtain T (8) < V(8) + V»(8) with

Vi) = 5 [e-sd?(52) + 50 (51) — (e-s +en)e” (252 ) ],
Vo(d) = (x—s —e—s)k(x—s —e—s, | —b_s) + (x5 —es) k(xs —es, | — bg)

—(x_g +Xs —e_s5 — &;)K (%(x_(s +X5g —e_§5 — 83), 1-— %(b_(s +b3)).
(5.5.13)

Lemma 5.5.3. The determinant of the Jacobian matrix of (a, b) — ax(a, b) is strictly
positive everywhere on DOM.

Proof. The non-negativity of the Jacobian determinant is a consequence of the concavity
of (a, b) — ak(a, b) (recall Lemma 2.2.1(ii)). The strict positivity can be checked with
MAPLE via the explicit expression « (a, b) given in den Hollander and Whittington [7].

O

Since (a, b) — ak (a, b) is concave and twice differentiable, Lemma 5.5.3 allows us
to assert that on DOM the Jacobian matrix of (a, b) — ak (a, b) has two strictly negative
eigenvalues. The second derivatives of « are continuous. Moreover, the uniqueness of
(e—s, b—s) and (es, bs) imply their continuity in §, and so there exists a C > 0 such that,
for § small enough,

V2(®) = =C [0 = x9) = (ems e+ (s = b)Y (5.5.14)
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In what follows, we set Y () = (32/32u)[u¢1(u)](§). To bound V;(8) from above,
we compute the Jacobian matrix of (e, b) — ed)z (e/b):

13y

40 (5.5.15)
b b2
Thus, if for 7 € [0, 1] and u € [0, 1] we set e,; = <5 +1(u — )(6‘_5 — e5) and

by, = }’*‘ST”"S +1(u — %)(b,g — bs), then a Taylor expansion gives us

1 ! ! 1 eut Cut 2
V1(8)=Z/0 dn/o du gy (52) [(ems = e) = b5 = bo)| . (55.16)

As explained in the proof of Proposition 5.4.1, the fact that (o, 8, x) € Ly implies
(e0, bo) € Lqp,x and therefore (o, B, Z—g) € L. Moreover, Ly is an open subset of
CONE x [1, 00) and (es, bs) is continuous in &, so that for § small enough, ¢ € [0, 1]
and u € [0, t], we have («, B, %) € L. This implies, by Lemma 5.3.1 and by the
continuity of the second derivative of d)Z on Ly, that there exists a C > 0 such that,
for § small enough, - Y(e“ L ) < —C. At this stage, we need to consider the following
three cases:

bo 8 Chj 2
Case 1. |b_s — bs| > . Then, (5.5.14) gives V»(§) < _42638 .
Case 2. |le_s —es| < 8. Then, since xs — x_5 = 28, (5.5.14) gives V»2(8) < —C§2.
Case 3. |le_s —es| > §and |b_5 — bs| < i’—gé By continuity of es and by, L“i < 220 for
8 small enough and therefore ‘

(=5 — €5) — L (b—s — bs)| = le—s — e5] — F2|b_s — bs| = 8 — F2 205 = 5.
(5.5.17)

Thus, (5.5.16) and (5.5.17) give Vi (6) < - 82
We conclude by setting C = mln{42 2, , 48} so that Cases 1,2 and 3 give 7 (§) <
— (82 for § small enough, which proves (5.5.12). o

Lemma 5.5.2 implies that J3 > 0. Hence, the implicit function theorem can indeed be
applied to (5.5.8), and it follows that f is infinitely differentiable on L.
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