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ON THE FREE ENERGY OF VECTOR SPIN GLASSES WITH
NON-CONVEX INTERACTIONS

HONG-BIN CHEN AND JEAN-CHRISTOPHE MOURRAT

ABSTRACT. The limit free energy of spin-glass models with convex interactions can
be represented as a variational problem involving an explicit functional. Models with
non-convex interactions are much less well-understood, and simple variational formulas
involving the same functional are known to be invalid in general. We show here that
a slightly weaker property of the limit free energy does extend to non-convex models.
Indeed, under the assumption that the limit free energy exists, we show that this limit
can always be represented as a critical value of the said functional. Up to a small
perturbation of the parameters defining the model, we also show that any subsequential
limit of the law of the overlap matrix is a critical point of this functional. We believe that
these results capture the fundamental conclusions of the non-rigorous replica method.

1. INTRODUCTION

1.1. Informal summary of the main results. We fix an integer D > 1, and let

(Hn(0))semnyp be a centered Gaussian field such that, for every o = (o1,...,0p) and
7=(71,...,7p) € (RY)P, we have

or!
(1) Bl (o) (] = N (5.

where ¢ € C(RP*P;R) is a smooth function admitting an absolutely convergent power-
series expansion with £(0) = 0, and where o7 denotes the matrix of scalar products

(1.2) o' = (0 Ta)1<dd'<D-

The notation in (1.2) is natural if we think of ¢ and 7 as D-by-N matrices, and we often
identify (RV)P with RP*V. The class of functions ¢ such that there exists a Gaussian
random field satisfying (1.1), together with an explicit construction of the Gaussian
process Hp, are given in Subsection 1.5 below. We are mostly interested in models for
which the function £ is non-convex. A representative example in this class is the bipartite
model, which is obtained by choosing D =2 and £((Aga)1<d.a<2) = A1,1A22. This model
can be realized explicitly by setting Hy (o) to be

1 N
—= 2 Jijo1io2,,

VN =1
where (J; j)1<i j<n are independent standard Gaussian random variables.

We also fix a probability measure P; with compact support, and for each integer N > 1,
we denote by Py = Pfﬁ’N the N-fold tensor product of P;. We think of Py as a probability
measure on RPN ~ (RV)P. We are interested in understanding, for each fixed 3 > 0, the
large-N limit of the free energy

%Emg [ exp(8HN(0)) dPx (o).
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For D=1, &(r) =72, and Py = %5_1 + %51, this corresponds to the Sherrington—Kirkpatrick
model [91]. In this context, a candidate for the limit free energy was derived in [60, 81, 82,
83, 84] using sophisticated non-rigorous arguments within the framework of the replica
method. In this approach, a number of formal manipulations are performed in order to
be in a position to appeal to the Laplace principle for integrals of exponential functions,
say of the form

(1.3) %log/exp(l\f/(:z))dx.

The actual expression that shows up within the replica method also involves the number
of replicas as a parameter. As this number, a positive integer, is sent to zero, unexpected
things happen. In particular, the idea that the limit of (1.3) ought to be the supremum
of ¢ is no longer valid; for the SK model and all other scalar models with Ising spins, the
limit becomes the infimum of ¢ instead. For more general models, even this “inverted
variational principle” is no longer necessarily valid. To the best of our understanding,
in general, the main takeaway of the replica method is that the limit free energy can be
represented as a critical value of this function _#. By this, we mean that the limit can be
represented in the form of ¢ (z) for some z such that V_¢ (x) = 0. Crucially, one also
expects that the critical point itself encodes the asymptotic law of the overlap between
two independent replicas sampled according to the corresponding Gibbs measure.

The main results of this paper are rigorous versions of statements of this form, for
general models and for a suitable choice of ¢. Precisely, under the assumption that the
free energy converges to some limit, we show that this limit must be a critical value of
some explicit functional. Whether or not the free energy converges, we also show that,
up to a small perturbation of the energy function Hp, any subsequential limit of the law
of the overlap matrix is described by a critical point of the same functional.

A related route towards obtaining a fully unambiguous characterization of the limit free
energy was explored in [65, 68]; see also [38]. The idea there is to consider an enriched
version of the free energy that depends on more parameters, and aim to show that this
enriched free energy is the solution to an explicit Hamilton—Jacobi equation. We will also
work with this enriched version of the free energy throughout this paper.

One possible approach to solving Hamilton—Jacobi equations is through the method
of characteristics. In our context, the characteristics are straight lines, and formal
calculations suggest that the gradient of the free energy ought to be constant along
those lines. Using the equation then yields a prescription for the value of the solution
itself along each of these lines. As long as the characteristic lines do not cross each
other, one can show that defining a function according to this prescription yields a valid
solution to the equation (see for instance [38, Section 3.5] for more precision). In this
perspective, our main result can be rephrased as saying that in fact, the limit free energy
can always be represented as the value prescribed by one of these characteristic lines.
The only remaining source of ambiguity is that for large times, or in other words at low
temperature, there may be multiple characteristic lines reaching a point, and we only
assert that one of these characteristic lines prescribes the correct value.

1.2. Precise statement of the main results. Let S? be the space of D x D real
symmetric matrices, and S be the subset of positive semi-definite matrices. Let

(14) Q:= {q :[0,1) = SP : ¢ is right-continuous with left limits, and is increasing} ,
where “q is increasing” means that, for every u,v € [0, 1),

usv = q(u) <q(v),
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and the latter inequality is interpreted as g(v) — q(u) € SP. For every r € [1, 00], we set
Q,:= QnL"([0,1];SP). The enriched free energy will be a function defined over R, x Q.
Here and throughout, we set R, = [0, 00). When ¢ € Q is constant, i.e. ¢ =h with h e S,
this enriched free energy is defined as

(1.5) Fn(t,h)

.

= —%Elogf exp (\/2_tHN(J) —-tN¢ (%) +V2hz-oc-h- O'O'T) dPn(0),
where z = (21,...,2p) is a random element of (RV)? ~ RP*N with independent standard
Gaussian entries, independent of (Hx(0)),¢rvyp, and E denotes the expectation with
respect to all randomness. In (1.5) and throughout the paper, whenever a and b are
two matrices of the same size, we denote by a-b=tr(ab") the entrywise scalar product,
and by |a| = (a-a)'/? the associated norm. The compensating term tN¢ (%) is equal
to half the variance of the Gaussian random variable that immediately precedes it in
the expression (1.5); and as a consequence, an application of Jensen’s inequality yields
that Fy is non-negative. This compensating term is helpful for the analysis, and we
expect that it can be removed a posteriori using similar but simpler arguments as those
presented here (in the sense that the final results are in terms of the critical points
of a functional that has been enriched with a finite number of additional parameters).
Here we will content ourselves with the observation that this term is constant for the
bipartite model with +1 spins, or more generally for any model with +1 spins for which the
function £ only depends on the diagonal of its argument, so its presence causes no harm
in these cases. (We also explain how this compensating term can be removed in the case
when ¢ is convex in Section 8.) The definition of F y(t,q) for non-constant q € Q; is more
involved, as one needs to replace the “replica-symmetric” random magnetic field /2hz
appearing in (1.5) by a more complicated one that is coupled with a Poisson—Dirichlet
cascade; we refer to (3.7) and Proposition 3.1 for a precise definition. Even with general
q € 91, the structure of this term remains that of a “one-body” potential, in the sense
that it does not feature any interaction between spins indexed by different indices in
{1,...,N}. In particular, for every N > 1, we have that

(1.6) ¥(q) = F1(0,9) = Fx(0,9).
For every ¢,q' € Qa, p € L?([0,1]; SP), and t > 0, we define

1
(L.7) Tra(d'p) =) +(p,a—d') s +th £(p).

In this expression, we use the shorthand notation fol &(p) = [01 &(p(u)) du, and the inner
product between p and ¢ — ¢’ is that of the space L?([0,1],SP), that is,

(pa-d),. = fo 1p(u)-(q(u)—q’(u))du.

The mapping in (1.7) has a close relationship with the Hamilton—Jacobi equation

(.9 { or- [ €@,f)=0  onRixQ,
f(ov'):w on Q.

A first indication of this fact is that, for each fixed ¢" and p, the mapping (t,q) — Ji.4(¢’,p)
is an affine solution to the equation (1.8) (with a different initial condition). More
importantly, under convexity conditions on £ and i respectively, the Hopf-Lax and Hopf
formulas allow us to write the solution to (1.8) evaluated at (t,q) as a saddle-point
problem for the functional J; 4, as was shown in [29] (see also [38, Section 3.4] for the
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case of equations in finite dimension). For these reasons, we call the mapping J; , the
Hamilton—Jacob: functional. While neither £ nor 1 need to be convex nor concave in
general, the conjecture of [65, 68] (see also [38, Question 6.11]) is that F' converges to
the solution to (1.8). The function J; 4 will play the role of the function _# discussed
informally in the previous subsection. We say that the pair (¢',p) € Qo x L2([0,1]; SP) is
a critical point of the mapping J; 4 if

(1.9) q=q -tvé(p)
and
(1.10) p=0g%(q").

In more explicit notation, these identities state that, for almost every u € [0,1), we have

q(u) = ¢'(u) = tvE(p(u)) and  p(u) = 049(q',u),

and 0yt (q,-) denotes the Gateaux derivative of ¢ at g, see (2.2) for a precise definition.
The condition (1.9) is the first-variation relation for the variable p in the mapping J; 4,
while the condition (1.10) is the same for the variable ¢’ (ignoring the constraint ¢’ € Q5).
Notice that inserting (1.10) into (1.9) yields that

(1.11) q=q -tvE(9(q)).

At least formally, the characteristic line associated with the equation (1.8) and emanating
from the point ¢’ € Qs is the trajectory

t'e (g - 'VE0(d)))

(cf. [38, (3.94)]). The relation (1.11) can therefore be rephrased as saying that the
characteristic line emanating from ¢’ passes through the point (¢, q).

In order to clarify the relationship between the Hamilton—Jacobi functional and the
Parisi formula, we first present a characterization of the limit free energy that is valid
under the assumption that & is convex over S, The limit free energy was first identified
for a class of scalar models including the Sherrington—Kirkpatrick model in [46, 99]. The
argument was then extended to general scalar models in [73, 76, 74], using an alternative
approach based on the ultrametricity property of the Gibbs measure. This approach was
then extended to models as in (1.1) in [13, 77, 78, 79], under the assumption that the
function ¢ is convex over RP?*P . Here we show that the more general assumption that £ is
convex over ST is sufficient for this result to be valid. To generate examples of functions
that satisfy the weaker condition but not the stronger one, we note that if & : RP*P - R
is convex over RP*P | then any function of the form

D +o0

£ A= (Aga)aaa = &(A) + Y Y Bi AL 4
d=1 k=1

with (B4x)d<p k>1 decaying sufficiently rapidly to ensure the absolute summability of the

series, is convex over S, but it is not necessarily convex over RP*P.

Theorem 1.1. If ¢ is a convex function over SP, then for everyt >0 and q € Qo, we
have

(1.12) lim Fy(t,q)= sup inf Jiq.(q',p) = f(t,q),
N—oo 7'€q+ Qoo PEQe0

where f is the solution to (1.8).

The fact that the Parisi formula (g = 0) can be recast in terms of the Hamilton-Jacobi
functional in the case D =1 is from [66], and was extended to arbitrary ¢ in [69]. The



ON THE FREE ENERGY OF VECTOR SPIN GLASSES WITH NON-CONVEX INTERACTIONS 5

fact that the solution to the Hamilton—-Jacobi equation (1.8) with convex {gp admits a
variational representation is from [29], and the inequality

njgnanN(t,q) > f(t,q)

is shown in [65, 68] for arbitrary {. The converse bound will follow from the results
obtained below, which are more precise than necessary in this case.

To clarify further the connection between Theorem 1.1 and the classical expression of
the Parisi formula, when ¢ is convex over SP, we define its convex dual £* by setting, for
every a € RP*P,

(1.13) £ (a):=sup {a-b-&(b)}.

beSP

As will be shown here, one can rewrite the saddle-point problem in (1.12) as

1 !/
(114 sup ot o)1 e (%))
7'€000 0 t

which perhaps most closely resembles the classical finite-dimensional Hopf-Lax formula
adapted to the equation in (1.8). For scalar models and ¢ = 0, it was shown in [66] that
one can recover the classical expression of the Parisi formula from the formula in (1.12)
via a change of variables. This change of variables essentially consists in replacing the
variable ¢" with the variable p defined so that ¢’ = tV&(p), so that (1.9) holds; see also
[38, Section 6.5] for more precision.

For possibly non-convex ¢, the first identity in (1.12) is false in general [65]. Another
plausible candidate saddle-point formula is
(1.15) sup inf Ji4(q,p),

PeQe 4'€Q00

which is the Hopf formula for the solution to (1.8) when % is convex [29]. A formula of this
form arises in the context of certain problems of statistical inference in high dimensions,
see [10, 11, 12, 30, 26, 28, 51, 55, 56, 57, 58, 61, 63, 64, 87, 88|, as well as [38, Chapter 4]
for a presentation following the Hamilton—Jacobi approach. However, it is shown in
[65, Section 6] that the variational formula in (1.15) cannot be the limit free energy in
general, because the function ¢ is not convex in general. A similar phenomenon seems
to occur for certain problems of statistical inference on sparse graphs, see [36, 37, 52].
More broadly, there is no arrangement of inf’s and sup’s in front of the Hamilton—Jacobi
functional that could be equal to the limit free energy in general [65]. In analogy with
the change of variables described below (1.14), one might alternatively want to use (1.9)
and ask whether the limit free energy could be written in the form of the supremum or
the infimum over p € Q. of the functional

1
Wa+tvE@) -t [ (0 VEm) - ),

but these are also invalid candidates in general [65].

Our first main result states that, under the assumption that the limit free energy exists,
it must be a critical value of the Hamilton—Jacobi functional.

Theorem 1.2 (Critical point representation). Assume that Fx converges to some f.
Then for every t >0 and q € Qa, there exists (¢',p) € Q2 that is a critical point of Jiq
and is such that

(1.16) Aim F(t,q) = Jiq(d'p)-
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We understand that the assumption of convergence of Fy to f is pointwise, that is, for
every (t,q) €e Ry x Q1, we assume that limy_., Fn(t,¢) = f(t,q). As will be explained in
Propositions 3.1 and 3.3, the function Fy is Lipschitz in its arguments, with a Lipschitz
constant that is uniformly bounded in N, so the existence of subsequential limits is a
consequence of the Arzela-Ascoli theorem (and pointwise convergence on a dense subset
of R, x Q; implies convergence everywhere). The assumption of convergence could be
weakened to a local statement around the point (¢,q) for which we want (1.16) to hold,
but we prefer to refrain from doing so for clarity.

In fact, for most choices of (¢,¢q), we can identify an explicit choice for the critical
point (¢',p) appearing in Theorem 1.2, which is expressed in terms of the limit free
energy f. Readers who are familiar with the method of characteristics (or see [38,
Section 3.5]) may guess our choice of (¢’,p): since the derivative of the solution ought to
be constant along the characteristic line, we aim to choose ¢’ so that 9, f(t,q) = 949 (¢"),
and thus p = 9,9(q") = 9 f (¢, q).

To make this statement precise, we define Q4 to be the set of all ¢ € Qs such that
¢(0) = 0 and there exists a constant ¢ > 0 satisfying, for every u <wv € [0,1],

(1.17) q(w)—q(u) >c(v-u)Id and Ellipt(q(v) - q(u)) <c

where Id denotes the identity matrix, and Ellipt(a) denotes the ratio between the largest
and the smallest eigenvalues of the matrix a € SP. Roughly speaking, the space Qy is
the set of all g € Qo that are “uniformly increasing” with a bounded ellipticity ratio.
Although the space Qs has empty interior as a subspace of L%([0,1]; S?), the space Q4
will functionally play the role of the interior of Q». This space is for instance convenient
when exploring the notion of Gateaux differentiability of a function defined on Qs; we
refer to Definition 2.2 for the precise notion of Gateaux differentiability we use. We will
show below that if F converges to some function f, then the limit f must be Gateaux
differentiable almost everywhere in Qs. Our usage of the phrase “almost everywhere”
requires some explanation here, since the space Q5 ¢ L?([0,1]; S b ) is infinite-dimensional.
What we mean is that the set of points at which f is not Gateaux differentiable is a
Gaussian null set (see Definition 2.4). In particular, if Fy converges to some function f,
then f must be differentiable on a subset of R, x (94 n L) that is dense in R, x Qo.

Theorem 1.3 (Critical point identification). Assume that F'x converges to some limit f.
For every t >0 and q € Q3 n L=([0,1]; SP), if f(t,-) is Gateaux differentiable at q, then
letting p = 9,f(t,q) and ¢’ = q+tVE(p), we have that (¢',p) € Q2 is a critical point of Ji,
and is such that (1.16) holds.

Up to a small perturbation of the free energy, we can also identify the limit of the law
of the overlap matrix in terms of this critical point. We denote by (-) the Gibbs measure
associated with the enriched free energy with parameters (¢,q), see (3.8) for a precise
definition. The canonical random variable under this measure is denoted by o, and we
denote by ¢’ an independent copy of o under (-), also called a replica. The overlap matrix
is the random variable N~'oo’T, taking values in RP*P.

We now introduce the perturbation to the Hamiltonian that we need to add. We let
(EN(U))JE(RD)N be the centered Gaussian field such that, for every o, 7 € (RP)Y,

or’
N
This Gaussian field can be constructed explicitly by setting

ﬁN(U)I \/—_z_: Z W,]Udzadja

(1.18) E[Hn(o)Hn(7)]=N




ON THE FREE ENERGY OF VECTOR SPIN GLASSES WITH NON-CONVEX INTERACTIONS 7

where (W; ;) are independent standard Gaussians. We impose this new Gaussian field to
be independent of all other sources of randomness. For every £ > 0, we define F) w(t,1,q)
to be the enriched free energy as discussed earlier and to which we add the following
quantity in the exponential:

2
oo’

(1.19) V2T Hy (o) - TN -

)

see also (7.13) for more precision. The corresponding functional J then becomes
~ 1 _rl
(1.:20) Fod ) = @) + (pa=a) vt [ o)+ [l

Theorem 1.4 (Identification of the law of the overlap). Assume that Fy converges
to some limait f along a subsequence. Suppose also that, for some t > 0, T > 0, and
qe @ nL>®([0,1];5P), we have that f(t,%\,) is Gateauz differentiable at q, and that
F(t,-,q) is differentiable atT. Then letting p = 0(1}’\(25,?, q) and ¢’ = q+tvE(p) +2tp, we have
that (¢',p) € Q% is a critical point of Z,?,q- Moreover, as N tends to infinity along the
said subsequence, the overlap matriz converges in law under E(-) to the random variable
p(U), where U is a uniform random variable over [0,1].

Notice that in Theorem 1.4, we do not require that the free energy converges as N
tends to infinity, as convergence along a subsequence suffices; and we recall that the
Lipschitz continuity properties of Fy guarantee that we can always extract convergent
subsequences. If we do make the assumption that Fiy converges along the full sequence,
then an application of Theorem 1.3 yields a representation of the free energy itself as

]\lflilloFN(t, q) = Z;t:q(qlapL

for the same critical point (¢, p) of jt,tfq‘ To be clear, we mention that the statement

that (¢’,p) is a critical point of Z,’Eq means that

q=q -tvé(p)-2tp and p=0,0(q").

As for Theorem 1.3, for each t > 0, almost every choice of (7,q) € Ry x (Qy n L™) is a
point that satisfies the assumptions of Theorem 1.4. In particular, the set of such points
is dense in R, x Q5.

In fact, we will prove a stronger version of Theorem 1.4 in which we identify the limit
law of the array of overlaps involving arbitrarily many independent copies of o under (-).

A natural question is whether results such as Theorem 1.2 characterize the limit
free energy f uniquely. The next proposition answers this question positively at high
temperature.

Proposition 1.5 (Uniqueness of critical point at high temperature). There exists t. >0
such that for every t € [0,t.) and q € Qa, the function Ji4 has a unique critical point
02
in Q3.

For t > 0 sufficiently small and ¢ = 0, Theorem 1.2 is shown in [34]. Showing Theorem 1.2
at high temperature for non-zero paths ¢ is not a straightforward adaptation of the
argument in [34] because the system is no longer replica-symmetric in this case, no matter
how small ¢ is.

The Hamilton—Jacobi functional may have multiple critical points in general. Inter-
estingly, this fact does not completely rule out the possibility that Theorem 1.2 might
fully characterize the limit free energy. Indeed, one can exclude some spurious critical
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points by exploiting the continuity properties of the free energy, for instance by using the
following simple observation.

Proposition 1.6 (Relevant critical points must be stable). For each integer n > 1, let
(tn,qn) € Ry x Qa, and let (g},,pn) € Q3 be a critical point of Ji, 4, such that

Am Fx (tn:Gn) = Tin,0 (20> P)-

Suppose that (tn,qn) converges towards (t,q) € Ry x Qa. Then the sequence (q),,pn) s
precompact in Q%. Moreover, any subsequential limit (¢',p) € Q% is a critical point of Jy 4,
and is such that

(1.21) dim Fy(t,q) = Jiq(d',p)-

Proposition 1.6 implies that among all the candidate critical points of [J; 4, we can
exclude those that cannot be represented as limits of critical points at nearby locations.
While we will not prove this here, we expect that some spurious critical points can indeed
be excluded using this property.

In order to avoid possible confusion, we mention that the notion of stability of critical
points implied by Proposition 1.6 is different from another possible notion of stability
sometimes evoked by physicists and that has its clearest meaning for convex models.
Indeed, since Theorem 1.1 gives a variational formula for the limit free energy in this
case, we can deduce constraints on the Hessian of the Hamilton—Jacobi functional at the
relevant critical point, at least at a formal level. From the arguments of [65, Section 6],
we do not expect that one can strengthen Theorem 1.2 and prescribe the “orientation”
of the Hessian of the Hamilton—Jacobi functional at a critical point (¢’,p) in general.
Our understanding is that physicists sometimes proceed by inspecting the orientation
of the Hessian of the unique critical point of the high-temperature phase, and by then
postulating that the same orientation must be valid at low temperature. While this might
work in some cases, we would be surprised if this procedure was valid in general.

We now comment on our assumption of convergence of the free energy in Theorems 1.2
and 1.3. Even for certain scalar models (with ¢ that is not convex on R), the only
technique we are aware of for showing the convergence of the free energy to some limit
consists in obtaining a full characterization of the limit; in other words, it consists in
showing that Theorem 1.1 holds. In view of this, we find it more promising to direct
further effort towards a full identification of the limit for general models, rather than
towards the discovery of an argument that would only guarantee convergence.

1.3. Related works. We have already mentioned a number of works that are related to
the present paper. In particular, we recall that the limit free energy of the Sherrington—
Kirkpatrick model was determined in [46, 99, 100, 101]. The proof for general scalar
models (D =1) was obtained in [73, 74] by showing that the Ghirlanda-Guerra identities
[2, 42, 44] suffice to ensure the ultrametricity of the Gibbs measure. The version of
Theorem 1.1 with ¢ assumed to be convex over RP*P was obtained in [13, 77, 78, 79)].
The main ingredient of the proof there is that by enforcing ultrametricity of the overlaps
associated with a large family of linear combinations of the spins of different types, one
can deduce that the overlaps corresponding to these different types synchronize with one
another. These properties of ultrametricity and synchronization will also be used crucially
in the present work. Related results for spherical models were obtained in [31, 98] for
scalar models, and in [16, 17, 54, 80] for models with multiple types of spins.
Connections between mean-field models of statistical mechanics and Hamilton—Jacobi
equations have already been noted in [23, 72]; we also refer to [18] for a recent survey
on related topics. In the context of spin glasses, these connections were first explored
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in [1, 14, 15, 45], under a replica-symmetric or one-step replica symmetry breaking
assumption. The fact that the Parisi formula can be seen as the Hopf-Lax formula of
an infinite-dimensional Hamilton—Jacobi equation is from [67, 70]; see also [38] for a
pedagogical presentation. The rigorous justification of the fact that this Hopf-Lax formula
is indeed the solution to the Hamilton—Jacobi equation is from [29]. An inequality between
the limit free energy and the solution to the Hamilton—Jacobi equation is obtained in
[65, 68] for general models.

For certain spherical models with multiple types and non-convex £ called “pure models”,
the limit free energy was identified explicitly in [94, 96, 95, 97|, assuming that this limit
free energy is well-defined; see also [9] for the case of the bipartite spherical Sherrington—
Kirkpatrick model. A more geometric analysis of the energy landscape is in [20, 50, 53, 59];
see also [6, 7, 41, 92] for scalar models.

In the low-temperature regime, the free energy is a good approximation for the
maximum of the energy function o — Hy(o) over the support of Py (see for instance
[38, Exercise 6.3]). We think that it would be interesting to work out what consequences
our results entail for the asymptotic behavior of this maximum, in the limit of large
system size. For some convex models, a Parisi-like variational formula capturing this
was obtained in [8, 32, 35]. Relatedly, there has been much recent progress on the
problem of determining whether there exists a polynomial-time algorithm that identifies a
configuration o in the support of Py such that Hy (o) is close to its maximal value. The
answer turns out to depend on the specifics of the model. In general, one can identify a
specific value ALG such that there exists a polynomial-time algorithm that can identify a
configuration o with Hy (o) ~ NALG with high probability, but such that any algorithm
within a broad class will demonstrably fail to improve upon this limit value ALG. These
results were first shown for scalar models in [40, 47, 62, 90, 93]. Remarkably, they have
been successfully extended to general, possibly non-convex models with multiple types in
[48, 49], even though the asymptotic behavior of the maximum of Hy is currently not
understood at this level of generality.

1.4. Outline of the paper. In Section 2, we explore the differentiability properties of
Lipschitz functions on Q. In particular, we show that any such function is Gateaux-
differentiable outside of a Gaussian null set. In Section 3, we define the free energy
FN(t, q) for piecewise-constant paths ¢ using discrete Poisson—Dirichlet cascades, and
then extend it to any path g € Q; by continuity. We also show that the sequence (F ) yen
is precompact, and that F is locally semi-concave uniformly over N. It is convenient
to also give a direct definition of the free energy and its associated Gibbs measure for
arbitrary paths ¢ € Q. For this purpose, we derive a number of preliminary results
involving continuous Poisson-Dirichlet cascades in Section 4, and then give this direct
definition of the free energy in Section 5. In that section, we also study the differentiability
properties of F'x and of any subsequential limit with respect to the path ¢. We turn to
cavity calculations in Section 6. Using the ultrametricity and synchronization results
from [73] and [77, 78, 79], we extend the Aizenman—Simms—Starr scheme [3] and obtain
precise representations of Fy,; — Fn and of OqFN. Information about aqFN gives us
access to the asymptotic law of the overlap matrix. In Section 7, we combine these results
to show Theorem 1.3 and then Theorem 1.2, as well as some refinements involving overlap
arrays. We also show that any subsequential limit f of the free energy Fy must be such
that, at every point (t,q) of Gateaux differentiability of f, we have

1
(1.22) 0u5(t,0) = [ €@uf(tq.w)) du.
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In particular, this shows that the function f must satisfy the Hamilton—Jacobi equa-
tion (1.8) everywhere outside of a Gaussian null set. Finally, Section 8 derives further
consequences of our results in the special case when ¢ is convex over SP. In particular,
we prove Theorem 1.1 there.

1.5. Explicit representation of the Gaussian field Hy. Before closing this intro-
duction, we clarify the class of functions ¢ such that (1.1) can hold for some Gaussian
process Hy, and give an explicit construction of Hy in this case. By [68, Proposition 6.6],
the function & must take the form

(1.23) (a) = Jio c®) . g%
p=1

where C(P) € SP” for each p > 1. In (1.23), the notation a®” stands for the p-fold tensor
product of the matrix a €¢ RP*P which we interpret as a DP-by-DP matrix. We recall
that we assume that the series in (1.23) is absolutely convergent for every a e RP?*P. The
summation in (1.23) starts at p = 1 since we assume that £(0) = 0. There is no loss of
generality in this assumption, since the general case can be obtained by simply adding a
fixed Gaussian random variable to Hp, and this changes neither the averaged free energy
nor the Gibbs measure.

To give an explicit construction of the Hamiltonian Hp, it suffices to consider the case
when only one of the terms in the series in (1.23) is non-zero, since the general case can
then be obtained by adding independent Gaussian fields corresponding to each term in
the series. We therefore fix p > 1, and let (J(d))de{lr_.D}p be a centered Gaussian vector

with covariance matrix C(?). We let ((Ji(d))d€{17.,.7D}p)ie{lw7N}p denote NP independent
copies of the DP-dimensional random vector (J (d))dg{l’m pyr- In particular, we have for
every d,d" € {1,...,D}? and i,i’ € {1,..., N} that

E [Ji(d)Ji(/d’)] = Lo cff()i,'

DxN
We then set, for every o = (04,)1<d<D,1<i<nv € R7*Y,

_ D N
HN(O') = N_pTl E Z J(dl7'.‘.7dp)0-d1,i1"'Udp,ip'

di,...,dp=1 11,...,ip=1 Hyeenstp
This Gaussian process satisfies (1.1) for the function £ given by

¢(a) = c® . %p

1.6. Assumption on the support of P;. All the results stated above are valid under
the assumption that the reference measure Py = P1®N is such that P; has compact support
in RP. For convenience, we assume from now on that

(1.24) the support of P; is contained in the closed unit ball of RP.

Up to a rescaling of the variables, this entails no loss in generality.

2. DIFFERENTIABILITY OF LIPSCHITZ FUNCTIONS

The main goal of this section is to show that a Lipschitz function on the space of
paths Q is differentiable “almost everywhere”. We do not know whether a statement in
this spirit is valid if the notion of differentiability is meant in the sense of Fréchet. We
will show that it is indeed valid if the notion of differentiability is somewhat weakened,
and with “almost everywhere” being understood in the sense that the set of points of
non-differentiability is a Gaussian null set.
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Throughout this section, we let E be a separable Banach space, and let G be a subset
of E. In our application, we will choose E to be LQ([O, 1]; SD) and G = Q2. We denote
by |-|r the norm on the space E, by E* the (continuous) dual of E, and by (-,-) the
canonical pairing of (E*, F). We start by giving precise definitions of the notions of
differentiability we use.

Definition 2.1 (Fréchet differentiability). A function g: G - R is Fréchet differentiable
at ¢ € G if there is a unique y* € E* such that
Ny _ _ * I _
2.1) i sup D) g(Q? (v d' -apl _
>0 0¢GN {q} |q - Q|E
lg'-alp<r

In this case, we call y* the Fréchet derivative of g at q.

The condition in (2.1) can be rewritten as

9(d)-9()=(v".d —a), +o(ld' - dl,)

for ¢’ € G tending to q. The notion of Fréchet differentiability is often defined only when G
is an open set, in which case if there exists y* € E* satisfying (2.1), then it is necessarily
unique. But we do not require that G be open here.

For every q € G, we define
Adm(G,q) = {eeE ‘ Ir>0:Vte[0,r], g+tec G}
to be the set of admissible directions at ¢ along which a small line segment is contained
in G.
Definition 2.2 (Gateaux differentiability). A function g: G — R is Gateauz differentiable
at q € G if the following two conditions hold:
e for every e € Adm(G, q), the following limit exists:

(2.2) J(g.€) = lim 9(q+7“6r) —g(q);

e there is a unique y* € E* such that for every e € Adm(G, ¢), we have ¢'(¢,¢) = (y*, ¢e) 5.

In this case, we call y* the Gateaux derivative of g at q.

We stress that our definition of Gateaux differentiability may differ from the most
classical one. For one thing, the notion is most commonly used only when G is an open
set. Most importantly, the notion of Gateaux differentiability is often understood in the
sense that only the first of the two properties we listed is valid, while here we require in
particular that the mapping e — ¢’(q,e) be linear and continuous. We refer to [71] for
a comparison of the different notions. When G is an open set, our definition coincides
with those of [71, Definition 4], [85, (d) page 528], and [21, Definition 4.1] (we impose
r >0 in (2.2) while the limit is two-sided in [85, 21], but these are equivalent since we
also have that ¢'(q,e) = —¢'(q,-¢€)). An example of a Lipschitz function that is nowhere
Fréchet differentiable is the ¢! norm on the space of absolutely summable sequences; this
function is Gateaux differentiable at every nowhere-vanishing sequence.

In the problem we are ultimately interested in, the function defined on G admits a
Lipschitz extension on the full space F. Under the assumption that the norm |- |g is
Fréchet differentiable away from the origin, it was shown in [86] that a Lipschitz function
on E must be Fréchet differentiable on a dense set. However, what we really want is to
identify a dense set of points of differentiability in G. Since in our application, the set G
has empty interior, the existence of a dense set of points of differentiability in £ does not
guarantee the existence of any such point in G.
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We will therefore rely instead on the fact, proved in [5, 85], that a Lipschitz function
on F must be Gateaux differentiable outside of a Gaussian null set. As will be explained
next, a Gaussian null set is sufficiently “thin” that in our application, we can deduce in
particular the existence in G of a dense set of points of Gateaux differentiability.

We now give a precise definition of the notion of a Gaussian null set, and present the
relevant results from [85]. We equip E with the Borel o-algebra generated by its norm
topology.

Definition 2.3. A probability measure p on E is said to be a non-degenerate Gaussian
measure with mean a € E if for every non-zero e* € E*, the measure po (e*)™!is a
Gaussian measure with mean e*(a) and non-zero variance.

Although we will not make use of this fact, we mention in passing that when FE is a
separable Banach space as we assume here, the mean of a Gaussian measure can always
be represented as an element of E, by [22, Theorem 3.2.3]. This is easier to see when E a
separable Hilbert space (e.g. [22, Theorem 2.3.1]), or more generally when E is reflexive.
In our application the space E will be a separable Hilbert space.

Definition 2.4. A Borel subset B of F is said to be a Gaussian null set if for every
non-degenerate Gaussian measure p on F, we have u(B) = 0.

The following lemma is a simple modification of [85, Lemma 3]; we provide a complete
proof for the reader’s convenience.

Lemma 2.5. Let (w,)nen be a sequence in E that has dense linear span and satisfies
limy, oo |wn|g =0, and let K be the closed convex hull of {0} U{w, :n € N}. For every
x e E, the set x + K is not a Gaussian null set.

Proof. We denote by £? the Hilbert space of square-summable sequences indexed by N,
and decompose the proof into two steps.

Step 1. Let p be a non-degenerate Gaussian measure on ¢ with mean a € 2. In this
step, we show that u attributes a positive mass to every open set; or equivalently, that
the support of y is the full space £2. By [22, Theorem 2.3.1], there exists a continuous
self-adjoint operator A : £2 — £? such that for every u € £, the measure pou~' is Gaussian
with mean u-a and variance u- Au. In the notation pou™', we interpret u as the element
of the dual of ¢2 canonically associated with u, namely the mapping = — u- 2. Since p is
non-degenerate, the kernel of A must be trivial. Since A is self-adjoint, this implies that
the image of A is dense in ¢2. We also observe that for every h € £2, the translation of x
by Ah is equivalent to u, since its Radon—Nikodym derivative with respect to p is the
mapping
x»exp((:v—a)h—%h-Ah).

Now suppose that there exists an open set U € 2 such that u(U) = 0. We deduce that
the translation of U by any Ah, h € £ also has zero measure. But since the image of A is
dense in 2, we can find a sequence (A, )ney such that

U (U + Ahy,) = 2.
neN

We have thus reached the absurd conclusion that u(¢2) = 0; so there exists no open
set U ¢ ¢? such that u(U) = 0.

Step 2. We define the linear map L : /2 - E such that, for every y = (¥ )nen € £2,

Ly:= > 2"y wp.
neN
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Let U be the unit ball of £2. Since the set {0} U {w, :n € N} U {-w, :n e N} is compact
in E, its closed convex hull G is also compact (see for instance [4, Theorem 5.35]). Since
lyn| < 1 for every y € U and n € N, we have LU ¢ G. Compactness of G implies that G is
bounded and thus L is continuous. We define T': ¢? - E such that, for every y € £2,

1 +1
T(y)=z+-Ly+ ). 27" L, = x + Yoo (yn )wn.
2 neN neN 2

Since y"TH € [0,1] for every y € U and n € N, we have T(U) c x + K. We let u be a
non-degenerate Gaussian measure on ¢2. By the result of the previous step, we have
that p attributes a positive mass to U. We denote v = o T71. Since T is affine and
continuous, the measure v is a Gaussian measure on F (with a mean in F); and since
T(U) cz+ K, it attributes a positive mass to x + K. To see that it is non-degenerate, let

e* € E* be non-zero. For every y € £, we have

<€*, T(y)>E = <Za y>€2 t+c,
where

z=(27"1 (e*,wn)E)neN and  c=(e",z+ ) 27w,
neN E
Recall that the linear span of (wy,)ney is dense in E. If z was zero, then by linearity
and continuity of e*, we would deduce that e* is zero as well, which is excluded. Since
vo(e*)!is a translation of the measure po 2z~ !, and y is non-degenerate, we conclude
that v is non-degenerate as well. To sum up, we have found a non-degenerate Gaussian
measure v such that v(x + K) >0, so the set z + K is not a Gaussian null set. U

The next theorem is a special case of [85, Theorem 6]. This result is itself based on
[5, Theorem II1.2.1], which shows a similar result using another notion of thin sets now
called “Aronszajn null sets”, and the main contribution of [85] is to show that these sets
are Gaussian null sets. We also refer to [21, Theorem 6.42 and Proposition 6.27] for a
recent monograph presentation of this result.

Theorem 2.6 (Differentiability of Lipschitz functions [5, 85]). If a function g: E - R is
Lipschitz continuous, then it is Gateauz differentiable outside of a Gaussian null subset

of E.

We now specialize this result to the sets £ and G of interest to us, namely E =
L*([0,1]; SP) and G = Q. We recall that the Qy is the intersection of the set Q defined
in (1.4) with L2([0,1];S”). For every p € [1,00], we use the shorthand notation LP :=
LP([0,1]; SP). We also recall that the set Qy is defined in the sentence containing (1.17).
We observe that the set Q4 N L™ is dense in Q5. Indeed, denoting by S the set of
positive definite matrices, we have that

K
{UHCUId+qu1[k k+1)|C>0, qO,...,qKESR_},
k=0 K+1’ K+1

is dense in Q9 and is a subset of Qy N L.

Proposition 2.7. If g: Q2 = R is Lipschitz continuous, then there exists a Gaussian null
set N of L? such that g is Gateauz differentiable on Qo ~ N. Moreover, (Q; n L®) \ N
1s dense in Q.

Similarly, if g: Ry x Qa2 - R is Lipschitz continuous (in its two variables), then there

exists a Gaussian null set N of R x L? such that g is Gateaux differentiable jointly in its
two variables on (Ry x Qo) N N. Moreover, (Ry x (@4 n L)) NN is dense in Ry x Qa.
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Proof. We only prove the first part of the proposition, since the second part is obtained
similarly. We decompose the proof into two steps.

Step 1. We construct a Lipschitz extension g : L? — R to the Lipschitz function g : Qs — R.

We denote by P : L? - Q, the orthogonal projection to Q. By definition, for every
q € L?, the point P(q) is the unique minimizer in Qs of the mapping
Q - R
¢ v~ lg-dq7..
We refer to [38, Exercise 2.16 and solution| for a justification that the mapping P is
well-defined, based on the fact that Qs is a closed and convex subset of L%, Tt is also
shown there using the convexity of Qs that, for every ¢ € L? and p € Qy, we have

(2.3) (¢-P(a),p-P(q))L2 <0.
We show that, for every ¢, ¢’ € L?,
(2.4) 1P(q") = P(@)|2 <lg' - qlre.

For every q,q’ € L?, we use the identity (2.3) with p substituted with P(q’), and similarly
with ¢ and ¢ interchanged, to get that

(¢-P(q),P(q") - P(q)),, <0< (¢ - P(¢'),P(q") - P(q)),, -
Rearranging and using the Cauchy—Schwarz inequality, this yields that
1P(¢") = P(0)|7> < (¢ — ¢, P(¢") = P(q)) > <lq' = dlz2|P(¢") = P(q)Ir2-
This shows (2.4). To construct the extension of g to L?, we set, for every q € Qo,

9(q) =g(P(q))-

Since P is the identity on Qs, the function g is indeed an extension of the function g.
In view of (2.4) and of the fact that g is Lipschitz, the function g is also Lipschitz, as
desired.

Step 2. We let §: L? > R be a Lipschitz extension of g as given by the previous
step. By Theorem 2.6, there exists a Gaussian null set A’ ¢ L? such that g is Gateaux
differentiable on L? \ . Letting = € Qs \ N, we verify that ¢ is Gateaux differentiable
at z. Let y* € (L?)* ~ L? denote the Gateaux derivative of § at . The limit ¢'(x,e)
in (2.2) exists for every e € Adm(Qs,x), and it is equal to (y*,e);2. One can check that
the orthogonal of Qs in L? is trivial, so the closed linear span of Qy is L?. Moreover, we
clearly have Qs € Adm(Qs,z), so there can be only one y* such that ¢'(z,e) = (y*,€) 2
for every e € Adm(Qa,x). This shows that g is Gateaux differentiable at x € Qo \ N.

We next show that (Q; n L*°) ~ A/ must be dense in Q3. Notice that the set
W:={qeQ:¢q(0)=0and Vu<ve[0,1), ¢(v)-q(u) < (v-u)ld}

has dense linear span in L2. Let (wy,)ney be a sequence in W whose linear span is dense
in L2. We can rescale w,, to ensure that |wy|z2 <1 and limy, e [wp|z2 = 0. Let K be as
given in Lemma 2.5. We fix any x € @y n L™ and any € > 0. By Lemma 2.5, we have
that z + eK is not a Gaussian null set, which implies that (z + eK) ¢ A/. Hence, there is
y € (z+eK) NN such that g is Gateaux differentiable at y.

To complete the argument, we show that z +eK ¢ Q3 n L®. Let k € K and let ¢ be

the constant in (1.17) for . We write 2’ := z + ek and we clearly have 2/(0) = 0. Fix any
0<u<v< 1. We have 2'(v) —2'(u) 2 2(v) —z(u) 2 ¢(v—u)ld. Let Apax and Apin be the
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largest and the smallest eigenvalue of z(v) — x(u), respectively. Note that A\pin > c¢(v —u)
and that the eigenvalues of k(v) — k(u) lie in [0,v —u]. So, we get

Amax +€(V—u)  Apax (v —u) 1€
= SC+ -,
)\min +0 Amin )\min &

Ellipt(2'(v) — 2" (u)) <

So, we conclude that x’ € Qy, and we clearly also have that 2’ € L*. Therefore, we have
verified x + e K € Qyn L.

Hence, y € (Q4n L®)\N. Since |y — z|r2 < € and & > 0 was arbitrary, we conclude that
(@t N L®) NN is dense in @t n L™ and thus also in Qs. O

3. DEFINITION AND REGULARITY PROPERTIES OF THE FREE ENERGY

In this section, we define the free energy F n(t,q) for arbitrary choices of the path ¢ € Q.
When the path ¢ is constant equal to h € SP, we have already displayed the definition of
the free energy in (1.5). Here we will first extend this definition to piecewise-constant
g € Q. One can then verify that the free energy is L'-Lipschitz continuous in ¢, and
this therefore defines the free energy F n(t,q) for arbitrary choices of q € Q; by density.
Another consequence of this Lipschitz continuity property is that the sequence of functions
(Fn)nen is precompact. We also show that the free energy is locally semi-concave. This
property will be used later to assert the convergence of the derivatives of F'y at any point
of differentiability of the limit.

We start by defining the free energy Fn(t,q) for piecewise-constant ¢ € Q. When g
is constant equal to h € SP, we had introduced in (1.5) the external random magnetic
field V/2hz acting on the spin configuration o, where z takes values in RP*YN and has
independent standard Gaussian entries. We will here replace this random magnetic field
by a richer object that, in the language of physics, has a finite number of replica-symmetry
breaks. Precisely, for each choice of integer K € N (the number of replica-symmetry
breaks) and parameters (qx)ock<x €SP and (Cr)1<her S [0, 1] satisfying the constraints

(3.1) 0=g1<q<q1 < <gk
and
(32) 0=C<C < <Crk<Cr+1=1,
we aim to make sense of F(t,q) where ¢ is given by

K
(3.3) q= kZqul[ck,cm)-

In (3.1) and throughout the paper, whenever a,b € ST we write a < b to mean that
b-aeSP and a # b. The construction involves the notion of Poisson-Dirichlet cascades,
which we now introduce briefly. We let A denote the infinite-ary tree of depth K, which
we encode as

(3.4) A=N'uN'u-..UNK

with the understanding that N° = {@}. We understand that @ is the root of the tree A,
and that for each k € {0,...,K -1} and a = (n1,...,n;) € N¥, the children of a are all
the nodes

an = (ny,...,ng,n) e NFL
where n ranges in N. For every o = (nq,...,n;) € A, we denote its depth by |a] := k, and
for every ¢ < k, we write
o = (n,...,np)
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to denote the ancestor of « at depth ¢. For any two leaves o, 5 € N¥ | we write
(3.5) anf:= max{k<K|a|k:6|k}
to denote the depth of the most recent common ancestor to o and 8. The Poisson—
Dirichlet cascade (also called Ruelle probability cascade after [89]) with parameters
(Ck)i1<k<k is a random probability measure on the leaves N¥, whose weights we denote
by (Va)gaenk; in particular, v, 2 0 and Y cyx vo = 1. Briefly, this probability measure is
constructed as follows (more details can be found in [74, Section 2.3] or [38, Section 5.6]).
With each non-leaf vertex « at depth k < K — 1, we attach an independent Poisson point
process on R, with intensity measure !+ dz. This Poisson point process can be
ordered decreasingly, say uq1 > uq2 > -+, and we attribute the weight uq, to the child
vertex an. This attributes a weight to each vertex except the root. Finally, for each
leaf vertex o € N¥ | we compute the product of all the weights attached to the nodes
from the root to the leaf vertex «, excluding the root, and we denote the result by we,
that is, we = [T5, Uqy,- The family (va)qenx is then obtained by normalizing the family
(Wa)qenx into a probability measure, that is, vy = wa/ X gws. We construct this object
independently of (Hn(0)) cpoxn -

In order to define the random magnetic field, we also give ourselves (z3)ge4 a collection
of independent standard RP*¥N_valued Gaussian vectors, independent of the Gaussian
field (Hy (o)) and the cascade (vy). For every o e NX | we set

K

(3.6) wi(a) = (qk - Qk—l)l/QZ%-
k=0

The random variable wi(a) takes values in RP*V. For every a,a’ e N¥| we have
Ew?(a)wi(a’)" = Ngana-
Recalling the definition of the piecewise-constant path ¢ in (3.3), we define
— 1 is
(3.7) Fy(tq) = -5 Elog f > exp (HY (t,q,0,0)) va dPy(0),

aeNK

where N
Hj%;isc(t,q,a,a) :=V2tHy (o) —tNE (%) +Vow! o -0 gxo.

We denote by (-) the associated Gibbs measure, and by (o, «) the canonical random
variable. That is, for every bounded measurable f:RY x NX - R,

(3 8) <f(0_ Oé)) L f ZO&NK f(o-v Oé) €xXp (H](%fisc(ta q,0, Oé))’(}a dPN(U)

’ J Saenic exp (H* (1.4, 0,0) Jva APy (0)
We denote by ((of,a’))een independent copies of (o, a) under (-), also called replicas.
We may also write (o’,a’), (¢”,a’) for independent copies of (o, «) in calculations in

which only two or three such copies suffice. As is classical and will be explained in more
details below (or see [38, (6.60)]), one can show that for every k € {0,..., K},

(3.9) E (1{anar=k}) = Coe1 = G-

Using this, one can show the following Lipschitz continuity property of Fx as a function
of the path gq.

Proposition 3.1 (Lipschitz continuity of Fy). For every t,t' >0 and every piecewise-
constant q,q € Q, we have
(3.10) |Fn(t,q) - Fn(t',q")| <lg—q'| .+t -1 o €(a)l.

al<l
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As a consequence, the free energy F admits a unique extension to R, xQy satisfying (3.10)
for every t,t' >0 and q,q" € Q.

In (3.10) and throughout, for every p € [1, 00], we use the notation

, 1 , 1/p
lg—q'|rr = la-4'f")
0

with the usual understanding as an essential supremum when p = co. We also often use
the shorthand L? := LP([0,1]; S”), and we recall that Q, = Q n LP.

Proof of Proposition 3.1. The Lipschitz continuity in ¢ is in [68, Proposition 3.1]; see also
[38, Proposition 6.3] for a proof when D = 1 using similar notation as here. Besides the
verification of (3.9), the main step of the proof is to show that if we allow for repetitions
in the sequence (g )o<k<k, replacing the strict inequalities “<” in (3.1) by “<”, and follow
along with the exact same construction of F'y, then we end up with the same quantity as
if we had removed the repetitions in the sequence (gx)o<k<x (and thereby reduced the
value of K and removed some “unused” (x’s in the representation (3.3)) to begin with.

For the Lipschitz continuity in ¢, we use the Gaussian integration by parts in [38,
Theorem 4.6], to write, for every ¢ > 0 and piecewise-constant ¢ € Q,

— 1 1 oo’ oo'T
3.11 OFn(t,q)=—-——E(—=H -Nél—|)=E )
1) 0T -1 8( (o) - e (%)) - (e 7))
By the assumption (1.24) on the support of P; and the Cauchy—Schwarz inequality, we
have for every o in the support of Py that

N (D 2
(3.12) oo =00" 00" =|oTof = Y ( Ud,iad,j) < N2
ig=1\d=1

In particular, we have that
‘atFN(t7Q)‘ < sup |E(a)‘7

la|<1

so the proof is complete. O

We also recall the following observation justifying the identity in (1.6).
Proposition 3.2 (Initial condition). For every N € N and q € Q;, we have

Proof. The proof of this result is based on the fact that we chose Py to be a product
measure, Py = P1®N . By the Lipschitz property in Proposition 3.1, it suffices to show
the identity (3.13) for piecewise-constant q. The proof is then classical, for D =1 it can
be found in the first part of [38, Lemma 6.4] using similar notation as here, and the

argument applies verbatim to arbitrary D. O

Given two metric spaces X and ), we say that a sequence (gn)neny of functions
gn * X = Y converges locally uniformly to some g : X — Y, if (gn)neny converges to g
uniformly on every metric ball of X. By combining Propositions 3.1 and 3.2, we can
verify that the sequence F is precompact.

Proposition 3.3 (Precompactness of (FN)NEN). For every p € (1,+00], the sequence

(Fn)nen is precompact for the topology of local uniform convergence in R, x Qp.

The proof of this proposition relies on the following lemma, which states that for every
r<pe[l,+o0], the embedding O, ¢ Q, is compact.
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Lemma 3.4 (Compact Q, embeddings). Let r € (1,+00], and let (q("))mN be a sequence
of paths in Q such that

(3.14) sup ‘q(”)
neN

< +00.
L’!‘

There exist a subsequence (q("k))kEN from (q(”))nGN and a path q € Q, such that for every
p € [1,+00) with p<r, the subsequence (q(”k))kEN converges almost everywhere and in LP
to q.

Proof. Let M < +oo denote the supremum in (3.14). Since the path ¢(™ is increasing, we
use Jensen’s inequality to write, for every uw < 1,
<

‘q(”)(u)‘ < ﬁ ful |q(n)(t)‘ dt < ﬁ |q(n) Lr - 1-u

By a diagonal extraction argument, we can therefore extract a subsequence from (q(”) )neN
that converges pointwise at every rational number in [0,1); for every u € [0,1) nQ, we
denote by ¢(*)(u) this limit. For every u € [0,1), we set

(n) M

<L|q
L' " 1-wu

a(w) =1im g™ (u).
tNu

Since ¢(*) is increasing, this limit is well-defined. By construction, the path ¢ belongs to
Q, and whenever u < 1 is a point of continuity of ¢, we must have that g™ (u) converges to
q(u) along the subsequence. In particular, Fatou’s lemma ensures that ¢ € Q,. Moreover,
by the dominated convergence theorem, the convergence of ¢ to g along the subsequence
is valid in LP([0,u]; SP) for every u < 1 and p < +oo. So it suffices to verify that, for each
p<r,

1 P
(3.15) lirr%supf ‘q(")(t)‘ dt=0.

w71 neN

By Jensen’s inequality, we have

1 1 P 1/p 1 1 . 1/r M
— ™) (¢ dt) < (—f () (¢ dt) "
(s L ol )« (o, Lol a)" < 2

The right-hand side is understood as M when 7 = +o00. The inequality above implies (3.15)
and therefore completes the proof. O

Proof of Proposition 3.3. We fix p € (1,+00]. In view of Propositions 3.1 and 3.2, it
suffices to show that the intersection of any LP ball with the set Q is compact in L', by
the Arzela-Ascoli theorem. This follows from Lemma 3.4. O

Proposition 3.3 implies that if there exists a subsequence along which Fy converges
pointwise to some limit, then the convergence in fact holds locally uniformly in R, x 9,
for every p > 1.

Our next result records a monotonicity property of the mapping q = Fy(t,¢). One
way to think of this result is to say that the derivative 9,F y(t,¢,-) always belongs to Qa.
Since we would like to use common language also concerning possible limits of f, which
are not necessarily differentiable everywhere, we prefer to phrase it as a monotonicity
property per se, using the notion of dual cones. We denote by Q3 the cone dual to Qo,
which is defined by

Q3 :={kel® | Yge Qy, (k,q);2>0}.

The following result can be found in [29, Lemma 3.4 (2)]. We also give a proof here for
the reader’s convenience.
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Lemma 3.5. We have
1
(3.16) Q; = {,% eL? | Vte[0,1), f r(s)ds € SP}.
t

Proof. We start by recalling, e.g. from [63, Lemma 2.2], that for every a € SP, we have
the equivalence

(3.17) aeSP  — vbeSP a-bx0.

(In other words, the cone SP is self-dual.) We denote by K the set on the right side
of (3.16). Let k € K and g € Q3 be a continuously differentiable path, whose derivative
we denote by ¢. Integrating by parts, we see that

(3.18) ()i = [ w0) 4(u) du
:q(O)-./Olli(u)du-FAlﬁ(u)'AUQ(t)dtdu
~o0)- [ wydus [La)- [ wu)dudr

Using that ¢ is increasing and (3.17), we see that ¢ must take values in SP. Since we
also have ¢(0) € SP, we conclude that (x,q) 2 > 0. Arguing by approximation, this result
can be extended to every g € Q2. We have thus shown that K ¢ Q3.

Conversely, let x € Q5. For every continuous path ¢ € C([0,1]; SP), the path defined
for every w € [0,1] by

aw)= [t

belongs to Q2, and the notation ¢ is consistent. We conclude from the calculation in (3.18)

that . .
fo q'(t)-f k() dudt > 0,
t

Using that this property holds for every choice of ¢ € C'([0,1]; SP), that the mapping
t— /tl k(u) du is continuous, and the characterization in (3.17), we conclude that « € K,
thereby finishing the proof. O

For every subset G of L? and function ¢ : G — R, we say that ¢ is Q5 -increasing if for
every q,q € G, we have

(3.19) q-q'€Q; = g(a)>g(d).
The following result is a rephrasing of [68, Proposition 3.8].

Proposition 3.6. For everyt >0 and N €N, the mapping Fn(t,-) is Q5 -increasing.

It will be very useful for our purposes to notice that the free energy Fy is locally
semi-concave as a function of q. We first obtain a local semi-concavity property for
regularly-spaced piecewise-constant paths, and then also derive a version that concerns
sufficiently regular continuous paths. We recall that, for every a € SP, we denote by
Ellipt(a) the ratio between the largest and the smallest eigenvalues of a.

Proposition 3.7 (Semi-concavity of Iy for piecewise-constant paths). There exists a
constant C < +oo depending only on D and & such that the following holds. Let (()1<k<k
be as in (3.2), lett,t' >0, 0=q 1 <qo<--<qrg €SP, and 0 = ¢ <gh< < g€ SP . and

set

K K
(3.20) q-= Z L1y Chin) and ¢ = Z ql,fl[gkvck+1)'
k=0 k=0
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Letting c € (0,1] be such that t,t' > ¢ and

(321)  Vke{0.. K}, ——ld<g-gqu1 and Ellipt(ge-gi1) <o

and similarly with q replaced by ¢’ in (3.21), we have, for every X €[0,1],
(322) (1 - A)Ff\f(t7 q) + AFN(t,7 q,) - FN((]‘ - )\)(tv q) + )\(t,7 q,))

K
<OM1-\)c2 ((t ~ ')+ (K +1) kE (@ - ae-1) - (a - QIlq—l)|2) :
=0

Proof. We start with a preliminary step.

Step 0. Recall that we denote by ST, the set of D-by-D positive definite matrices. For
every he SP and a € SP, we set

NERTRN | _
D (a) = }jli%& (\/h+5a \/ﬁ) ,
as well as
D%/E(CL) = ?_I)%E_l (Dm(@) — D\/ﬁ(a)) .
We denote by Anin(h) the smallest eigenvalue of h. In this step, we show that

1 _1
(3.23) D /z(a)] < 3 lalAmin ()2
and

1 _3
(3.24) D2 (a)] < 10l Amin (1) 2

For two matrices b, b’ € RP*P we write b® b’ = %(bb’ +b'b) for the symmetrized matrix

2
multiplication. Writing h + €a = (\/E +eD g(a) + 0(5)) and expanding the square, we
see that

(3.25) 2VheD ;(a)=a
Let A =diag(A1,...,Ap) and o be an orthogonal matrix such that h = olo". We have

Vh =0V Ao", where v/ = diag(\v/ A1, ..., v/Ap). Writing D' := 0'D s(a)o and @’ := 0" ao,
we get from (3.25) that for every d,d' € {1,... D},

Dy (\/A_d + \/)\—d’) = ag gr-
This implies that
D) = D] < S| max A7 = 2ol ()2,
as announced in (3.23).
Turning to (3.24), we start with (3.25) applied to h + ca:
Wh+ea® D riz(a) =a.

h+ea

By the definitions of the derivatives, this means that, as ¢ tends to zero,

2 (\/E+ eD s(a) + 0(5)) ® (D\/ﬁ(a) +€D%/E(a) + 0(5)) =a

Using (3.25) to cancel out terms and sending € to zero, we get

VheD?:(a) = - (D /(a))”.
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Using the same diagonalization argument as for (3.23) yields that
2 _1
(3.26) D2 (a)] < (D /5(a)° | Amin () 2.

Observing also that, for every matrix b e S” with eigenvalues A1, ..., Ap,

, D D D \2
‘b2‘ =, M < (max)\z) > A3 < (Z )\3) = |b|4,
d=1 d<D d=1 d=1
we obtain (3.24) from (3.23) and (3.26).

Now that this preliminary step is complete, we turn to the proof of Proposition 3.7 per
se, which will be decomposed into two steps. For notational clarity we will only show the
semi-concavity property in (3.22) in the special case of ¢ = ¢, but it will be clear from the
proof that the argument also covers the general case. To lighten notation, we therefore
fix t 2 0 from now on.

Step 1. For every s >0 and y = (3o, . ..,yx) € (SP)5*!, we define

778,y 2 O-O-T X, X, 2 T
Hy (J,a):\/ésHN(a)—s N¢ 53 +\/§Zykza|k-o—2yk-ao ,
k=0 k=0

Gn(s,y) = —%Elogf S exp (HyY(0,a)) vadPy(0).

aeNK

Notice that, with notation as in (3.1)-(3.3), we have

(3.27) Fn(t,q) = Gn(VE, (V@ = @1 oshek)-

As already mentioned, we will keep ¢ fixed in this proof for notational clarity, but the
required modifications for the general case should be clear. We therefore fix s = v/t from
now on and suppress it from the notation, simply writing G () in place of G (V/1,%).

In this step, we show that the Hessian of G is uniformly bounded from above. With
the notation y = (v, ...,yx) € (SP)E*1 we denote by 9, Gn(y) the derivative with
respect to the k-th coordinate of y. This derivative is an element of SP. In this proof, it

is at times convenient to think of each coordinate y; of y simply as a W—dimensional
D(D+1) 1 D(D+1)
2 YT 3

matrix, and we can for
D\K+1
SY)ET

vector, so that we can view 9y, 0,,Gn(y) as a
instance write the Taylor expansion, as y' = (y(,...,Yx) € (SPYK+1 tends to y € (

K
Gn(y') =Gn(y) + kZ (Y = Yk) - 0y, G ()
-0

1 K
i > Wi~ Yr) - Oy 0y, GN (y) () — 1) + o(ly — y'[*).
%,=0

Notice that our definitions of scalar products are consistent regardless of whether we

. D(D+1 . . . .
regard y; as a matrix or as a %-dlmenswnal vector. We also abbreviate the expansion
above as

1
Gn () =Gn @)+ (0 =9) - VaN ) + 5 -) VO -y) +olly - y'T).
With this notation in place, the goal of this step is to show that, for every k€ {0,..., K},
we have

(3.28) 10y G ()] < 2|yl

and that for every a e (SP)K+!,

(3.29) a-V?Gn(y)a<2al’
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We start with the first-order derivative of G . For every k € {0,..., K} and a € S?, using
the Gaussian integration by parts in [38, Theorem 4.6], we can compute

a-0y, GN(y) = d%GN(yh o Yk=1,Yk + EQy Yk, - - ,yK)L:O
= —%E <\/§aza|k o= 2ayy - O'UT) = %E (ayk : UU’Tl{a\fa(k}) :
By the Cauchy—Schwarz inequality and (3.12), we have
(3.30) loo" P =00"" 00" =0"-0"0" < |07 a|l0c"To’| < N2
Combining the last two displays yields that

|a- 0y, Gn (y)| < 2lal |ykl,
which is (3.28).
Turning to the proof of (3.29), we first observe that, for every a,b € RP*P and A e R,
(1-XN)a? +2b% = ((1=Na+Ab)% + A(1-N)(a-b)>

Using this and Hélder’s inequality, we obtain that, for every y,y’ € (SP)X*1 and A € [0,1],
1 _
(1= NGn () + AGN (y') = - Elog(-+)' ()

1 ~ o
< —NElogf > exp((l - NH (o,a) + \HYY (U,a)) Vo dPp (o)

aeNK
1 ~ (1 /
= —NElog/ Y, exp (Hf\}(l M () +r> Vo dPn (o)
aeNK

where

K
ri= A=) Y (- i) 00" > A= NN fy -y
k=0

)

using also (3.12) in the last inequality. We thus deduce that

(1=NGn (1) +AGx (1) <G (L= Ny +\/) + X1 =) [y -/

Substituting y + ca for 3’ in the above display, setting A to be %, and then sending € to
zero, we obtain (3.29).

Step 2. In this step, we change variables and use the results of the previous step to
bound the second derivatives in the g’s of Fy. For every z € (SP)K*1 we write

V= (\/ﬁ)1<k<K and set Gy (z) = Gy (\/E) For every x ¢ (S£,)**! and a e (SP)<*,

we have

d ~ K
&GN(ac+5a) =3 D zar(ar) - 0y, GN (VT + £a),
k=0

and thus

2
a-V:Gy(x)a= d—é]v(x +ea)
de?

e=0

K K
= 3 D m(ar) - 9,0, G (V) Dm(az)+l§D3ﬁ(ak)-0ykGN(ﬁ)-

k,1=0
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Applying the estimates (3.28) and (3.29), and then (3.23) and (3.24), we get
275 & 2 & |2
a- VG (2)a<2 Y D mrlan)] +2 3 |0 o (ar) | [Vl
k=0 k=0

1 K 2 -1 1 K 2 _3
<3 > Jakl Amin (@) ™ + 5 Y k| Amin (@) "2 |\/@g)-
k=0 k=0

Notice that
VZkl? < DEllipt(z) Amin (2k)-
In particular, for every z € (SP)K*! satisfying
(3.31) for every k€ {0,..., K}, ﬁld <z and  Ellipt(zy) < ¢,
+

we have that, for some constant C' < +co depending only on D,

a-V3Gy(z)a < C(K +1)c ?al.
For every z,z’ € (SP)K+*! with x satisfying (3.31) and 2’ satisfying these same bounds
as z displayed in (3.31), we therefore have that, for every A € [0,1],

(1-N)Gn(z) +AGy (27) <Gy (1= Nz +A2") + OA(1 = N 2(K +1)|z - 2.

We now recall from (3.27) that for 0 = g1 < go < --- < g, and for ¢ as in (3.20), we have
that Fn(t,q) = GN((qk - qk,l)ogkgK). For ¢q,q" as in the assumptions of the theorem, a
change of variables in the previous display therefore yields the desired result. O

We now extend this semi-concavity result to the case of continuous paths. For every
c >0, we write

(3.32) Qic:={qe Qs | q(0)=0 and VYu<wve[0,1), q(v)-q(u)>c(v-u)ld
and  Ellipt(g(v) —¢(u)) < c_l}.

We observe that Ugg @4, = 94, where we recall that Q4 was introduced in the sentence
containing (1.17). For every path ¢ € Q, we denote by ¢ its distributional derivative.
Whenever this distributional derivative can be represented as an element of L?, we write
that ¢ e L?.

Proposition 3.8 (semi-concavity of Fy for continuous paths). There ezists a constant
C < +o0o such that, for every N € N, ¢ > 0, t,t' > ¢, q,¢' € Q1. with ¢—¢' € L?, and
Ae[0,1],

(333) (1 - A)FN(ta Q) + AFN(t,7 q,) - FN((l - )‘)(tv Q) + )‘(t,7 q,))
<OANL=-N)e? (=) +]d - q'";) .

Proof. By a density argument and Proposition 3.1, it suffices to show the result for
smooth paths ¢,q’. We therefore choose two paths ¢,q’ in Q;.n C*([0,1];S”), and for
each K e N and k€ {0,..., K}, we set

-o(5t)
Qk‘_q K+1 )

as well as the piecewise-constant path ¢’ € Q defined by
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We do the same construction for the path ¢’, obtaining a family of parameters (g;,)o<k<x
and a path ¢’%. As always, we set ¢_1 = ¢'; = 0. An application of Proposition 3.7 yields

(3.34) (1-NFn(t,d™)+ X \Fn (™) -Fn ((1-2) (.¢") +A(t',d'™))

K
<CA(1- )\)0_2 ((t - t’)2 +(K+1) k;)|(qk —qQr-1) — (q,’C - q,;_l)|2) .

By Proposition 3.1, the left side of this inequality converges to the left side of (3.33).
Under our smoothness assumption on ¢, the difference

()it =ile) e (o) ()
qK+1 K+1 -4 K+1 K+1 qK+1 qK+1

converges to zero as K tends to infinity, uniformly over k € {0, ..., K'}. Since the same
goes for the path ¢’, we can replace the second term in the large parentheses on the right
1 K

side of (3.34) by
5 ( k )_.,( k )
K+1k:0q K+1 e K+1

up to an error that tends to zero as K tends to infinity. This is a Riemann-sum
approximation of the integral |§ — ¢’ |%2, so under our smoothness assumption on ¢ and ¢,
it converges to this integral as K tends to infinity. Recalling (3.34), we thus obtain the
desired result. O

2

)

In short, we think of Proposition 3.8 as stating that the function q ~ F (¢, q) is locally
semi-concave with respect to the quadratic form ¢ — |Q|%2. One of the useful consequences

of this fact for our purposes is that if Fy converges to some limit f, and if ¢ € Q4 is a

point of differentiability of f(¢,-), then the ¢-derivative of Fy at (t,q) must converge to
the g-derivative of f at (¢,q). We postpone a precise statement to this effect to Section 5.

4. CONTINUOUS CASCADES AND OVERLAP APPROXIMATIONS

Recall that in Section 3, we defined the free energy F'n(t,q) for piecewise-constant
paths ¢, and then extended this function to all ¢ € Q1 by continuity. In this section, we
lay the groundwork that will allow us to give a direct definition of F y(t,q) for arbitrary
paths ¢. We also show some useful properties of the objects involved, and how to identify
them with the discrete objects introduced in Section 3 when the path ¢ is piecewise
constant. One of the advantages of the direct construction is that it allows us to also
directly manipulate the associated Gibbs measure for continuous paths q.

The basic object in this construction is a Poisson—Dirichlet cascade whose overlap is
uniformly distributed over the interval [0,1]. For the reader’s convenience, we briefly
review its construction here. Recall from the previous section that for each choice of the
parameters ((x)1<k<x as in (3.2), we can build the associated Poisson—Dirichlet cascade
(Vo) geni» Which encodes the weights of a random probability measure on N¥. For
each realization of (va)aenx, We construct independent random variables (af)s; taking
values in N¥ that are sampled according to these weights. Choosing also real numbers
(ar)o<k<k satisfying (3.1), we then build the “overlap” array (q.c,.,«)ee>1, where we
recall the notation A from (3.5). We have thus defined a mapping taking any piecewise-
constant path ¢ € L*([0,1];R) of the form in (3.3) as input, and returning a random
array indexed by N x N (and in truth it is rather the law of this random array that
is unambiguously well-defined). If we take any sequence of piecewise-constant paths
¢™ that converges in L*([0,1];R) to the identity map, then the sequence of resulting
overlap arrays converges in law in the sense of finite-dimensional distributions, by [38,
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Corollary 5.32]. The law of the limit does not depend on the approximating sequence, and
we denote it by R = (R )ees1- By the Dovbysh-Sudakov theorem in [74, Theorem 1.7],
this limit array can be represented as a “true” overlap array. That is, there exists a
separable Hilbert space $), whose scalar product we denote by A, and a random probability
measure R on the unit sphere of §, such that if (a/)s; denote independent random
variables sampled according to 9, then the overlap array (o’ A ael) ¢,0r>1 has the same law
as the limit array R constructed above. In this statement, the law of (af A O/,)g,@;l is

understood after we average both over the sampling of the random variables (o/ )es1 and
over the randomness inherent to the random probability measure R itself.

We denote by (), the expectation with respect to the sampling of the independent
variables (o)1, defined for each fixed realization of R, and we denote by (£2,P) the
probability space, with associated expectation E, corresponding to the sampling of R
itself. It will at times be convenient to denote explicitly that R is a random variable, and
we use the notation w — R, when we want to clarify that 93 is a mapping from €2 to the

space of probability measures on §.

By construction, the overlap a! A o? is distributed uniformly over [0,1] under PSA.
(Strictly speaking, we should rather write PR®N or P:®®? in place of PSR, but we
allow ourselves this abuse of notation.) In particular, we have PR-almost surely that
a' Aa? € [0,1]. Equivalently, denoting by 4 the (random) support of the measure R, we

have with P-probability one that for every a',a? € 4,
atra? 0.

As a direct consequence of the construction of SR from discrete tree structures, we have
with PR-probability one that

(4.1) alAa3>min(a1Aa2,a2Aa3).

Equivalently, this states that P-almost surely, the relation (4.1) holds for every al,o?

in Y. Since Y is a subset of the unit sphere of §), this property states that the set U is
ultrametric. Explicitly, this means that P-almost surely, we have for every o', a?, o € il

that
2

_ .3

9 @ -« ‘fj) ’

where || denotes the norm in $3. The set I is the continuous analogue of the leaves N
of the tree A that appeared in the construction of the discrete cascades.

’

‘al —a’|. < max(|a1 _O‘2|57

To summarize, there exists a measurable subset ©* of € with P(£2*) =1 such that for
every w € 2%, we have that

i is a subset of the unit sphere in §,
(4.2) Val,a? ey, alaa®>0,
2 2

Vol,o?,0® ey, o' aa®>min(al Aa?,a? A ad).

Recall that in the construction of the free energy for piecewise-constant paths, we used
the random Gaussian field in (3.6). Once such a Gaussian field is constructed for N =1,
it is easy to extend the construction to general N by using independent copies. Our next
goal is to construct an analogous object in the setting of continuous cascades. We recall
that we write Q. = Q@ N L. By monotonicity, for every g € O, the limit

(4.3) q(1) = limg(u) € 57

is well-defined. We always extend a path g € Qo by continuity at 1 according to (4.3).
With this convention, every path g € Q. is continuous at 1.
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Proposition 4.1 (Construction of Gaussian cascade). We fiz U = U such that (4.2)
holds, and let q € Qoo. There exists an RP-valued centered Gaussian process (w?(a))aes
such that for every a,a’ € U,

(4.4) E[w?(a)w(a’)"] = g(ara’).

Moreover, if we display the randomness explicitly by writing w — wi(a,w) for w varying
in the underlying probability space ), then we can construct w? in such a way that the
mapping (a,w) — wi(a,w) is jointly measurable.

We understand that the set U is equipped with the Borel g-algebra induced by the
norm topology of §).

Since we aim to prove Proposition 4.1 by appealing to the Kolmogorov extension
theorem, we need to construct such a process indexed by any finite subset of 4 and
verify the consistency condition. When D =1, we thus need to show that for every n e N
and o!,...,a" € 4, the matrix (¢(af A Oéj))lgid'gn is positive semi-definite. This can be
obtained by observing that the matrix (g(a’ A a?))1<; j<n is ultrametric in the sense of
[33, Definition 3.2], and by quoting [33, Theorem 3.5] to conclude.

We can also give a direct proof, which is more in the spirit of the construction of the
Gaussian process itself and clearly applies for general D € N. As a first step, we show
that any finite ultrametric set can be embedded into the leaves of a tree in a natural way.
This result is classical but we give a brief proof for the reader’s convenience.

Lemma 4.2. Let {a!,...,a"} be an ultrametric subset of the unit sphere in $). Let K >0
be an integer and let real numbers

Sg<81<--<sg=1

be such that {s;}5, = {a’ Al }i<ijen. There exists a rooted tree of depth K with leaves
{A"}1<i<n such that for every i,j e {1,...,n}, we have

(4.5) o' Aol = spip0,
where A* A A7 denotes the depth of the most recent common ancestor to A* and AJ.

Proof. We recall that for every i,7,l€ {1...,n}, we have
(4.6) o' Al > min(af Ao?,of Add).

For each k € {0,...,K} and 4,5 € {1,...,n}, we write i ~, j if and only if a’ A a7 > s;.
By (4.6), the relation ~j is an equivalence relation. We define the set of nodes at depth
k (of the tree we are going to construct) to be the set of equivalence classes of the
relation ~;. For k = K, the equivalence classes are simply singletons since sx = 1, and
we write A’ := {i}. By definition, for each k > 1, an equivalence class for the relation
~r must be a subset of exactly one equivalence class for the relation ~;_;. We draw an
edge between the equivalence classes at levels k and k£ — 1 whenever this occurs. This
construction results in a graph of depth K without loops. At level 0, there is only one
equivalence class since o' A o/ > sq for every 4,5 € {1,...,n}. So our graph is connected,
i.e. it is a tree, and we take this unique equivalence class at level 0 as the root of the tree.
For every i, € {1,...,n} and k€ {0,..., K}, if o' A a7 = s, then by definition i and j
belong to the same equivalence class for the relation ~; if and only if ¢ < k. This implies
that A A A7 = k, and thus that the identity (4.5) holds. O

Proof of Proposition 4.1. We first show the existence of the Gaussian process (w?(a))qey-
With a view towards applying the Kolmogorov extension theorem, we verify that for
every n € N and a?,...,a" € U, there exists a centered Gaussian vector (w(a'))i<icn
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with the desired covariance structure. Letting K >0 and sy < --- < sg = 1 be such that
{sk}k "o = {a’ A ¥} jen, We appeal to Lemma 4.2 to find a tree of depth K with leaves
Al,... A" such that (4.5) holds. We denote by .27 the set of vertices of the tree, and
let (g5)pesr consist of independent standard RP-valued Gaussian vectors. For every
ie{l,...,n} and k € {0,..., K}, we write A|k to denote the ancestor of the leaf A® at

depth k. For each i€ {1,...,n}, we set

, K
w(a’) = X (a(sk) — alsr-1)) P
k=0
with the understanding that ¢(s_1) = 0. Using (4.5), we see that

4 T , . o
Ew (o' )w(e?) =q(spinns) =q(a’na?) Vije{l,... ,n}.
This is the desired form for the covariance. It is straightforward to verify the consistency

condition in the Kolmogorov extension theorem. Appealing to this theorem (see e.g. [102,
Theorem 2.4.3]), we thus conclude for the existence of the Gaussian process (w?())qes-

Next, we verify the measurability. For every a, o’ € U, we have
(4.7) E|w(a) - wi(a’)[* = tr (¢(1) - g(a ra)).

Since moreover, ¢ is continuous at 1 due to (4.3), we deduce that w? is stochastically
continuous; in other words, for every « € 4 and € > 0, we have that P {|w?(«) - w?(a”)| > £}
converges to 0 as o’ approaches a. We can therefore apply [43, Theorem II1.3.1] to find a
version of the process that is jointly measurable. O

To summarize and introduce more explicit notation, there exists a measurable subset %
of @ with P(Q2") such that (4.2) holds for every w € Q*. For each such w and ¢ € Quo,
we can construct a probability space (Qg ¢, P ) With expectation E5 4, and a centered
Gaussian process (w?())aest,, on (R g, P q), such that for every a, o’ € i, we have

(4.8) Ew g [w?(a)w(a’)'] = g(anra’),
and the mapping

(,w) ~» wi(a,w)

{LLwXqu - RP

is measurable. The object w? will serve as the continuous analogue of the process in (3.6).

Notice that we do not assert any measurability property of this Gaussian process with
respect to . We do not know of a simple way to improve upon this. Fortunately, as will
be explained shortly, this will not be a problem as long as we take E ,-expectations first,
provided that we show that these expectations themselves are measurable with respect
to w. This is the content of Lemma 4.5 below.

Lest the reader thinks that this is a technical detail that they would rather skip, it is
worth noting that the justification of this measurability property will involve ingredients
that we need to appeal to later as well. In a nutshell, we will show that the relevant
E 4-expectations can be approximated arbitrarily closely by continuous functions of the
overlap arrays. This result will not be of much surprise to specialists, as we will essentially
state a general version of [74, Theorem 1.3].

Definition 4.3 (Overlap structure). For a measurable subset S of a Euclidean space, we
say that a pair (I',R) is an S-valued overlap structure if

e [' is a probability measure on some Polish space;
e R:(suppl') x (suppI') — S is measurable and satisfies |[R| < 1 a.s.
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For d € N and a locally bounded function C': § - R%™? (T, R) is said to be C-admissible
if there exists an R%valued centered Gaussian process (2(p))pesuppT 00 some probability
space {Ir r such that

e the covariance is given by

Eor  [2(p)2(p)"] = C(R(p.p")), Vp,p' €suppT;

e the process z is measurable as a function on (suppI') x Qr z.

For every € >0 and a,b € R, we write
(4.9) ar:b <= |a-b|<e.

Proposition 4.4 (Continuity w.r.t. overlap array). We take the setting and notation
as in Definition 4.3. For every Lipschitz g : R x R™?® 5 R, every bounded measurable
h:S" > R withn € N, and every € > 0, there are ni,ns € N and bounded continuous
functions F!: (R™*H)"i » R with i€ {1,2}, such that

(110)  Eqpqlog [ exp(g(2(p), C(R(p.p))) dL(p) me (FL(C™™)),..
(4.11) Eqrx (B (RY"))pe » (B (R¥") F2 (C2))y.,

uniformly over all C-admissible S-valued overlap structures (I',R). Here, (-)p and (-)pe
denote the expectations with respect to T®N and (T'8)®N respectively, with canonical random

variable (p)ps1; R = (R (pé,pﬁl))1g7g,gn, csi = (C (R (Pgapel)))lsuf@i; and

o exp(g(z(p),R(p,p)))dl'(p)
)= T 8 L) R( )AL ()

Proof. For brevity, we write E = Eq. .. The estimates below are uniform in (I',R) due
to |[R| < 1. For the first approximation (4.10), we can use the same argument as in
[74, Theorem 1.3]. We sketch the main steps, omitting some details. For a > 0, define
log, = max{-a, min{a,log}} and g, similarly. Since g is Lipschitz, we can use a Gaussian
concentration inequality such as [38, Theorem 4.7] to approximate the left-hand side
in (4.10) by

Elog, (exp (g4 (2(p), C(R(p,p)))))r

for large a. Noticing that log, is continuous and that its argument in the expression above
remains in a compact set, we can approximate it by polynomials, so that the expression
above becomes a linear combination of terms of the form

. J
E (exp (g (2(p), C(R(p, ) = E{ [T exp (8a (2(0), C(R(p",p)))) ) -
=1 r
for j € N. We can move E inside ()| to see that the right-hand side is equal to (F;J (C’Sj))F
for a continuous function F 51 ; satisfying

) J
F2;(09) =E[]exp (8a (2(0"), C(R(", 1)) -
=1
This is possible since we can write the right-hand side above explicitly as a Gaussian
integral. Collecting F El’j back into the linear combination, we obtain F..

The second approximation (4.11) is done in a similar way. Instead of log, we approx-

imate the function x % The detail can be seen in [75, Section 3.4], more precisely,

the approximation after [75, (3.25)]. One can also see the argument in the second half
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of [74, Proof (Theorem 4.2) in Section 4.3]. Again, we only give a sketch. Writing
V(p) :=exp (g(z(p), C(R(p,p)))), we have

oy BRIV (D)
( (R ))Fg - V n
(V(p)r
Using the Gaussian concentration, we can approximate (V (p));" by a polynomial of

(V (p))r- Hence, the right-hand side in the above is approximated by a linear combination
of

n n+j

E{p(R)ITV (pﬁ)r (V (o)) = E(h(w) I () - (h(RS) F2; (C"9))..

for some j € N, where the continuous function Ff ; satisfies
) n+j
F2;(C7) =BTV (o).
=1
Again, collecting Fg ; back into the linear combination, we obtain Ff. O

We now come back to the setting explained in the paragraph containing (4.8), and
settle the question of measurability of E ,-expectations.

Lemma 4.5 (Measurability of expectations). For every q € Qoo, every Lipschitz g: RP —
R, and every bounded measurable h : R™"™ - R with n € N, the functions

(4.12) @ o Eaglog [ exp (g (1(a)) dRa(a),

0 4
(4.13) @ Ewg <h ((a na )1<£,£'<n)>mi

are measurable on Q*, where (-)%gw denotes the expectation with respect to the measure
(RE)®N with canonical random variables (o) e, and with

_ €xXp (g (wi(a))) dRx ()
(4.14) (0= T o (g (wi(a) (o)

Proof of Lemma 4.5. First of all, due to the joint measurability of the Gaussian process,
both functions are well-defined. We show that they can be approximated uniformly in
w by measurable functions. For the first function (4.12), we can apply Proposition 4.4
(with T' =R, R(a,a’) =and, and C = q) to get that, for every € > 0, there is an integer
ny and a continuous function F! : (RP*P)™ — R such that the the function (4.12) is
approximated by the function

(4.15) w (Fal ((q (al A al’))lsl,l'sm»mw

uniformly in w up to an error bounded by . Since (4.15) is measurable, we can conclude
the measurability of the function (4.12). Similarly, for the second function (4.13), we can
deduce the measurability using Proposition 4.4. O

Henceforth, we omit w and w for brevity, and simply write P and E to denote the
probability and the expectation over both £ and € 4, with the understanding that we
always integrate over the space () 4 first.

We now show that for piecewise-constant paths, the free energies and Gibbs expectations
defined using the discrete construction introduced in the previous section coincide with
those defined using the continuous cascade.
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Proposition 4.6 (Discrete and continuous constructions are equivalent). Let K € N,
let (qr)osk<rc € ST and () 1<k<r € Ry be such that (3.1) and (3.2) hold, let (vp) penx
be the associated Poisson—Dirichlet cascade as constructed below (3.5), let g € Q be the
piecewise-constant path in (3.3), and let (WI(A))penx and (w(a))aey be as in (3.6)
(with N = 1) and (4.8) respectively. For every Lipschitz g : RP - R and every bounded
measurable h : R™"™ — R with n € N, it holds that

(416)  Elog ¥ vaexp(g(w'(A)) =Elog [ exp (g (1'()))d%R(a),
AeNK
g .8 , - N
(17 EAl,...;eNKVAl VAnh((CAZAM )KM’@) E<h((<(a na ))K&Z’Sn))mg
where RE is as defined in (4.14), (-)me as in Lemma 4.5, and
q
(4.18) JE vaexp (g (w(A))) VA e N

" Tavenx varexp (g (wi(A')))’

In (4.16) and (4.17), the expectations integrate all the randomness. For the expectations
on the right side, we first integrate the Gaussian randomness in (w9())qey and then the
randomness of R, which is justified by Lemma 4.5.

Proof of Proposition 4.6. We start by observing that, for every A, A’ e N¥ |
E[w!(A)w(A) ] = ¢ (Cana) s

where we recall that (g(u))yc[o,1) denotes the piecewise-constant path in (3.3). In the
language of Definition 4.3, the probability measure with weights (v ) yx and the field
(W2(A))penx form a g-admissible overlap structure, with the mapping R chosen to be
(A, A") & Canar-

By (4.8), the measure R and the Gaussian field (w?(«))qey also form a g-admissible
overlap structure, with R chosen to be (a,a’) » a Aa’. Since ¢ is constant on each

interval [(k,Ck+1), we can also choose R to be the mapping (a, ) = ((a A '), where we
write

K
(4.19) ¢:= Z Ch LGk o)
k=0

Denoting by (A?) sy and (o) ey two families of independent random variables sampled
according to (va)eykx and R respectively, we see from Proposition 4.4 that in order to
prove the result, it suffices to argue that for each n € N, the overlap arrays (Cye,pe')e,0r<n
and (¢(al A Oégl))&gfgn have the same law after averaging over all sources of randomness.
By [74, Theorem 2.10] (or [38, Theorem 5.28]), every discrete Poisson-Dirichlet cascade
satisfies the Ghirlanda—Guerra identities, and these identities are preserved whether we
look at the overlap as being the mapping (A, A") » AA A’ or the mapping (A, A") > Cannr-
We recall that we built the continuous Poisson—Dirichlet cascade as a limit of discrete
Poisson—Dirichlet cascades, using e.g. [38, Corollary 5.32]. It therefore follows that the
continuous Poisson—Dirichlet cascade R still satisfies the Ghirlanda—Guerra identities,
and in particular the overlap array built from the overlap mapping (a,a’) = ((a A ')
satisfies the Ghirlanda—Guerra identities. By e.g. [38, Proposition 5.31], the laws of the
overlap arrays (e pe )e,er<n and (¢ (a A O/’)) ¢,0/<n, are uniquely determined by the laws
of Caanr and ((a A @) respectively. By [74, Theorem 2.10] (or [38, Theorem 5.28]), we
have that the probability for {a,a’ to be equal to (i is (ki1 — (k, for each k€ {0,..., K}.
By the construction of R from [38, Corollary 5.32], we have that a A o’ is uniformly
distributed over [0, 1], and in particular, by (4.19), the probability for {(a A a') to be
equal to ( is equal to (.1 — (i as well. The proof is therefore complete. O
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To close this section, we show that the law of a Poisson-Dirichlet cascade under E(-)g
remains the same under any probability measure of the form of E (-)gpe, with R as in
(4.14) with g an arbitrary Lipschitz function. In particular, the overlap a A o’ under
E (-)ge is uniformly distributed over [0,1], a fact that we will use repeatedly later.

We start by recalling the following invariance property of discrete Poisson—Dirichlet
cascades from [74, Theorem 4.4].

Lemma 4.7 (Invariance of discrete cascades). Let K € N, let A be the rooted tree in (3.4),
let (qi)o<k<i €SP and (Cu)i<k<i SRy be such that (3.1) and (3.2) hold, let (V) penx De
the associated Poisson—Dirichlet cascade as constructed below (3.5), and let (W2(A))penx
be as in (3.6). For every Lipschitz g : RP — R, there is a random bijection m: A — A,
preserving the parent-child relation, such that

(VE(A))AENK < (VA) Aenis

where (VI%)AeNK is given in (4.18). In particular, for every bounded measurable function
h:R™" - R with n € N, we have

g g _
E )  vheviah ((CA‘ZAA" )1<€,€’§n) =E ) wvpewach ((CAL’AA[’ )1<u'<n) :
AL, AneNK AL, AneNK

We can now prove that this invariance property transfers to continuous cascades.

Proposition 4.8 (Invariance of continuous cascades). For every q € Qoo, every Lipschitz
g:RP 5> R, and every bounded measurable h : R™"™ - R with n € N, we have

I LY( GRS WP | MR LT (R PN | B

where RE is defined in (4.14), and we recall that (-)mx = (-)go.

Proof. For every £,0',n €N, we write Q** := o A a! and Q¥ := (Q“')Kz’gl@. Without
loss of generality, we can assume that h is bounded and continuous. We fix € > 0. By
Proposition 4.4, there exists n € N and a bounded continuous function F; such that

(4.20) E (h(Q%"))pe e E (b (QV) F2 (¢(Q%)))gy
where ¢ acts entrywise. For each K € N, we write
), K
¢ ::];)K+11[Kk+1’1}§111)’

with the usual understanding that (%) (1) = lim, »; () (u) = K/(K +1). In particular,
the sequence (C(K))KeN € Q.. converges in L' to the identity map = ~ x as K tends to
infinity. For every £,¢',n € N, we write Qi(’el = (F)(af A o) and QY = (Qg/)]_gg’gfgn.
Since @ satisfies the Ghirlanda—Guerra identities by construction of the continuous
Poisson—Dirichlet cascade, it is immediate that Qi also satisfies the Ghirlanda—Guerra
identities. By [38, Corollary 5.32], we have that Q}” converges in law to Q<. We want to
argue that (Q5",¢(Q%")) also converges in law to (Q<",¢(Q<")) as K tends to infinity.
This is not immediate since ¢ is not continuous. Notice first that the on-diagonal overlaps
are deterministic, and for every £ € N, we have

0.0 K K—oo 0.0
" 5 1 - "
@x K+1 @
Since ¢ is continuous at 1, the question thus only concerns the off-diagonal overlaps. We
recall that each of these off-diagonal overlaps is uniformly distributed over [0, 1]. Since

the set of points of discontinuity of g is countable, a union bound guarantees that the
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probability for Qf? to belong to the set of points of discontinuity of the mapping ¢ (as
applied entrywise to the array) is zero. We can therefore apply the continuous mapping
theorem (e.g. [38, Exercise A.10 and solution]) to deduce that indeed (Q%,q(Q3))
converges in law to (Q¥",q(Q%")) as K tends to infinity. In particular, for every K
sufficiently large, we have that

E(h(Q%) F- (a(Q%")))y = E (b (QF) F (a(Q))) s -

By Proposition 4.6, the latter quantity can be represented using the discrete Poisson—
Dirichlet cascade based on the path go( (K ), which is defined on a tree of depth K. Denoting
the weights of this discrete Poisson-Dirichlet cascade by (va)seyx , Proposition 4.6 ensures
that

E(h(Qg) F:(¢(Q))n=E X wnwanh(RY) F(q(R)),
Al,... AneNK
where we used the shorthand R := (A*AAY)/(K +1) and R := (R®")1<ppr<n- Another
application of Proposition 4.4, in the same setting of g-admissible overlap structures as
for (4.20), yields that

E Y  vypevanh(R)F(q(R))~ >, 8-, h(R™).
Al,.. AneNK Al,.. AneNK
By the invariance property from Lemma 4.7, we have that
> yil...ng\nh(RS") = > 1/A1'~VAnh(R<”).
Al,...,AneNK Al,..., AneNK
To summarize, we have shown that
EB(Q)gemse X varwach(RY),
AlL,...,AneNK

Using this relation also with g = 0, we conclude that

E (R (QY))pe ~oc E (B (Q"))y -

Since € > 0 was arbitrary, the proof is complete. O

Remark 4.9 (Left-continuous paths). All results in this section also hold if, instead of Q..,
we take g from the set

(4.21) II:={q:[0,1] —» SP . g is left-continuous with right limits, and is increasing} .

The only place where any kind of continuity of a path is needed is in the proof of
Proposition 4.1. There, to show that w? is jointly measurable, one requires g to be
continuous at 1, as used in (4.7). Every path in II is also continuous at 1 by definition.

5. THE FREE ENERGY WITH CONTINUOUS CASCADES

We recall from the beginning of the previous section that we denote by R a Poisson—
Dirichlet cascade such that the law of one overlap is uniformly distributed over [0,1]. The
object R is a (random) probability measure on the Hilbert space ), and we denote its
(random) support by &l. For each realization of R, we denote by (-)s the expectation with
respect to the measure M®Y, with canonical random variables (o/) ¢eN. The expectation E
takes the average over the randomness of R itself. The event in (4.2) has P-probability
one, and whenever this event is realized and for each ¢ € Qo, there exists an RP-valued
Gaussian process (w?(a))qey With covariance given by (4.4). On this same event, we take
(w!)ien to be ii.d. copies of w? and define, for every N € N and « € 4,

(5.1) Wi(a) = (wi(a),...,wi(a)).
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The random variable W («) takes values in RP*N  We can now define, for each ¢ > 0,
q € Qw, and N € N, the free energy

(5.2) Fn(t,q):= —%Elog ﬂ exp (Hf\}q(a,a)) dPy(0)dR(a),
where
(5.3) Hf\’,q(a,oz) =\V2tHy (o) - tN¢ (U;]:[T) + \/iwgf(a) co—-q(l)-o0'.

We also define the associated Gibbs measure
(5.4) () o< exp (Hy (0, @) dPy (o) dR(e),

defined for each fixed realization of 23 and of the random Gaussian field (w9())qey. We
use the symbol oc as shorthand for more precise expressions as in (3.8). The canonical
random variable under (-) 5 is denoted by (o,a). We also write (¢,af)sn to denote
independent copies of (o, «) under (). The expectation E in (5.2) integrates all sources
of randomness, and we recall that for measurability reasons, we always take the average
over the Gaussian process (W (a))qey first.

In (5.2), we allowed ourselves to use the same notation as in (3.7). When ¢ is piecewise
constant, these two quantities coincide, by Proposition 4.6. This proposition also ensures
that Gibbs averages computed under the measures in (5.4) and in (3.8) coincide.

Recall that we extended the free energy defined in (3.7) to all paths ¢ € Q; using the
Lipschitz continuity property from Proposition 3.1. The next proposition states that the
right-hand side of (5.2) satisfies the same Lipschitz continuity property, and therefore
the two constructions do coincide for all paths and there is no abuse of notation here.
This proposition in fact identifies the derivatives of F y with respect to ¢t and g precisely.
We set

(5.5) LY ={qeL™: |klp~ <1}.

Proposition 5.1 (Differentiability of FN). Let N €N, and let Fy : R, x Qo — R be the
free energy defined in (5.2). We have for every t,t' e Ry and q,q' € Qoo that
|Fn(t,q) - Fn(t',q)| <lg—dq'|,, +t -1 Sup €(a)l.

al<1
In particular, the free energy in (5.2) can be extended by continuity to Ry x Q1, and it
coincides everywhere with the free energy defined in (3.7) and extended by continuity to
R, x Q1 in Proposition 3.1. Moreover, the restriction of the function F to Ry x Qy is
Fréchet (and Gateaux) differentiable everywhere, jointly in its two variables. We denote
its Fréchet (and Gateauz) derivative in q by 9,F N (t,q) = 0,F n(t,q,) € L*([0, 1];8P).
For every t 20, we have, for every q € Qa,

al<l
and, for every q € Qoo and k€ L2([0,1]; SP),

T

(5.7) (HﬂaqFN(taan? = E(” (a A a’) ' 07\7 ) ) OHFN(t,q) = E(f(af\: )) .
N N

Finally, for every re[1,+00], t>0 and q,q' € Q* with ¢’ —qe L", we have
(5.8) |04F N (t,q") = 93F N (¢, 9)|,, <16N|q' — ¢

In particular, the mapping q — 8qFN(t,q) can be extended to Q1 by continuity, and the
properties in (5.6) and (5.8) remain valid with q,q" € Q.

Lr-
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For the statement of (5.7), we impose that ¢ € Qo so that the Gibbs measure appearing
there is well-defined.

Proof of Proposition 5.1. For clarity of presentation we only prove the results concerning
&IFN; showing the joint differentiability in (¢, q) does not pose additional difficulties, the
property of 0;Fn(t,q) in (5.7) is a Gaussian integration by parts as in (3.11), and the
property of 9, Fn(t,q) in (5.6) follows from that in (5.7) and (3.30).

We fix t >0, ¢,¢' € Qoo, and write x := ¢' — g € L>([0,1]; SP). Conditionally on R,
we construct the Gaussian processes (w?())qey and (w"(@))qey from Proposition 4.1
independently of one another, and we observe that, for every s € [0, 1],

(5.9) (W () ey & (w(@) + V3w (@), -

We may as well take the right-hand side of (5.9) as our definition of w?**", so that these
processes are realized on the same probability space and coupled together in a natural
way as s varies in [0,1]. It follows from (4.4) that, for every a,a’ € 4,

E [(%w‘““(a}) (wQ+s“(a'))T] = %fi (ana').

By this, the Gaussian integration by parts in [38, Theorem 4.6], and the fact that aAna =1
almost surely under PR, we deduce that

%FN(t,q + 3’%)‘5:0 = —%E <\/§(%wq+‘m(a)) co—k(1)- JO’T>N =E <R1’2)N ,
where we write
UZ(UE’)T

N 9y
and we observe that (1) is well-defined since ¢(1) and ¢’(1) are well-defined. Differenti-
ating once more yields that

(5.10) RY = k(af na)-

d* —
(5.11) bt arse)| o= 2NE(RYRY - ARVRYS + 3RVZRM)
S 8=

We recall from (3.30) that for every o,0’ in the support of Py, we have ‘%’ < 1. Using

also the invariance of Poisson—Dirichlet cascades in Proposition 4.8 and the Cauchy—
Schwarz inequality, we obtain that

d—
(5.12) @FN(@W SFD)‘S:O < E(|R1’2‘>N <E(ls(anad))y =E(lx(ana’)])y =5l
as well as

d? — 2 2
(5.13) @FN(t,q+sm)‘5=0 < 16NE(‘R1’2| )N < 16NIE<|/£(a/\o/)‘ >N

=16NE <|/<; (an O/)‘Q)D&‘ = 16N|x|72.

We define the function 9,F y(t,q) = 0,F n(t,q,-) € L*([0,1]; SP) by duality so that for
every k€ L2([0,1]; SP),

(5.14) (r 0 F (1)), zm;(ﬁ(am') . “;T>N.

The estimates (5.12) and (5.13) imply that
(5.15) [Fn(t,q") - Fn(tq) - (d' - 0, 0,F n(t,q)) .| <8Nl = ql7-.
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It follows from (3.30) and (5.14) that for every & € L%([0,1]; SP),
(516) <ﬂaaqFN(t7Q))L2 < |/i|L1'
By duality, we deduce that 9,F n(t,q) € L. Therefore, we also have that

[Fn(tq) - Fn(t,d) <lg- |-

In particular, we can extend the free energy F in (5.2) to all R, x Q; by continuity. We
have already observed that the definitions of Fx(t,q) in (5.2) and (3.7) coincide when g
is piecewise constant, and each has been extended continuously to R, x Qy, so the two
definitions coincide everywhere on R, x Q.

By continuity, the estimate in (5.15), which we showed for ¢, ¢’ € Qo, extends to every
q' € Q5. This already shows that every point q € Q. is a point of Fréchet differentiability
of Fn(t,") : Q2 » R, and the Fréchet derivative at this point is indeed 9,F n(t,q). We
now wish to extend this to every g € Q. We thus fix ¢ € Q3 and take a sequence (g )nen
of elements of Q. that converges to g in L?. Since 8,1?]\;(15,%) € L for every n e N, we
can extract a subsequence that converges weakly in L?; we denote the limit by p. Since
(Gn)nen converges to ¢ strongly in L2, substituting ¢ by g, in (5.15) and letting n tend
to infinity along the subsequence yields that, for every ¢’ € Qo,

IFn(t.q) - Fn(t.q) (¢ - q,p) .| <8Nlg' - qf7..

This characterizes p uniquely, so in fact the subsequence extraction was not necessary
and 0gF'n(t,qn) converges weakly to an object that depends only on ¢ itself, not on
the approximating sequence. We denote this object by 9,F n(t,q), a notation that is
consistent with the previous definition that was restricted to the case ¢ € Qo. We have
thus shown that Fn(t,-) : Qo — R is Fréchet differentiable everywhere.

Since the inequality (5.16) is preserved by taking weak L? limits on aqFN(t,q), we
also have that 0,F n(t,q) belongs to LZ] for every g € Qo.

We recall from Proposition 3.6 that Fy(t,-) is Qj-increasing, as defined in (3.19). For

every smooth ¢ € Q with derivative bounded away from zero and every smooth x € 93,
we must therefore have that

(’@ aqFN(ta q)>L2 2 0.
By density, this is in fact valid for every x € Q3. This means that BqFN(t, q) belongs to
the dual cone

(Q3)" = {q e L ([0, 1];SD) | V' € O3, (q,q')L2 > 0}.

Since Qs is a non-empty closed convex cone in a Hilbert space, we have by [19, Corol-
lary 6.33] that (Q3)* = Q2. (One can also prove this more directly by proceeding similarly
to the proof of Lemma 3.5.) We have therefore verified that 9,F y(t,q) € Q2 for every
smooth g € @ whose derivative is bounded away from zero. Since Q5 is closed and convex,
it is also weakly closed, by [39, Corollary 1.4] (or again by direct arguments). For general
q € Qo, since we can obtain 8qFN(t,q) as a weak L? limit of similar objects computed
at smooth paths with derivative bounded away from zero, we deduce that 8qFN(t,q)
belongs to Qo for every q € Qs.

So far we have only observed the continuity of the mapping g ~ 9,F y(t,¢) in the sense
of weak L? convergence. Now that we also know that 8qFN (t,q) € Qn LS, we can appeal
to Lemma 3.4 and upgrade the continuity property of the mapping ¢ — OQFN(IS, q) to the
strong L" topology, for every r < +oo. Precisely, for every r < +co and every sequence
(gn)nen € Q2 converging to ¢ € Qo in L2, we have

(5.17) lim 04F N (t,qn) — 04 F n (t,q)

=0
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It remains to show (5.8). We temporarily display the dependence of (-) ; on ¢ explicitly
by writing (-) v = (-)N7q. We fix ¢, ¢ € Qo as in the beginning of this proof, with x = ¢’ —¢q,
and for each n € L*°, we aim to compute the derivative in s of

E(n(a/\a')-

O_O,IT

N

)N,q+sn
We realize the Gaussian processes (w?"*"(a))qey as discussed below (5.9). As for (5.11),

/ ’ i ol )T
recalling the notation R4 in (5.10) and denoting Q“* :=n(a’ A o) - calCall

N
iE(n (a/\o/) |92

, we have

T

) =2NE(Q"? (R"? - 4RY +3R™)) .
ds N,q+sk 4

By Hoélder’s inequality and the invariance of Poisson—Dirichlet cascades from Proposi-
tion 4.8, we get, for every r,7’ € [1,+0c0] with 2 + 4 =1,

!
o T

d N O 1/r'
l£E<n(aAa)- N

<16NE<\QL2V’) E(|RM2[)Y

N.g+se N,q+sk

)N,q+sn

! ]‘/T
< 16NIE<\77(0M@')‘T) E (| (ana’))y

N.q+sk N,q+sk

n1/r T
= 16NE (fn (a na)) - fls (e na)
R

= 16N|nllg" - qlrr-
Integrating the above in s from 0 to 1 and using (5.14), we get

(518) ‘(777 8qFN(t, q,)>L2 - (777 8qFN(t) q)>L2‘ < 16N|U|L7J|q/ - Q|Lr'

We established (5.18) for every ¢,q" € Qo and 1€ L. By duality, this implies that, for
every ¢,q € Qe,

0, (8,4") = 0, F v (t,0)
For r < +o00, we can use (5.17) to extend this estimate to every ¢,q’ € Qo with ¢/ —ge L".

The case r = +oo can then be obtained by using the result for finite r and letting r tend
to infinity. The proof is therefore complete. O

1 S16N|q = q|rr.

Recall from Proposition 3.2 that the initial condition is given by 1 = F1(0,-), which
can be written explicitly as

(5.19) zp(q):-Emgf/exp(ﬂw%a).a—q(1).aaT)dP1(a)dm(a).

Proposition 5.1 immediately yields similar statements concerning the function . We
record them here for future reference. For every g € Qo, we write

(5.20) () o< exp (wi(a) -0 -q(1)-o0")dPi(o)dR(a).

Corollary 5.2. The function 1 is L'-Lipschitz continuous, with Lipschitz constant equal
to 1. The restriction of the function 1 to Qo is Fréchet (and Gateauz) differentiable
everywhere; we denote its Fréchet (and Gateauz) derivative by 0gp(q) = 049(q,-) €
L2([0,1]; SP). We have, for every q € Qs,

(5.21) 9q¥(q) e Qn Ly,
and, for every q € Qo and k€ L?([0,1]; SP),
(5.22) (K, 0q00(q)) 2 :E<R(a/\a')-aa”>q.
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Moreover, for every r € [1,+00] and q,q" € Q% with ¢' —q e L", we have

(5.23) ERUCYRERUCY

In particular, the mapping q — O0q(q) can be extended to Qi by continuity, and the
properties in (5.21) and (5.23) remain valid with q,q" € Q1.

L <16lg—d,. .

We recall that Proposition 3.3 asserts that the sequence (FN) NeN 1S precompact.
The regularity estimates on Fx that hold uniformly over N naturally transfer to any
subsequential limit. Using also the results from Section 2, we infer that any such limit
must be Gateaux differentiable “almost everywhere”. We summarize these points in the
next proposition.

Proposition 5.3 (Regularity of the limit). Suppose that Fy converges to some limit f
pointwise along some subsequence. Then for every r € (1,+00], the function Fx converges
locally uniformly to f in Ry x Q,. along the subsequence. We have that f satisfies the same
Lipschitz and local semi-concavity properties as Fn stated in Propositions 3.1 and 3.8,
and that f is Qj-increasing as F is from Proposition 3.6. Moreover,

e for each t > 0, there is a Gaussian null set Ny of L* such that f(t,-) : Qy - R is
Gateauz differentiable at every point in Qo N Ny and (Qy n L) N Ny is dense in Qa;

o there is a Gaussian null set N' of R x L? such that f : R, x Qs - R is Gateaux
differentiable on (Ry x Q2) NN and (Ry x (@4 n L*®)) N\ N is dense in Ry x Qo,

In the statement of Proposition 5.3 and throughout the paper, we allow ourselves some
imprecision when saying that Fx converges pointwise to f along a subsequence, since we
do not clearly specify over which set this pointwise convergence is valid. As long as there
exists a dense set of points (t,q) € R, x Q1 such that Fy(t,q) converges to f(t,q) along
the subsequence, the convergence immediately extends to every (t,q) € Ry x Q1 by the
Lipschitz continuity property in Proposition 3.1.

Proof of Proposition 5.3. The fact that the convergence of Fy to f along the subsequence
holds locally uniformly in R, x Q,., for every r € (1,+00], was already mentioned and
follows from Proposition 3.3. The fact that f is Lipschitz, locally semi-concave, and
Qj-increasing is immediate from Propositions 3.1 and 3.8. The differentiability statements
follow from Proposition 2.7. O

The next proposition asserts that at points of differentiability of the limit f, the
derivatives of F'5 converge to those of f.

Proposition 5.4 (Convergence of derivatives). Suppose that Fn converges pointwise to
some limit f along a subsequence (N )gen-

(1) For each t > 0, if f(t,-) is Gateauz differentiable at q € Q, then 9,Fy, (t,q,")
converges in L" to 0,f(t,q,-) for every r € [1,+00).

(2) For each q € Q1, if f(,q) is differentiable at t >0, then 9,F n, (t,q) converges to
atf(tv Q)

Proof. We only show part (1) of the statement, since the second part is only easier. We
decompose the proof into three steps.

Step 1. We start by recalling that for every a,b ¢ S, the largest eigenvalue of a + b
is smaller than the sum of the largest eigenvalues of a and b, and similarly with the
smallest eigenvalue. This can be seen from the variational representation of the largest
and smallest eigenvalues of a symmetric matrix.
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Recall also the definition of Q4 . in (3.32), and that Qy = U0 Qyc. Let g € Q4 , and
let s € C*([0,1];SP) be a smooth function with x(0) = 0. In this step, we show that
there is § > 0 such that for every s € [-0,d], we have g + sk € QT,%-

Let 1 € (0,¢) be a parameter to be determined in the course of the argument, and let
0 > 0 be sufficiently small that for every u < v € [0, 1], every eigenvalue of §(x(u) — k(v))
lies in the interval [-n(v —u),n(v —w)]. (This amounts to taking § > 0 sufficiently small
that every eigenvalue of d&(u) belongs to [-n,n] for every u € [0,1].) For every s € [-d,0]
and 0 < u <wv<1, we have

(q+356)(v) = (g +sk)(u) > (c—n)(v-u)ld.

Let Amax and Apin be the largest and the smallest eigenvalues of g(v) — ¢(u) respectively.
We have

Amax"'n(v_u) < 1+g )\max
n

Ellipt((q + sx)(v) = (¢ +sK)(u)) < Amin — (v —u)  1=7 Apin

)

where we used that Apax 2 Amin > ¢(v — ) in the second inequality. In view of the last
two displays, we obtain the announced result by choosing 7 = 5.

Step 2. In this step, we show part (1) of the statement except that we only prove that
O04F N, (t,q) = 0,F N, (tn,,qn,,-) converges weakly in L? to 0,f(t,q) = 0,f(t,q,-). The
notion of convergence will be upgraded in the next step.

By assumption, there exists ¢ > 0 such that ¢ € Qy.. Let x € C*°([0,1];S”) be a
smooth function with x(0) = 0. By the result of the previous step, we can find 6 > 0 such
that for every s € [-0,d], we have ¢ + sk € QT,%- By Proposition 3.8, there is a constant

C < +o00 (depending on c¢) such that for every N € N, s € [-6,0], and A € [0, 1], we have
(1= NFn,(t,q) + \F N, (t,q+ sK) = Fn, (t,q + Ask) < CA(1 = \)s? |2
Dividing both sides by A and sending A to zero, we get
FNk (t,q + sk) —FNk (t,q) —s (/i, 8qFNk (t, q))L2 < C’sz|/%|%2.

Since \8qFNk (t,q)|z2 is bounded uniformly in k£ € N due to Proposition 5.1, for any
subsequence (N} )ren of (Ni)gen, we can extract a further subsequence (N} )gen along
which 9,F n(t,q) converges weakly to some p € L?. Passing to the limit along (N}')gen,
we get

f(t7q + s’k‘:) - f(t7Q) - S(’%?p)LQ < CSZ|A:|%2

for every s € [-d,0]. Sending s to zero and using the Gateaux differentiability of f(t,-)
at g, we obtain that

(K, aqf(ta Q))LZ = <"€7p>L2 .
Since the set of ks that we have considered is dense in L?, we conclude that 9,f(¢,q) = p.
We have thus shown that any subsequence (N} )gen of (Ni)ger has a further subsequence

(N{)ren along which 0,F n(t,q) converges weakly to d,f(t,¢). This therefore completes
the argument for the weak convergence in L? of 9,F n, (t,q) to 0,f(t,q).

Step 3. In this step, we improve the convergence obtained in the previous step from weakly
in L? to strongly in L" for every r € [1,+00). We recall from (5.6) that 9,F n(t,q) € QnL.
The strong convergence in L" therefore follows from Lemma 3.4. The proof is therefore
complete. O



ON THE FREE ENERGY OF VECTOR SPIN GLASSES WITH NON-CONVEX INTERACTIONS 39

6. CAVITY CALCULATIONS AND ULTRAMETRICITY

The goal of this section is to present a number of cavity calculations and exploit the
asymptotic ultrametricity of the Gibbs measure. Our arguments contain and extend
the method introduced in [3] and now often called the Aizenman-Sims-Starr scheme.
Roughly speaking, the cavity calculation of [3] consists in comparing Fy,; with Fy by
separating out the integration of one of the spin variables. Next, if one knows that the
Gibbs measure is approximately ultrametric, then one can observe that the integration of
the spun-off spin variable can be expressed in the form of

1
Wa+tvE@) -t [ (0 VEW) ~E),

for some p € Qo which may depend on N. Ultrametricity can indeed be enforced by
means of small perturbations of the Hamiltonian, as was shown in [73] and reviewed in
detail in [74]. Intuitively, for each fixed N, the natural choice of p is such that the law of
the overlap under the “cavity Gibbs measure” with N spins is the law of p(U), where U
is uniformly distributed over [0, 1].

We will perform a family of other cavity calculations that will allow us to keep track of
arbitrary continuous observables of the overlap. This will have two main benefits that
will be detailed in the next section. The first one is that we will indeed be able to track
the identity of p in the calculation sketched above. Under a differentiability assumption
on the limit free energy f, we will justify that we can choose p = 9,f(t,¢). The second
crucial benefit is that we will discover another property that this p must satisfy, namely,
that

P =04 (q+tVE(p)).

Collecting all this information then essentially yields a proof of our main results.

This section is organized as follows. We first define the various terms that will enter
into the cavity calculations. We next perform the Aizenman—Simms—Starr calculation for
the free energy. We then do a cavity calculation for a general observable of the overlap of
the spun-off spin variables. We continue by establishing that the quantities we obtain in
these calculations can be approximated arbitrarily closely by continuous functions of the
law of the overlap array. We next discuss Ghirlanda—Guerra identities, which are enforced
by small perturbations of the Hamiltonian and ensure ultrametricity. The ultrametricity
property implies that the law of the overlap array is a continuous function of the law of
the overlap between only two replicas; and Poisson—Dirichlet cascades provide us with a
canonical representation of these objects. So all the “cavity averages” we obtained in the
cavity calculations, which involve the “cavity Gibbs measure”, can in fact be re-expressed
as cavity averages with respect to some fixed Poisson—Dirichlet cascade.

Throughout this section, we fix (¢,q) € Ry x Qu, and the integer M € N denotes the
number of cavity spins. For the purpose of this work, we only need to consider the case
when M =1, but we prefer to carry the cavity calculations with a general M, as these
might be useful for future applications.

6.1. Definitions and notation.

6.1.1. Hamiltonians and perturbation. We start by introducing the various Hamiltonians
that will enter into the cavity calculations. The basic idea of a cavity calculation is to
decompose an element p e RP*(V+M) into p = (0, 7), with o e RP*N and 7 e RP*M | and
to express the free energy of Gibbs averages involving N + M variables as averages of the 7
variables under some Gibbs measure over the o variables. We are in particular interested in
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separating out the dependence in o and 7 of the Hamiltonian Hy 4y (p) = Hy+a((0,7)).
Temporarily focusing on the case M =1, we would like for instance to argue that

(6.1) Hy.i(0,7) =~ Hyi(0,0) +7- V2 Hynyq(0,0),

where we use the somewhat informal notation V,Hpy,1 to denote the gradient in 7 of the
mapping (o,7) = Hy11(0, 7). Since pp" = oo’ + 777, we have from (1.1) that for every
(0.7). (o, ') e RPN,

E[Hns1(o,7)Hyia (0!, 7')] = (N + 1)5(

oo’ + 17T )

N+1

Differentiating this expression, we get that for every a,beRP,

(6.2) E [HN+1(07 T)(b . VTHN+1(OJ,T,)):| =7b"- A3 (%)
and
T AT AR R A

We see from (6.2) that (Hy+1(0,0)),roxy and (V-Hy11(0,0)), o<~ are independent
Gaussian fields. The Hamiltonian Hpy,1(c,0) will serve as our reference Hamiltonian,
the common part between Hy,; and Hy, and we will similarly expand Hy (o) into
Hp11(0,0) plus an independent Gaussian field. From now on, we revert to the setting
with general M e N, and introduce convenient notation to denote the various Hamiltonians
entering our calculations. While we may not always repeat it, each time we introduce a
new Hamiltonian or other Gaussian field, we impose that it be independent of all the
previously-defined random fields; and the expectation E is understood to average all these
processes.

In order to enforce the asymptotic validity of the Ghirlanda—Guerra identities, and
thereby the ultrametricity of the Gibbs measure, we need to introduce a rich family of
perturbations of the Hamiltonian. Let (A, )nen be an enumeration of [0, 1]nQ, and (an,)nen
be an enumeration of {a € S¥ : |a| < 1}nQP*P. For every h € N*, let (H (0, ) erDxN eyt
be an independent centered Gaussian process with covariance

oo™ oM ha
E[H%(U,Q)H]@(O',,a,)] =N|ap, - ( N ) + A A

where © is the Schur product of matrices, i.e. a ® b = (a;b; ;)i j. Let us explain why
this process exists. By [68, (6.1)-(6.2)], there exists a Gaussian process with covariance

T ®n .o . . .
a ( = ) for every a € S and n e N. Proposition 4.1 ensures the existence of a Gaussian

process with covariance a A . Linear combinations with non-negative coefficients of
covariance functions are still covariance functions, since we can simply take superpositions
of independent processes to realize them, and [68, Proposition 6.5] also allows for the
multiplication of two covariance functions. Finally, the measurability can be handled as
in the proof of Proposition 4.1.

For each h e N%, let ¢, > 0 be a constant such that

1
ch\/NEH]@(U,a)HJ@(U,a) < 27hls
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uniformly over o € supp Py, a € 1, and N € N, and where we write |h|; :== ¥4, h;. Let

{e @}D(DH)/Q be an orthonormal basis of SP. For every

(6.4) = ((@n)nens, () 2870 € 0,315
we set
5 D(D+1)/2
H(o,0) = Hy(o,a)+ Y wie;-00', where
(6.5) i=1
Hf(o,a) =Y zpen HY (0,0).

heN4

The second term in the definition of HY, will ensure the concentration of the “self-
overlap” 29" Notice that we impose each coordinate of x to take values in the inter-

val [0,3]. We define the free energy with perturbation

6.6)  Fu(tq) ———Elog//exp H(0,0) + N6 1% (0,0) ) dPy(0)d%R(a),
and its associated Gibbs measure
(6.7) (). o< exp (H A(o,a) + N~ 16HN(U a)) dPy(o)dR(a).

We keep denoting by (o,«) the canonical random variable under ()} ,, and we write
(6*,a)gs1 to denote independent copies of (o, a). The expectation E in (6.6) integrates
all the sources of Gaussian randomness and the randomness of R.

Our “reference” Hamiltonian for the cavity calculation is denoted by (Hy (0)),cgpxn,
and it is the centered Gaussian process such that, for every o,o’ e RP*

E[Hy(o)Hx(0")] = (N + M)¢ (A‘;ijw) .

This is simply an independent copy of what we were denoting Hy,s(0,0) at the opening
of this section. Notice that the parameter M appears in the definition of the covariance
above. Abusing notation, we prefer to keep the dependence of Hpy on M implicit, as it
only takes o € RP*N as input. We let WK, be an independent copy of W7}, defined in (5.1),
and, for every o e RP*N and a € 4, we set

.
N+M

We denote the free energy and the Gibbs measure arising in the cavity calculation by

6.8)  Fi(tq):= —%Elogffexp(ﬁy(a,a)+N*%va(a,a))dPN(a)dm(a)
and

(6.9) (Vv o< exp (Hyf(0,0) + N- % H% (0, )) APy (o)dR().

10, 0) = V3 Ay (o) ~ H(N + M)ﬁ( ) £ Wi (a) o -g(1) 00",

6.1.2. Notation for the overlaps. For every N €N, £,¢' €N, h e N*, and n € N, we write
00 ‘72(0"“]’)T N 0. 00 NN
Ry, =25 R =afaa®, Ry = (RYREY);
h
00 00 \®h2 o\
(6.10) Ry, = (ahl (RYS) T+ aRET)

0.0 < 00
R :=(R’) R\”::(R’) .
N N JppenN’ N N Jeersn
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For every p € O, we set
(611) Q"= (p(RE").RY), Q= (@) Q= (@

Under some circumstances, we will be able to argue that the Ry s-overlaps synchronize
with the R,-overlaps; this means that the Ry-overlaps are close to the (),-overlaps for a
suitable choice of p.

)u'eN ’ )1<€,£’<n '

6.1.3. Definitions for the free-energy cavity calculation. We now define the Gibbs average
that will show up in the free-energy cavity calculation, or in other words in the Aizenman-—
Sims-Starr scheme [3]. We define 6 : RP*P — R such that, for every a e RP*P

(6.12) 0(a):=a-V&(a)-£(a).
We define the following independent centered Gaussian processes indexed by o €
e let Z(0) = (Z1(0),...,Zy(0)) be an M-tuple of independent RP-valued centered

Gaussian vectors Z;(o) with covariance EZ;(0)Z;(¢")" = V& ("j‘vm );

e let Y(0) be real-valued with covariance EY (o)Y (o) = M@(&N'T)

RDXN,

The fact that there indeed exists such a Gaussian process Z follows from (6.3) and a
simple rescaling. Concerning the existence of the process Y, we recall from Subsection 1.5
that & takes the form given in (1.23), where the matrices C®) belong to S+Dp and the
series is absolutely convergent. A direct calculation yields that

0(a) =3 (p-1)CP - a®.

p=1

This is of the same form as (1.23), so the existence of the process Y follows from the

second part of Subsection 1.5.

]RDX]V7 Te RDXM

For every o ¢ , and a € i, we set

(6.13) U(o,a,7) = \/2_tZ(a) T —tVE (%‘T) T+ \/EWX/[(()&) T—q(1) 777,

4 D(D+1)
and for every z € [0,3]N *" =

(6.14) An(x) :=]Elog(fexp(U(a,a,T))dPM(T)>N

, T

-Elog (exp (\/%Y(a) —-tM@o (T)»Nm :

)

With 1 and 6 defined in (5.19) and (6.12), we set, for every p € Qo,

1
(6.15) Pp) = (g +tEP) ~t [ 0(p(s))ds.
We will show that the limit of Ay () is related to 22%%(p) for some p.

6.1.4. Definitions for the Gibbs-average cavity calculation. We write p € RP*(N+M) ag

p=(0,7) e RPN x RP*M_ For a bounded continuous function g : RP*P x R - R, we
want to find the limit of E(g(77'T,a A a’))?WMw as N tends to infinity. To study this,

we need a few more definitions. We define the Gibbs measure (), /, by

(616) <'>;V+M,z o< exp (ﬁf\’fq(()-’ Oé) + U(Uv «, 7_) + N_TIGH]J\:/(O-a Oé)) dPN+M(Ua T)d%(a)
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The canonical random variable under (-)y, 5, , is denoted by (p,a) = (0,7, ). For every
7 € Qoo, we define the Gibbs measure (-)y . by

(6.17) (Jorr < exp (V2W(a) -7 = (1) - 777 ) APy (7)dR(a),
and we denote by (7,a) the canonical random variable under (-)g . We will show that
the limit of E(g(77"",a A /)y, s, is related to E(g(r7"",ana’))y . for some 7.

6.2. Cavity calculations per se.

6.2.1. Free-energy cavity calculation.
Proposition 6.1 (Free-energy cavity calculation). We have, uniformly over M, N € N
D(D+1)
and x € [0,3]N4X z
~ (N + M)Fiy(t,0) + NF(t,q) = A () + O (M2N"16).
Proof. The argument consists in a rigorous justification of the expansion (6.1) and of a

similar expansion for Hy. We keep writing p = (0, 7) € RP*WV*M) g6 that pp” = oo™ +777
and

d~
Wioy(@)-p=Wi(a) o+ Wi (a)- .

Using the Taylor expansion of £, the local Lipschitzness of V&, and \‘m jo M] = O( ),
we get, for every p in the support of Py,

(N+M)€( e’ ):(N+M)€( il )+vs(%”).w+o(%2),

N+ M N+M

oo’ oo’ oo’ M?
NE(T):(N+M)§(N+M)+M0( i )m(w).

These two relations yield, respectively,

(6.18)

EHy o (p)Hyia(p') =EHn(0)Hy(0') +E(Z(0) - 7)(Z(c') - 7') + O (]\]{:)7
(6.19)

EHy(0)Hy(0") =EHy(0)Hy(o') +EY(0)Y (') + O (MWQ)

uniformly over p and p’ in the support of Py.pr. Recalling HY (0, «) and H (o, )
n (6.5), we verify that
(6.20) (N + M) SEHF, 1 (p.0) HY 01 (' o)

= NTSEH (0,0) H3 (o', 0/) + O (MN7F).
Using again that pp'" = 00’" + 77’7, we see that the second term on the right-hand side
n (6.5) satisfies

| D(D+1)/2  D(D+1)/2 )

(6.21) (N+M) 16 > zie-pp =N > xieZwUJTJrO(MN_E).
i=1 i=1

We want to insert the above relations into

~(N+ M)F?V+M<t 9)+ NFx(t,q)
~Elog [[ exp (Hy 0 (p,0) + (N + M) HEy 1r(p, ) APy (p) AR (@)

—Elog[[exp HJ(0,0) + N5 HE (0,0) ) dPy(0)d%(a) = T - TTy.
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Recalling (-) 5, in (6.9), we rewrite Ax(z) in (6.14) as

An(z) = Elog ff exp (U(o,0,7) + Hi(0,0) + N 15 (0,0) ) dPys (0,7)dR(a)

-Elog [f exp (\/%Y(a) -tM6 (%‘T) + ﬁf\’fq(a, a) + N_T%H]f,(a, a)) dPy(0)dR(a)
=1 - II;.

Note that all the Hamiltonians are of the form G(s) + D(s) where the first term G(s) is
centered Gaussian, the second term D(s) is deterministic, and s is (p,a) or (o,«). To
compare Iy with I; and IIy with II;, we consider two interpolations of the form

o(r)=Elog [ exp(VI=rG (s) + (1-1)D"(s) + FG'(s) + rD'(s) ) B (),

where G? and G! are independent and P is Py ®R or Py ®R. For the first interpolation
between Iy and Iy, we take

1
(6.22) G(s) + D (s) = Hy ), (p,a) + N1 H (),
(6.23) G!(s) + D'(s) = U(o,a,7) + H(0,00) + N716 H (0, ).

We understand that the Gaussian fields Hy;, ,, and HY, appearing in (6.22) and (6.23)
respectively are independent. For the second interpolation, between Il and II;, we take

(6.24) G(s) + DO(s) = H\ (o, ) + N1 Hy (0, ),
(6.25) Gl(s) + D!(s) = V2tY(0) - tM# (%‘T) + BY(0,0) + N6 H (0, 0).

To remain faithful with what we announced, we should take the Gaussian fields Hy, (o, o)
appearing in (6.24) and (6.25) to be independent. This is of course not necessary here,
and taking them to be equal is just as convenient; this can be phrased in our setting by
absorbing this term into the definition of .

We control |[p(1) — ¢(0)| by computing the derivative

1 1 0 1 0
ﬁ QWG (s)+D'(s)-D (S)T,

where (), is the Gibbs measure naturally associated with the free energy expression
defining (). We use Gaussian integration by parts (e.g. [38, Theorem 4.6]) to get

So() =EB{ -G -

%cp(r) “E{V(s,s) - V(s.') + D'(s) - D°(s))

r Y

where s’ is an independent copy of s under ()., and

(6.26) Vi(s,s) = % (EG(s)GL(s") - EG'(s)G'(s")).

We can then bound V and D! -D? using the estimates in (6.18), (6.19), (6.20), and (6.21).
For both interpolations, we have |%<p(r)| = O(MQNfﬁ) where M? comes from (6.18)
and (6.19), and N~ comes from (6.20) and (6.21). 0

Lemma 6.2 (Cascade representation of &2). For each p € Q, conditionally on R and
on the event where I = supp R satisfies (4.2), we define the following independent centered
Gaussian processes indexed by « € 4:

o let Z(a) = (Zy(a),...,Zy(a)) be an M-tuple of independent RP -valued centered

Gaussian vectors Z;(a) with covariance EZ;(a)Z;(a')" = VE(p(and'));
o let Y(a) be real-valued with covariance EY (a)Y (o) = MO(p (a nd')).
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Letting also
V(a,7) = \/%Z(a) T —tvE(p(1) -1 + \/§WJ(\J4(Q) T=q(1l)-77

we have

(6.27) — MP"(p) =Elog ff exp (V(a, 7)) APy (7)d%R()
—Elog/exp(\/2_tY(a)—tMG(p(l)))dS‘{(a).

Proof. We denote the right-hand side of (6.27) by I -II. We have
V2iZ(a) +V2W (o) SV2WETVEP) (o),

and thus
I=-MFy(0,q+tVE(p)) = -M(0,q+tVE(p)),

where we used Proposition 3.2 in the last equality.

To compute II, we assume that p is a step function; the general case can be recovered by
approximation (one can verify that II is continuous in p by a similar argument to that for
the continuity in ¢ of F'x from Proposition 5.1). Hence, we assume that p = Zf:l Pils )
for 0=sp<s;<---<sp=1and 0<py<py << pg. For brevity, we also write g := 2t M.
Following the computation of the second term in [74, Lemma 3.1] (comparing the second
term in [74, (3.11)] with that in [74, (3.15)]; substituting s1.p1, 0 for (p> Qp, O therein), we
obtain that

Blog [ exp V2V ()d%(a) = + 3" s (F(punn) - 7(m0)

=0

DO |

3 (- s -l - s ) = § (- ) T Toa).
which yields
1= Elog f exp V1Y (a)dR(a) — tMO(p(1)) = —tM fol 0(p(s))ds.
Comparing I and II with the definition of £2%9(p) in (6.15), we get the desired result. [J

6.2.2. Gibbs-average cavity calculation. Recall (-)y , in (6.7) and (-)y, s, in (6.16).

Proposition 6.3 (Gibbs-average cavity calculation). For every continuous function

DxD - Nix 20+
g:R xR - R, we have uniformly over M,N €N and x € [0, 3] 2 that

Elg (17T ana)y0p, = Elo (77T ana!))yy, + O (MANTH).

Proof. We use the estimates in the proof of Proposition 6.1 and a similar interpolation
computation. We write © := g (777, a A '), s:= (p,a), and P = Py ® R. We rewrite

(Vnime and () iz, as follows,
(')E’WM@ o< exp (GO(S) + Do(s)) dB(s),
<');V+M,;c o exp (Gl(s) + Dl(s)) dm(s)a

where G'(s) collects centered Gaussian terms, D?(s) collects deterministic terms in the
respective Hamiltonians, and they satisfy

1
G°(s) +D(s) = HyL ), (p,a) + (N + M) 16 Hy, 5 (p, ),
G!(s) +D'(s) = HY(0,a) + U(o,a,7) + N"16 H{ (0, ).
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Again we understand that Hy,, ,, and Hy, are independent here. For every r € [0,1], we
define the interpolating Gibbs measure

(), o< exp (VI=rGO(s) + /7G'(s) + (1-7)D"(s) + rD'(s) ) dB(s),

and we set p(r) :=E(0O),. We aim to show that |%gp(r)| = 0(1) uniformly in r. Notice

that © depends on two independent copies of s, which we denote by s' and s2. We also

give ourselves s® and s* two additional independent copies of s. We write the Gibbs

measure in the definition of ¢(r) explicitly as a ratio and differentiate to obtain that
(7“) is the E-expectation of the (-),-covariance between © and

1
We can rewrite this covariance as a Gibbs average by utilizing the additional variable s3.

We next perform a Gaussian integration by parts as in e.g. [38, Theorem 4.6] to obtain a
Gibbs average of the form

G (s )+G (52)) Go(sl)+G0(s2))+D1(s1)+D1(sz)—D0(sl)—D0(s2).

o(r) = E( (Z ¢V ]+ZCUZ)>T,

i,5=1
where
Vi =E [Gl (sl) G! (sj) -G (s’) GY (sj)] , U'=D! (SZ) -p° (s’) ,
and (¢; ;)3 =1 and (¢;)2., are absolute constants. Then, we can use the estimates (6.18),
(6.19), (6.20), and (6.21) to see that [V*J| and [U’| are O<M2N 16). Since O is also

bounded a.s., we deduce |Lo(r)| = O (M N _T16) uniformly in r. The desired result thus
follows. U

6.2.3. Other useful interpolation estimates. We now collect two more Eseful estimates
that are obtained using similar arguments. Recall Fy (¢, ¢) in (6.6) and Ff(t,q) in (6.8).
Lemma 6.4 (Control of perturbative part). For each fized M € N, we have

]\1/1m sup ‘FQJUV(ta Q) - FN(tv Q)| = Ov ]\lflm sup |F]f/(t7 Q) - FN(tv Q)‘ =

N4><D(D+1)
where the suprema are over x € [0,3] 2

Proof. We use a similar interpolation as in the proof of Proposition 6.1. We recall the
normalizing factor % in the definition of the free energy. The first convergence follows

from the interpolation and the presence of N 16 in front of H ~- The second convergence
follows from these facts and, additionally, the second line in (6.19) together with the
boundedness of EY (a)Y(c’). O

Lemma 6.5 (Regularity in N of the free energy). There exists C < +o0 such that for
every N,M eN,; t >0 and q € Q,

‘NFN(t,q) - (N + M)FN+M(t,q)| SCM (t+]q|p1) -
Proof. Let us first assume that ¢ € Q. As before, we write p = (0,7), and carry out an
interpolation computation. Let s:= (p, ), and B := Py, ® R. We set
G'(s) + D(s) = H,y (p,@),  G'(s)+D'(s) = Hy'(0,0)
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where Gi(s) collects centered Gaussian terms and D(s) collects deterministic terms. For
every r € [0,1], we set

o(r) = Elog f exp (VI=7G(s) + (1-1)D(s) + V/7G' (s) + rD'(s) ) dP(s).

We have ¢(0) = (N + M)Fn.(t,q) and o(1) = NFx(t,q). Again, using Gaussian
integration by parts, we get

%gp(r) =E (V(s, s)-V(s,s') + Dl(s) - DO(S)>T

for V given in (6.26), and where (-),. is the corresponding Gibbs measure. This time, we
bound V and D! - D? using

th(ggfn) - (N + M)tg(Npi/;w) +O(M)t,

q(a/\o/)'aa'T:q(a/\o/)-pp'T+O(M)|q(aAa')|

uniformly in N. We get

‘igo(r) <O(M) (1 +E<|q (a A o/)|)r) =0O(M) (t+]qlp1)

dr

and the announced result follows for ¢ € Q. The full result follows by approximation
using Proposition 3.1. O

6.3. Overlap approximations. Recall the notation ~. in (4.9).

6.3.1. Overlap approximations for the free-energy cavity calculation. We show that Ay (x)
in (6.14) and —M 22" (p) in (6.15) can be approximated by continuous functions of finitely
many entries in the overlap arrays. Recall Ry in (6.10), Q5™ in (6.11), L in (5.5), and
that (-)g denotes the expectation with respect to the measure ReN,

Lemma 6.6. For ecvery ¢ > 0, there exists n € N and a bounded continuous function
F.: (RP*D x RP*DYxn L R such that the following two properties hold:

N4>< D(D2+1) i

o An(x) e I[“Fl(EE (Rf\?,q (Ré")))Nx uniformly over N € N and x € [0,3]" *— 2 ;

o —MPH(p)~. E (Fe (Q;”, q (Ré”)))m uniformly over pe Qn L.

In the above ¢ acts entrywise (as p does in the definition of Q).

Proof. We show that Ay (x) and —M 2%%(p) have similar overlap structures as defined
in Definition 4.3, which will allow us to apply Proposition 4.4. Let I" be a probability
measure on some separable Hilbert space X, and let R = (R1,R2) : X x X — RP*P x R
be a measurable function satisfying [R4[,|Re| < 1.

Assume that there are independent centered Gaussian processes indexed by p e supp I

e Z(p) = (Z1(p),...,Zn(p)) is an M-tuple of independent RP-valued centered Gauss-
ian vectors z;(p) with covariance EZ;(p)Z;(p")" = V&€ (R1(p, p"));

e W(p) = (wi(p),...,wr(p)) is an M-tuple of independent RP-valued centered Gauss-
ian vectors w;(p) with covariance Ew;(p)w;(p")" = ¢ (Ra(p,p"));

e Y(p) is real-valued with covariance EY (p)Y (p") = MO(R1(p,p")).
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We also assume a stochastic continuity property of these processes so that we can construct
jointly measurable versions of these as in Proposition 4.1. Writing (-); to denote the
expectation with respect to I'®Y, we consider

Fi(D,R) = Elog( / exp (\/ﬂZ(p) T —tVE(R1(p,p)) - 77"

+V2W (p) - - q(Ra(p, p)) 'TTT)dPM(T)> ;
r

Fo(T,R) := Elog <exp (\/%Y(P) —tMo (R1(p,p)))>F

where E integrates the Gaussian randomness in Z(p), W(p) and Y (p). Comparing with
the expression for Ay () in (6.14), we see that Ay (z) is the average of F1(I', R)-F2(T', R)
with (ﬁ,a), Ry, and (), substituted for p, R, and (-)p (this further averaging is
with respect to the randomness intrinsic to (-) v, itself). Using Lemma 6.2, we see that

—M 2"4(p) is the average of F1(I',R) — Fo(I',R) with a, Q,, and R substituted for p,
R, and I'.

We will apply Proposition 4.4 to F1(I',R) and F»(T',R). For F1(I",R), the correspond-
ing function C is Cy : R~ 2tVE(R1) +2g(R2). One can also identify the corresponding
Lipschitz function g as an integral in 7. Note that there are M independent copies of the
RP-valued processes here. Proposition 4.4 is still applicable and we can approximate

Fi(I,R) »g E(F(C1(RY™))

for some n; and some continuous F1 ., where C acts entrywise.
For F5(T",R), the corresponding function C' is Cy : R —» MO(R1) and g is linear.
Proposition 4.4 is directly applicable and we obtain the approximation
Fo(T,R) ms E(Fpo(Co(RS™))),,

for some ng and some continuous F5 ., where Cy acts entrywise.
Since both V¢ and 6 are continuous, we can absorb them into continuous functions to
get
‘7:1 (FvR) - fl(raR) Re <F (RSTL Q(Rén))>r .

We emphasize that ¢ cannot be absorbed because it is in general not continuous. For
simplicity, we also add the variable Ro (which forms R together with R) and express the
approximating function as F.(R<",¢(R5")). In view of (6.10) and (6.11), for R being
Ry or Q,, we have Ro = R,, in both cases. Hence, we arrive at the approximations of the
announced form. O

6.3.2. Querlap approxzimations for the Gibbs-average cavity calculation. In the same
fashion, we want to approximate E (g(77"", a A a'))}VJrMJ and E(g(77"", e A &) )oq g 11ve(p):
where the two Gibbs measures are defined in (6.16) and (6.17), respectively. Also, recall
the definition of (-}, in (6.9), and that ()3 denotes the expectation with respect to ReN,

Lemma 6.7. For every bounded continuous function g:RP*P xR - R and every € > 0,
there is n € N and a bounded continuous function F. : (RP*D x RDPP x R)™"™ - R such
that the following two properties hold:

. E(g(TT’T,aAOz,)>;V+M’x v E(F. (RY,q (RS ))>Nx uniformly over N,x;
. E(g(TT’T,a/\a’))%qﬂvé(p) %E<F (@ ;”,q(RE” ) 5 uniformly over pe Qn L

Again, ¢ acts entrywise.
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Proof. Comparing the definition of (-)y,, . and that of () ., We can rewrite

*

E(g (TT'T,a/\a'))NJer
<[/ g (TT/T,Oé A Oé/) eU(o,a,7)+U(o’,o/,T')dP1(T)dPI(T/»N’w

6.28
( ) (j]' eU(U,a,T)+U(U’,a’,T’)dP1 (T)dpl(T,))N@

for U given in (6.13). Similarly, we can rewrite

E (g (TT/T, a A a’))m7Q+tv€(p)
(ff g(r7'" ana’) eV (@) (T qp (T)dPl(T,»m
([[ eV(a,m)+V(d/, Tl)dPl(T)dPQ(T/)>

where V(a,7) is in Lemma 6.2 and satisfies V(a, 7)=v/2tZ(a) - 7 = tVE€ (p(1)) - 777 +
VWi (a) T —q(1) 77

In the formalism of Definition 4.3, we can see that (6.28) and (6.29) are expressed in the
same overlap and covariance structure. Here, I" corresponds to (-) N and Ry R = (R1,R2)
(which is RP*P x R-valued) corresponds to Ry and Q,; and C is R = 2tVE(R1) +2q(Rz2).

To apply Proposition 4.4, let us first assume that g does not depend on 77'T. Then,
we can identify the function g as an integral in 7 and set h = g so that both (6.28)
and (6.29) can be rewritten as the left-hand side of (4.11). Applying Proposition 4.4, we
can approximate (6.28) and (6.28) by

1,2 <
E(g(Ry") F= (C(R™)))y
for some n € N and continuous F., where we used the observation that Re = R, for R being
either Ry or @, (see (6.10) and (6.11)). Since the functions g and V¢ in the definition
of C' are continuous, we can absorb them into F. so that the above approximating term

becomes
E(F. (R™",q(R5")))r

as announced. Since ¢ is not continuous in general, it cannot be absorbed.

(6.29)

If g depends on 77’7, then Proposition 4.4 is not directly applicable. Nevertheless, we
can easily modify the approximation argument in its proof to get the same result. O

6.4. Ghirlanda—Guerra identities. Recall the notation of overlaps in (6.10). We
denote by E, the expectation under which z is an i.i.d. sequence of uniform random
variables over [1,2]. For N €N, integer n > 2, h € N*, and a bounded measurable function
f: (RP*P x R)nm - R, we define, for (-) = (-}, in (6.9),

(6.30)
v(f,n,h) =

B () ) - LB (RR)ERE) - SR {r (i) i)

In (6.30) and throughout, E integrates the Gaussian randomness in the Hamiltonian and
the randomness in R. In particular, it does not integrate .

Proposition 6.8. The following holds:

. 1,1 1,1 —0-
(1) th%oJEIE“RNﬁ E(RW)M )N’m 0;
(2) impy_ oo Ec AR (£,m,h) =0 for every n, h, and f.

We start with a lemma which leads to part (1) of the proposition. We recall the
notation for the coordinates of = in (6.4).
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ie{l,...,D(D+1)/2},

Lemma 6.9. There exists a constant C' < +o0 not depending on x such that, for every

2
/1 E(‘ei o0 - E(ei . O'O'T>‘>N$dxi <CN

25

32

Proof. We write (-) = (-) iy ,. Fixing any z except for the entry z;, we set
o(x;) = log /]- exp (H’}t\’,q(a, a) + N_%ﬁHﬁ(U,a)) dPy(o)dR(a)
and ¢(x;) := Ep(z;). We compute the derivatives:
¢'(z;) = N7 (ei-oaT),

()= N7 <(€z"UUT)2 —(ei- UUT)2>,
¢'(2;) = N"E (e;-007),

¢"(a;) = NSE((ei-00")? - {ei-00")’)
Since |e; - oo "| < N, we have, for all x; € [0, 3],
(6.31) @' ()| < N3,
Integrating ¢"(x;) over z; € [1,2] yields

[ E((ei . O'O'T)2 - <€i -O'O'T)2> dx; = N§(¢’(2) -¢'(1)) < INTS.
1
By a concentration argument such as [74, Theorem 1.2], we have

sup E|p - Eyp| < CNz
x
for some constant C' < +00. Defining

6= |o(xs +yi) = o +yi)| + lo(ws —yi) = d(s — yi)| + o(2:) — d(4))],

we thus have f12 §dz; < CN2 for all y; € [0,1]. By Holder’s inequality (as in e.g. [38,
Exercise 2.3]), the functions ¢ and ¢ are convex. By [74, Lemma 3.2], we can obtain from
basic properties of convex functions that

0" () = &' (w0)| < &' (i +yi) = &' (i — i) + —
Using (6.31) and the mean value theorem, we get
2

[1 (¢ (i +yi) - &' (zi —yi) ) da

Therefore,

B(2+y:) - 62— ;) - d(1+ i) + d(1 - y;) <ANToy,.

1
2 CNz2
f1 E|o' (2;) - ¢ (w:)|da; < AN oy, + -

Yi
Inserting the expressions of ¢’ and ¢’ and setting y; = N _312, we get the desired result. [

Proof of Proposition 6.8. We write (-) = (-) ;.- The previous lemma implies that

2 T T
fIEerﬂL_Eerii_
1 N N

for every i € {1,...D(D +1)/2}. Since {e;}
that

>da:i <CN~3

D(D+1)/2
i-1

is an orthonormal basis, we deduce

oo’ oo’
A B =
N (N >>d:v 0,

J\lfi_I};o [1’2]D(D+1)/2 E (
which proves Proposition 6.8 (1).
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To prove the second part, we proceed as in [74, Theorem 3.3] (with h, N %, N %,

N_%xhchH]’%,(a,a) substituted for p, s, vn(s), gp(o) therein) to get that for every h,
there is a constant C}, such that

/ "B (|H% - E(HR)|) den < N,

Let f be bounded and measurable and write f = f(R<"). Without loss of generality, we
assume |f|o < 1. Then

[E(tHY) -E(f)E(HY)| <E(|HN -E(HW)|).

For brevity, we omit the subscript N from overlaps. By the Gaussian integration by parts
in e.g. [38, Theorem 4.6], we have

E(fHY) -E(f)E(HY)
et (B(e(3 A ) om0 (- 1)),
The above three displays yield

PEAERL ) B E(R'?) - S B(ERY)| <EE (R} B R+ N

Since R})jl = 1 and Ri.’ is bounded, there exists a constant C’}’l < 400 such that
1,1 2,2 1,1 2,2
|R," - Ry°| <O} |Ry" - Ra

E(|R," -E(R,")) <E(|R," - R,?|) < GLE(|R;" - R>?))
<2CE(|RY' -E(RY))) .

Taking E, in this display, by Proposition 6.8 (1), we see that the right-hand side vanishes
as N — oo. Inserting this into the previous display, we get Proposition 6.8 (2). O

6.5. Identifying the limits. Let A% (f,n,h) be as given in (6.30). We enumerate as
((£f,m,h;))jen all the triples (f,n, h) where f : (RP*P x ]R) “" 5 R is a monomial (with
coefficient 1), n € N, h € N*. Then, we modify each f; in two steps: first, since R™"

is bounded, we can adjust f; outside a bounded set to make it bounded; secondly, we
N4x D(D+1)

rescale f; to make sure that A% (f;,n;,h;) < 1. For each N € N and z € [0,3]" ,
we set

(6.32) An(z) =E (’R}V}g E (R}Vv}(,)Nx‘)N + 32 (B ).
) x =
(6.33) We denote by K the convex hull of the set {TTT : T € supp Pl}.

The set K is closed, is such that K ¢ SP and we recall from (3.12) that we have |a| < 1 for
every a € K. Recall the definitions of Ry in (6.10), Ax(z) in (6.14), 2257 in (6.15), () vk

in (6.9), (-}, in (6.7), and (-}  in (6.17). Whenever we speak of the convergence in law
of an overlap array, we always mean this in the sense of finite-dimensional distributions.

Proposition 6.10. We fir M € N and (t,q) € Ry x Qu, and suppose that there is a
sequence (Ni,Zp)gen such that limy_,oo Ni = +00 and limy_, o AN, (zx) = 0. Then, there
are a subsequence (N}, x})ken, p€ QN L, and a € K satisfying a > p such that
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(1) Rn; under E<')Né:ff§c converges in law to

(Qf;’glleqtz' +(a, 1)112:5')
under E (-)g as k tends to infinity;
(2) we have limy_,co Ay (z},) = -M 2™(p);
(3) for every bounded continuous g : RP*P xR - R,

E(g (TT'T,a A o/))

£07eN

i g (71" 0 0) naren)

N/ +Mal ~
In the statement of Proposition 6.10, when we say that (N}, z} )ken is a subsequence,

we mean that limy_ . V], = +o0 and that {(N,z}) | k € N} € {(Ng,zx) | k € N}.

We define the quantile function k:[0,1) - R of a real-valued random variable X as
the right-continuous increasing function satisfying

Eg(X) = [ g(s(s))ds

for every bounded measurable function g: R — R. We can obtain x by taking the right-
continuous inverse of the probability distribution function of X. Consistently with (4.3),
we also set k(1) :=lims -1 k(s) whenever x is bounded.

Proof of Proposition 6.10. We denote by Rji\i,ag = (Rf\’f)e . the diagonal part consisting of
€

self-overlaps, and by R‘J)\l;f = (Rf\’f’)gw the off-diagonal part. We will use similar notation

for the diagonal and off-diagonal parts of other overlap arrays.

Part (1). Since le\’,lg € SP and |R]1\}10 <1, we can extract a subsequence (N,;, x;)keN from
(Nk, Tk) gey Such that

(6.34) lim E(Ry) ) ==
T

’
k— o0 Nk 7

for some z € SP . Since each Rf\’f’ is bounded, by passing to a further subsequence, we
can assume that

(6.35) Ry under E (-)N;C@;C converges in law to Ro, as k tends to infinity,
for some random array R., (and in the sense of finite-dimensional distributions). We
will show that the law of R, has a natural representation under E(-)y. We write
Rfi’f/ = (Rf;’f:g, Rﬁ’fa) where Ri’f:. is the limit of Rf\’f: with e being ¢ or a. For ng’f,, the
subscripts ¢ and « are purely symbolic.

First, we determine R, Due to the first term on the right of (6.32), the assumption
limy, 0o An, (:xN k) =0 ensures the concentration of Rf\’f »- Also, it is clear from R% o=1
that Rﬁ’f,a =1, which together with (6.34) yields that Rfj,ag is deterministic and

(6.36) RYY = (2,1) VleN.

Next, we determine R2T. The same assumption on A Ny (2™V¥) also ensures that Re,
satisfies the Ghirlanda—Guerra identities. Panchenko’s synchronization result [79, The-
orem 4] guarantees the existence of a Lipschitz function ¥ : R, - SP x R, satisfying
U(s) > ¥(s') for all s> s" such that
(6.37) RE =0 (tw(RY)) as VO eN,

9
o0

where we used the shorthand tr (Rﬁ.@g’) =tr (Rﬁfa) + Rﬁfa.
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To proceed, we determine the distribution of tr (Rﬁge,). We denote the quantile function
of tr (Rif) by k. The assumption limy_., Ay, (xNk) = 0 implies that the Ghirlanda—
Guerra identities hold for (tr (Rf;f,))&y
[74, Theorem 1.7] together with the characterization of Poisson-Dirichlet cascades by the

overlap distribution in [74, Theorems 2.13 and 2.17], we deduce that (tr (Rf;f’))he, has

the same law as the overlap array associated with a Poisson—Dirichlet cascade, and this
cascade must be such that the quantile function of one overlap is . Using this and (6.36),
we set r:=tr(z) + 1 so that

(6.38) tr (Rif’) =K (O/ N O/,) 1g¢gr + ’l“lgzg/,

N Using the Dovbysh—Sudakov representation in
€

where (o/) ’
of (6.38) have the same law, jointly over £, ¢’ € N, where the law of the right-hand side is
under E (). Since so far we had only specified the law of Ro but not its realization itself,

oy is sampled from (-)9:- To be precise, we have argued that the two sides

we may as well choose the probability space to be that for E(-)n and realize tr (Rf;’f’)

according to (6.38); the full array Ro, is then specified according to (6.37), and we get
the representation

(639) R({f, =v (/{ (O/ N CME/) 1g¢gl + Tlg:g/) s Vf,gl e N.

In order to simplify (6.39), we write ¥ =: (U, ¥,) so that ¥, is SP-valued and ¥, is
R,-valued. By the invariance of Poisson—Dirichlet cascades from Proposition 4.8, we

have that R?}g’a under E(-) y , has the same law as ol Aot under E (-)g;. Therefore, Rﬁfa
must also have the same law, which means that W, (k(a’ A of')) is uniformly distributed

over [0,1] under E (-) for £ # . Since ot A o is itself uniform over [0,1] and W o £ is

increasing and right-continuous, we must have
U, (k(s))=s, Vsel0,1].
Thus, we can simplify (6.39) into

(6.40) Ri’f’ = (\IJU (/{ (o/ A O/,) Loy + Tlg:g/) , ol A agl), Ve, ¢ eN.

Before concluding, we show that

(6.41) k(s)<r, Vse[0,1].

Note that (6.37) implies that Rﬁfg € S for ¢ + ¢'. The Cauchy-Schwarz inequality

/ ! gl
implies that v - Rg\’,egv < %v . (Rf\’fg + Rf\,’i

)’U for every v e RP, which yields

/ 1 I
(6.42) R, <= (R, + REL).
’ 2 ’ ’
Taking the trace on both sides of (6.42) and using (6.38), we get
H(O/ A o/,) <.
Since af A ot is uniformly distributed on [0,1] for £ # ¢' and & is right-continuous, we
arrive at (6.41).

We set p:= U, o0k and a:= ¥, (r). Since a is the subsequential limit of @, we have
that a belongs to the set K defined in (6.33), and in particular a € S” and |a| < 1. Since
the function ¥, is increasing, the inequality (6.41) implies that p < a. Since &, as a
quantile function, is also increasing, we have p € Q. Notice that, for 3,1y’ € SP satisfying
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y >y, we have (y+¢')-(y—%') > 0 and thus |y|> > |¢’|>. This along with p < a gives
Ip|= <|al < 1. We have thus verified the conditions on p and a stated in the proposition.
Part (1) follows from (6.35) and the representation in (6.40).

Part (2). Due to the possibility that r > (1), in general, a representation of R, as a
Poisson—Dirichlet cascade might be off on the diagonal. To circumvent this, we build a
sequence of Poisson—Dirichlet cascades whose overlap arrays approximate R, arbitrarily
closely. Allowed by (6.41), we can choose a sequence (Km,)men Of right-continuous
increasing step functions from [0,1) to [0, 7] that converges to s in L*([0,1); R) as m tends
to infinity. For each m € N, we can also impose that limg »1 &, (s) = 7 while preserving the
properties mentioned in the previous sentence. As usual, we set rp, (1) := limg »1 Km (S),
and thus have x,,(1) = 7. Setting py, := ¥, o Ky, we have that p,, € Qo, and

(6.43) pm(1) =W (r),  lim |py —p|z: =0.

For each m, we consider @), defined in (6.11). Notice that, from our choice of p and (6.40),

00 0.0
wehave( ) =(R’) .
P ) gz < Jezer

By the second property in (6.43) and the continuity of Poisson—Dirichlet cascades in the

overlap distribution ([38, Corollary 5.32] or [74, Theorem 2.17]), we deduce that ( f,’f)é ,
=0/

converges in law to ( f},e’)zw = (Réf/)zw under E (-)g;. Due to the first property in (6.43),
we have Qf,’n{ = Rﬁf, which is deterministic. We thus obtain that, under E(-)y,
(6.44) Qp,, converges in law to R, as m tends to infinity.

In order to proceed, we would like to improve upon the convergences in (6.35) and (6.44)
into

(6.45) (RN,;,Q(Ra)) under E<'>N}27
to (Roo,q(Rqa)) under E(-)y as k tends to infinity,

. converges in law
k

and, under E (-)g,
(6.46) (Qpnq(Ro)) converges in law to (Reo,q(Ra)) as m tends to infinity.

These convergences can be obtained by appealing to the continuous mapping theorem as
in the proof of Proposition 4.8: in short, the off-diagonal elements of R, are uniformly
distributed over [0, 1], so they have probability zero to belong to the set of points of
discontinuity of gq.

We now fix any € > 0 and recall the notation ~ from (4.9). For the function F; given by
Lemma 6.6 and using the convergences in law in (6.45) and (6.46), we have for sufficiently
large k and m that

/1 6.6 < < (6.45) < <
Ay () % E(FE (R]\Z,c,q(Ra”)))N, % E(F (RS, q(RS")))y,
k' k
(6.46) 6.6
we B(F(Qa (BY")))y % ~M P (pm).
The symbol ~. does not define a transitive relation, and cumulatively we obtain an error
of 4¢ between the first and the last term in the string of approximate equalities. Recall
the expression of 2% in (6.15). These along with (6.43) and the Lipschitzness of ¢ from
Corollary 5.2 imply limy,co 25 (pm) = 29(p). Hence, sending k and m to infinity, we
get
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Sending € to zero, we obtain part (2).
Part (3). Recall {-)y, s, in (6.16). For every ke N and p’ € Qo,, we write

r(k) =Bl (rrTana )y s t(0) =Bl (T ana))g ey

For every € > 0, we denote by F. the function given by Lemma 6.7 and we use (6.45) and
(6.46) to get that, for every sufficiently large k& and m,
6.7 (6.45)
r(k) % E(F. Ry q(BS))) % E(F: (RS q(RB)))y
k> k

SRR QS a (BEM))y ¥ ¢ () -

Using the second property in (6.43) and a computation similar to the one in (5.11), we
have limy;, 00 t (pm) = t(p). Therefore, sending m and k to infinity and then e to zero,
we obtain that limy_, . (k) = t(p). Lemma 6.3 allows us to replace ('>1*V;Q+Ma% in r(k) by

<'>(1]V,'€+M,CC;€ in the limit. Hence, part (3) follows. O

6.6. Corollaries. We now combine Propositions 6.8 and 6.10. Recall the definition
of (-)y, in (6.7), and that (-)y denotes the expectation with respect to REN. Recall

also 2% from (6.15) and the definitions of the overlaps in (6.10) and (6.11).

Corollary 6.11. For every (t,q) € Ry x Qu, there are sequences (Nj)ren of increasing
integers, (23, )ken, P+ € QN LY, and a. € K satisfying a, > p, such that

(1) Ry under EHN,jx; converges in law to

(Q;ﬁf,lé#' +(ax, 1)18:2')

under E(-)g as k tends to infinity;
(2) we have

£,0"eN

P (p-) < liminf Fy (£, q) <limsup F(t,q) < 2M(p,).
—o0 N—oo

Proof. Using Lemma 6.4 and Proposition 6.1 with M =1, we have

li]{[nianN(t,q) = li]{fninfﬂﬂxff\;(t,q) > -limsupE, Ay (z).
—> 00 —> 00 N—)OO

Lemmas 6.4 and 6.5 imply that supy , |Ax ()] < ¢ for some constant c. Proposition 6.8 and
(6.32) yield that limy_ E;An(2) = 0. Using these two facts and following the argument
in [74, Lemma 3.3|, we can find a sequence (zx)nen satisfying limy e Any(zx) =0 and
An(zn) 2 EAn(2) +0(1) as N tends to infinity.

We remark that [74, Lemma 3.3] is originally stated to get an upper bound for Ay (zy).
Examining the proof, one can see that as long as Ayx(z) is bounded uniformly, the
argument still works for the other side needed here. Hence,

liminf F(t,q) > -limsup Ay (zx).

N—co N—oo
We extract ( Nk )gen along which the limsupy_, o, Ay (zn) is achieved. By Proposition 6.10
at M =1, we can find a subsequence (N, , x; )geny of (Ni, TN, ke and p_ € QN L™ such
that part (1) holds and the first inequality in part (2) holds. The other half follows from
a similar argument. O

Recall (), in (6.7) and (-)g , in (6.17).
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Corollary 6.12. For any M € N, any (t,q) € Ry x (Qn L*), and any sequence of
increasing integers, there are a subsequence (Ni)pen, (Zp)ken, p € QN LS, and a € K
satisfying a > p such that

(1) Ry, under E(:)y, ., converges in law to
( ot 1£¢z'+(a31)1z:é')

under E(-)g as k tends to infinity;
(2) for every bounded continuous g : RP*P

£,0'eN

xR - R, we have

Jim g (17" ana))y g, =Bl (77T an )y oen

Proof. Recall Ay(x) in (6.32). By Proposition 6.8, we have limy_ . E,An(x) =0. As
discussed in the previous proof, we can find (xy)ney such that limpy_. Ay(zy) = 0.
The desired result then follows from Proposition 6.10. O

7. PROOFS OF THE MAIN RESULTS

We now leverage the results of the previous section to complete the proofs of our main
results. We first show Theorem 1.3 as well as the fact that any subsequential limit of
the free energy Fy must solve the equation “almost everywhere”, as was announced
in (1.22). We then deduce Theorem 1.2 by a continuity argument. We next identify,
for “almost every” choice of ¢, the limit law of the array of the conditional expectations
of the o-overlaps given the a-overlaps. Up to the additional perturbation provided by
the parameter 7 introduced around (1.19), we can then slightly upgrade this result and
thereby obtain a proof of Theorem 1.4.

7.1. Critical point identification. Recall the definition of 92" in (6.15). In the next
proposition, we assume the convergence of the entire sequence (F N) NeN®

Proposition 7.1. Suppose that (FN)NGN converges pointwise to some limit f, and
let t >0 and q € Qy n L. If f(t,-) is Gateauzr differentiable at q € Qy N L*°, then
f(t.q) = 2419y f (t.q))-

Proof. Let (Nj)ken, (23 )ken, and p. be given by Corollary 6.11, whose part (2) implies
(7.1) P p-) < f(t,q) < M (ps).
Recall the definitions of F'y in (6.6) and of ()no in (6.9). We set F = Ff\%. For every

continuous k € L*, by a computation similar to that for (5.7), we have, for every k € N,

T
(roFi),, -B(s(ana) T
k | Nfz*

kk
By Lemma 6.4, the function (Fz)k N also converges pointwise to f as k tends to infinity.
€
Following the proof of Proposition 5.4 verbatim, we obtain that Osz(t,q) converges
to 0,f(t,q) in L?. Using this and Corollary 6.11 (1) yields that

(K, Og f(t,q)) 2 = E(“ (Rzlx’z) ‘pi(R}x’Q))m - ]01 K(s) - ps(s)ds.

Since the set of continuous s € L™ is dense in L?, we have p, = 0qf(t,q), which along
with (7.1) gives the desired result. O

In the following result, the limit is subsequential.
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Proposition 7.2. Suppose that (FN)NeN converges pointwise to some limit f along a
subsequence (Ng)ken, and let t > 0. If f(t,-) is Gateauz differentiable at some q € Q3N L,
then

(7.2) 0qf(t,q) = 0yt (q +tVE(94f(t,q)))-
If, in addition, t >0 and f(-,q) is differentiable at t, then

1
(7.3) 0uf(ta) = [ €0uf(t.q)).

Proof. By passing to a further subsequence, we may assume that (Ng)gey is the subse-
quence given in Corollary 6.12 (for M = 1) along with (2} )gey and pe Q0 L.

Recall F, in (6.8) and () in (6.9). Asin the proof of (5.7), we have for any bounded
continuous & : [0,1] - S that

O_O_IT

~ _ / i = oo’
(7.4) <’ivaqFNi(t’q)>L2 _E<n(a/\a)- N, >Nkmk, atFNZ(t7Q)—E<€( N, ))kak

By Lemma 6.4, we have that Fv]f,’; converges pointwise to f. Following the proof of

Proposition 5.4, we deduce that 6qﬁ]f,’z (t,q) converges to 9,f(t,q) in L?. Using also the
convergence of the overlaps from Corollary 6.12 (1), we let k tend to infinity in the first
relation in (7.4) to get that

<H7 8qf(t> Q))LQ =K (K’ (Oé A Oé,) 'p (Ck A Oé,))m = (F':ap>L2 :
Since the set of bounded continuous functions spans L?, we deduce that
(7.5) p=0qf(tq).

Under the additional assumption on the differentiability in ¢ (and an adaptation to ij]’;
of the part of Proposition 5.4 concerning the derivative in t), we can pass to the limit in
the second relation in (7.4) and get that

1
05 (t.0) =E{ (p(ana)))y = [ €(pu))du,
This and (7.5) yield (7.3).
To obtain (7.2), we relate p to the derivative of . Recall F, in (6.6) and (Vn.p 0 (6.7).

By Lemmas 6.4 and 6.5, we have that Fiﬁk +1 converges pointwise to f. Following the
proof of (5.7), we have for any bounded continuous « that

(5.0 (.0)) 2 =B (s at) 225 )
K’aaqFN +1(t7Q) 2:]E<’% a/\al : ) .
g L Nk + 1 NkJrl,.'L‘k
We write p as an (N, + 1)-tuple of D-dimensional coordinates p = (p1,..., PN, PN +1),

which are i.i.d. under Py, ;1 = . Since the Hamiltonian in <'>§Vk.+1 -
pends on pp' and pp'T, we deduce that ();’Vk +1,z, 18 invariant under permutations of the

coordinates of p. Therefore, writing o := (p1,...pn, ) and 7 := pn, 41, we have
(, &ZF?\&H(L q))L2 =E(k(ana) -r7"")

By an adaptation of Proposition 5.4, we have that 0(1??\;2 .1(t,q) converges in L? to
04f(t,q). Using also Corollary 6.12 (2) (with M = 1), we can pass to the limit in the
previous display and get

(K, 00f (t,0)) 12 =E(r (n @) 'TT’T>m,q+tV5(p) ’

PP (Nie+1) only de-

o

Nk+1,.'17k '
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where (-)g; 11ve(p) 18 given in (6.17) with M = 1. Notice that since M =1, the Gibbs
measure (-)p 44sve(p) 15 the same as the Gibbs measure () ,4v¢(,) defined in (5.20).
By (5.22), the right-hand side in the previous display is equal to (s, 9,1 (q +tVE(p))) -
Combining this with (7.5) yields that

(7.6) Oq¥(q +tVE(p)) = p-
In conclusion, (7.2) follows from (7.5) and (7.6). O

Recall 27 in (6.15), 6 in (6.12), and J; 4 in (1.7). We have

(7.7) PYU(p) = Trq (¢ +tVE(D),p) -

Proof of Theorem 1.3. Let p and ¢’ be as given in the statement. The relation (7.2) in
Proposition 7.2 implies that (¢’,p) is a critical point. The convergence in (1.16) follows
from Proposition 7.1 and (7.7). O

Proposition 7.2 also proves that any subsequential limit of the free energy must satisfy
the Hamilton—Jacobi equation (1.22) at every point of differentiability of the limit. We
recall that this limit function must be Gateaux differentiable jointly in its two variables
“almost everywhere”, by Proposition 5.3.

7.2. Critical point representation.

Proposition 7.3. Suppose that (FN)NGN converges pointwise to some limit f. For every
(t,q) e Ry x Qa, there is pe Qn L such that

(7.8) ft,q)=2"p),  p=0gh(q+tVE(p)).

Proof. Proposition 5.3 yields a sequence (¢, )neny in Q4 N L™ convergent to ¢ in L? such
that f(t,-) is Gateaux differentiable at every ¢,. By the continuity of f given there, we
have

(7.9) F(t.q) = lim f(t,q0).

We write p,, := 0,f(t,gn). Proposition 5.3 also implies that sup,,y |pn|r~ < 1. By passing
to a subsequence, we can assume that p, converges weakly in L? to some limit p. Arguing
as in Step 3 of the proof of Proposition 5.4, we can upgrade this to the strong convergence
in LQ, and we also see that pe O n Lz’i.

Recall 2% in (6.15). By Corollary 5.2 and the local Lipschitzness of V¢ and 6, we
have

|25 (pn) = 2M(D)| < lgn = dl 1 +E|VEDR) = VED) 2 +£[0(pn) = 0(p)| 11
<Ctlpn =l +lan —dlpr

for some constant C' depending only on £. By Jensen’s inequality, we have that g, and

pn converge in L' to ¢ and p respectively as n tends to infinity, and therefore

lim 257 (p,) = 2Y(p).

By construction, the function f(¢,-) is Gateaux differentiable at ¢,. Proposition 7.1
therefore ensures that

f(t7QTL) = gphin (pn)
These along with (7.9) yields f(t,q) = 2"(p), which gives the first relation in (7.8).

Proposition 7.2 ensures that p, = 0,9 (qn + tVE(py)). Using (5.23) and the local
Lipschitzness of V&, we get

10,0 (qn +tVE(Pn)) = Og¥(q +tVED)) 12 € Clgn — qlr2 + Clpn — plr2,  VYneN,
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for some C' only depending on £. Sending n to infinity, we get p = 9,9 (q+tVE(p)), which
gives the second relation in (7.8). O

Proof of Theorem 1.2. Let p be given in Proposition 7.3 and set ¢’ := ¢ + tV&(p). The
second relation in (7.8) ensures that (¢’,p) is a critical point. The first relation in (7.8)
along with (7.7) yields (1.16). O

7.3. Convergence of the overlap.

7.3.1. Convergence of the conditional overlap. Recall the Gibbs measure (-) 5 associated
with the original free energy given in (5.4). For ¢,¢' € N, we consider the conditional

expectation of the spin overlap
¢ V4 T
o \0o ’
::E<¥|O//\O/> )
N

N

where the conditioning is with respect to E () 5 (not (-),). We also recall that (-)4 is the
expectation with respect to the measure REN.

Proposition 7.4. Suppose that (FN)NGN converges pointwise to some limit f along a
subsequence (N )ken, and let t > 0. If f(t,-) is Gateauz differentiable at some q € Qyn L,

0.0
then (R ’ )
Ni,ola) g preN: o200

E () as k tends to infinity, where p = 0y f(t,q).

under E (), converges in law to (p(o/ A azl))M,GN: oup under

Proof. We write py := aqFN (t,q). Using the invariance of the Poisson—Dirichlet cascade
in Proposition 4.8, the computation of 9,F'n (¢, ¢) in (5.7), and the definition of conditional
expectation, we have the following identities, for any bounded continuous & : [0,1] - SP:

E(rk(ana) py(a /\o/))N = fol k() - pn(s)ds = (K, 0,F n (t7Q)>L2

=IE</€(0¢/\0/)-UXT >N=E</@(aAa')-E<UX;T aAa'>N>N.

Hence, we deduce that

T
(7.10) IE(UU a/\a') =pn (ana)
N N

a.s. under E (-) . For every p’ € Qu, we write Of;’,gl =p (o/ A o/,), so that under E () y,

(7.11) RS =08 el eN: 0zl

N,ola PN’
Proposition 5.4 ensures that py converges to p in L' along the subsequence, and thus
(7.12) E ([px (ana’) =p(ana’)|)y =Ipx = plus
tends to zero as N tends to infinity along the subsequence. We fix any n € N and any

2
. . . DxD n°-n . 0 L N4
bounded Lipschitz g : (R X ]R) - R. We write RMU'a = ( Nﬂla)e,e'gn;ew and

similarly for O}, and O}. The invariance of the Poisson-Dirichlet cascade from Propo-
sition 4.8 implies that O, under E () 5 has the same distribution as O, under E (-)y.
Combining this with (7.11) yields that

(9 (R o)), ~ 9 (02))y] = [E (9 (05,))y ~E {0 (09)),
= ’E <g (Oz?zv»m - E(g (Oz?))m‘ < ”gHLiPE“O}EN - Ozﬂ)m'
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Using also that (7.12) tends to zero along the subsequence therefore yields the announced
result. g

7.3.2. Convergence of the overlap under perturbation. Let (FIN(U))UGRDXN be the Gauss-
ian process in (1.18). For every (t,?, q) eR, xR, x Q, we consider

(7.13) Fy(t,%.q)

oo’

= —%Elog/ exp (H}f\}q(@a) + \/ﬁb\/(a) -IN

2
)dPN(U)dm(O&)?

where Hf\}q(a,a) is given in (5.3). We denote the associated Gibbs measure by (-)y 7.

Recall the functional *Z,’Eq defined in (1.20), and the overlaps Ry and @), defined in (6.10)
and (6.11).

Proposition 7.5. Suppose that (FN)NGN converges pointwise to some limit f along a
subsequence (Ni)gen. Then, for each t >0, the function f (t,-,-) : Ry x Qo — R is Gateaux
differentiable (jointly in its two variables) on a subset of Ry x (Q4 N L*) that is dense in
R, x Q. Moreover, for everyt >0 and every point ¢ € Q;n L* of Gateauz differentiability
of f(t,1,), the following holds for p = O, f (t,?t\7 q) and q' = q +tVE (p) + 2tp:

(1) p=9g (d'); I

(2) if (N ken is the full sequence (N)nen, then imn o Fv (£,7,q) = Ty 7.,(d,p);

(3) ift>0 and f(t,-,q) is differentiable at T, then (R%:

mn law to (p (o/ A

under E (-) \; + converges
)e,e'eN: 00 (w7 J

él))M,EN: o under E(-)oi as k tends to infinity.

Proof. By straightforward modifications, the differentiability follows from Proposition 5.3,
part (1) follows from Proposition 7.2, and part (2) follows from Proposition 7.1.

Hence, we focus on part (3). For convenience, we drop the subsequence (N )gen in the
notation, but we understand that we only take limits along the subsequence throughout
the proof. By an adaptation of Proposition 5.4, we have (along the subsequence)

(7.14) lim |9,Fy (.1.q) = 05f (t.5.)[,, =0 and  lim OpF (t,7.q) = 05 (.7, q).

For brevity, we write py := (%FN (t,?, q), p=04f (t,%\, q), and () = ()N? We have

I

Adapting the proof of Proposition 7.4, we have that (7.10) holds, which implies that

O_O_IT

N

. oo'T ) ( . /) 2 . oo'T 2 _E<| ( X ,)‘2>
v oov(ena) ) =B{TE| ) ~Eey (anal)f)
(7.15) = 0:F (t,54) - [0,Fn (4,70)[.2

where in the second equality we used the invariance of the Poisson—Dirichlet cascade.

We can now argue as for (7.3) in Proposition 7.2 to conclude. Indeed, since t is fixed
here, we view Fn(t,-,-) and f(t,-,-) as functions of (%,q). We can substitute ¥ and |- |?
for ¢ and £ in Proposition 7.2 to get

(7.16) orf (£54) =100 (15 0)5 -
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Combining (7.14), (7.15), and (7.16), we obtain that (along the subsequence)

2
) -
N

The first convergence in (7.14) ensures that (along the subsequence)

O_O_IT

N

(7.17) &&E(

- PN (a/\o/)

(19 1 B{l (wn) -p(ana)f), =0
We fix any n € N and any bounded Lipschitz g : (RDXD x R)n%n - R. We write R, :=

(R%’E,)Z,z'sn;he' and similarly for @, and @,. The invariance of the Poisson-Dirichlet

cascade implies that @, under E(-)5 has the same distribution as @, under E (-)y.
We therefore have that

[ (g (7)) ~E (9 (7))
=[E {9 (BX))x ~E{9 (o)) y + B9 (Qoy ) ~E{9 (@7))l
D H9||Lip (E (‘RJDV - QENDN +E (‘QEN B Qg‘)m) :
Combining this with (7.17) and (7.18) therefore completes the proof. O

Proof of Theorem 1.4. The theorem follows from Proposition 7.5. g

7.4. Stability and high-temperature uniqueness of the critical point. We now
turn to a proof of Proposition 1.5 on the uniqueness of the critical point at high tempera-
ture.

Proof of Proposition 1.5. The fact that J; 4 has at least one critical point is a consequence
of Theorem 1.2 (and could also be proved directly). For each i € {1,2}, let (¢}, p;) € O3
be a critical point of J; 4. Inserting (1.9) into (1.10), we get p; = 0g¢0(q +tVE(pi)). By
(5.23), we have

[p1 = p2|2 < 16¢[VE(p1) = VE(P2)| 2 -
By the local Lipschitzness of V&, we have
_ !
Ve(@) - vE@)|

C = sup a—a|

a,a’eSP:al,la’|<1; aza’

The property in (5.21) implies that |p;(s)| <1 for each i € {1,2} and s € [0,1). Therefore,

[p1 = p2lp2 < 16Ct|p1 — palre -
Hence, if ¢ < t. := (16C)~!, we must have p; = ps. Since ¢/ is determined by (1.9), the

uniqueness follows. O

We close this section with a proof of Proposition 1.6 on the stability of relevant critical
points.

Proof of Proposition 1.6. We take (t,,q,) € Ry x Qg and (¢, pn) € Q% as in the statement.
The fact that (g}, p,) is a critical point of J;, 4, (see (1.9) and (1.10)) means that

(7.19) pn=0g(q,) and g, = qn +taVE(Dn).

By (5.21) from Corollary 5.2, we have that p, € @n Lg]. By Lemma 3.4, the sequence
(Pn ) nen is therefore precompact in L?. By the second relation in (7.19) and the convergence
of (tn, qn)ney in Ry x L2, we deduce that the sequence (g, pn )nen is precompact. Moreover,
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if (Pn)nen converges in L? along a subsequence, then (¢, pn)nen converges in (L?)? along
the same subsequence. Recall also from (1.7) that

1
(7'20) ‘7tn7Qn(Q’:7,7pn) = ¢(Q;L) + (pn7Qn - Q7I1>L2 +ity '[0 f(pn)

Letting (¢',p) € Q3 denote a subsequential limit of (g}, pn)nen, We have that (q),)
converges to ¥(q’) along the subsequence, by the continuity of ¢ from Corollary 5.2.
The scalar product in (7.20) converges to (p,q—¢');» along the subsequence, by the
Cauchy—Schwarz inequality. Finally, the integral /01 &(pn) converges to fol £(p) along the
subsequence, because ¢ is continuous and p;, € L. So we conclude that as n tends to
infinity along the subsequence, we have that 7, 4. (qr,,pn) converges to J;4(¢',p). Using
also the uniform Lipschitz continuity of Fy from Proposition 3.1, we obtain (1.21). Using
the continuity of 9,1 from Corollary 5.2 and (7.19), we also verify that (¢’,p) is a critical
point of J; 4, and thus the proof is complete. O

8. FURTHER RESULTS IN THE CONVEX CASE

In this section, we give a proof of Theorem 1.1. We also derive a number of alternative
representations of the variational problem describing the limit free energy, and explain
how to remove the compensating term —Nt&(oo")/N appearing in (1.5). We also show
that the limit free energy is Gateaux differentiable everywhere in (0, c0) x (Q4 N L*®), and
use this to show that it satisfies the Hamilton—Jacobi equation (1.22) at every point in
this set. We collect all results into a final statement that also describes the convergence
of the conditional o-overlaps for every (¢,q) € (0,00) x (Qy N L*).

8.1. Parisi formula when ¢ is convex on SP. When ¢ is convex over the whole
space RP*P | an interpolation argument allows one to establish a lower bound on any
subsequential limit of Fy(t,q) [46, 13]. When D = 1, one can generalize this bound to
the case when ¢ is only assumed to be convex over S = R, using the Talagrand positivity
principle (see [74, Theorem 3.4]). If D > 1 and £ only depends on the D diagonal entries
of its argument, then one may as well think of ¢ as being defined on R”, and one can
simplify the setup and only consider paths that take values in R? instead of SP. In this
context, one can still apply the scalar positivity principle to get the Parisi formula under
the assumption that & is convex over RP| see [17, Section 3.2].

For general vector spin glass models, to the best of our knowledge, existing results
all require ¢ to be convex on RP*P. Here we obtain the lower bound on the limit free
energy by combining the results of [68] and [29]. We derive the converse bound from the
results of this paper, but as already mentioned, these results are much more precise than
necessary in this case.

Recall the definitions of 2% in (6.15) and of K in (6.33).

Proposition 8.1 (Parisi formula for the enriched model). If ¢ is convex on SP, then

for every t 20 and q € Q2, we have

(8.1) lim Fy(t,q)= sup  P"(p) = sup 2"(p).
N—o0 peQ: Jaek, p<a PEQoo

Proof. We fix any (t,q). Under the stated convexity assumption, the lower bound in [68,
Theorem 1.1] expressed in terms of the solution to (1.8) is proved in [29, Corollary 4.14]
to admit a representation by the Hopf-Lax formula:

{¢(q+q’)—(q’,p’)L2 +tf01§(p’(s))ds}.

(8.2) liminf Fy(t,q) > sup inf
N—oo 7'€Qoo p'eQoo
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On the other hand, by Corollary 6.11, we can find pe Qn L and a € K satisfying a > p
such that

83) s F(ta) <20 = v+ 19E@) ¢ [ 0p())ds,
N—o0 0

where we recall that 0 is defined in (6.12). To compare these two formulas, we need to
show that

(8-4) 0(b) =€ (VE®D)), VbeSY,
with £* asin (1.13). Fix any b e SP. Tt is clear from their definitions that 8(b) < £*(VE(D)).
For any b' € SP, the convexity of ¢ on SP implies that for every X € [0,1],
AED) + (1 =X)E(D) = (N + (1= \)b).
Rearranging terms and sending A to zero, we obtain that

£(b) —€(b) > (V' - b) - VE(b),
and thus
b-VE(b) - £(b) > b VE(b) - (V).
Taking the supremum over b’ € SP, we get (b) > £*(VE(D)), and thus complete the
argument for (8.4).

Using (8.4), we have

[l ow)as= [ e @emonas> sw {(vew.p),. - [ e )as)

p'€Qoo

> (VEW) Pl [ @)= [ 0p(s)ds,
which implies
1 1
(55 Sy ow)as= s {{Tew).p), - [ e )as).

Applying this to (8.2), we get
— 1
timint Py (ta) > inf {00 +496() ~+{VE@).# ) 4t [ €6/ (5))ds)

> wa+ 6 -t [ 0p(s))ds,

which along with (8.3) yields the first equality in (8.1). The second equality can be
deduced similarly. O

Proof of Theorem 1.1. Fix any (t,q) € Ry x Qo. Applying (8.5) to (8.3) and comparing
it with (8.2), we get

o 1
lim Fi(tq) = s A {w(q +q") (" p') .+ tfo £(p'(8))d8}

= sup inf Jrq(q\p),
q'eq+ Qoo PE 9L

where the last equality follows from the definition of 7 4(¢’,p) in (1.7). Hence, we

have verified the first identity in (1.12). It is proved in [29, Theorem 4.6] that the

unique viscosity solution f to (1.8), defined in [29, Definition 4.2], admits the Hopf-Lax

representation under the assumption that ¢ is convex on S¥. The Hopf-Lax formula for f

evaluated at (t,q) has the same expression as the one on the first line of the above display.
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Since this identity holds at every (t,q), we conclude that limy_. Fy = f pointwise
everywhere on R, x Qo. O

In the above proof, to show that (FN) Ney COnverges to the solution f, we directly

match the variational formula for limy_.. Fn with the Hopf-Lax representation of f.
We mention another approach via the comparison principle for viscosity solutions. Let
p be as given in (8.3) and consider the function g : (¢',¢') » 2 (p). Using the
convexity of &, one can verify that g is a subsolution of (1.8). The comparison principle
(e.g. [29, Proposition 3.8 and Remark 4.7]) implies that g < f everywhere. This along
with (8.3) yields limsup Fn(t,q) < g(t,q) < f(t,q). Since (t,q) was arbitrary, we have
limsup Fy < f everywhere on R, x Q5. The matching lower bound is provided by [68,
Theorem 1.1]. This argument can be seen in [25] for D = 1.

In the corollary below, we verify the version of the Hopf-Lax formula appearing
in (1.14).

Corollary 8.2 (Alternative form of Hopf-Lax formula). If £ is convex on ST, then for
every t 20 and q € Q2, we have

Proof. We fix any (t,q) and denote the variational formula on the right-hand side of (8.6)
by RHS. Using (8.4) in (8.3), we get

limsup Fy(t,q) < RHS.
N—oo

To show the converse bound, we recall the definition of £* in (1.13) to see that, for every

q' € Qoo
o e (4 (s)
,,/ngpw{¥<q’p>ﬂ2_fo £(p (s))ds}gfo ¢ (T)ds'

Using this in (8.2), we get liminf y . Fn(t,¢) > RHS. This gives the announced identity
at (t,q). O

We can extract from Proposition 8.1 a result that takes a form that is more common
in the literature. For every m € Q. and x € SD, we set

P(m,x):=Elog /f exp (wvgoﬂ(a) T - %Vf om(1) 77" +x- TTT) dP;(o)dR(«)

+% fol 0 (VEom(s))ds.

This resembles the classic Parisi functional for the Sherrington—Kirkpatrick model.

(8.7)

Corollary 8.3 (Parisi formula for free energy with correction). If £ is convex on SP,
then

.1 N (oo’ ,
]\lfl_r)lgo NElog exp (HN(O') - 55 (T)) dPy (o) = ﬂleléfm P(7,0).

Proof. Recall the expression of Fy(t,q) from (5.2) and the random Hamiltonian Hy (o)
with covariance (1.1). Setting ¢ = % and g = 0, we get

T

-Fn (%,0) = %Elog/exp (HN(O') - gf((f;\yf

J)arveo)
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Recalling the definition of £ in (6.15), we have —,@%’O(p) = P(p,0) for every p € Qu,

where we also used ﬂw%q/ d w? for q' € Qo, which is clear from (4.4). Now, the
announced identity follows from (8.1) in Proposition 8.1 evaluated at ¢ = % and ¢=0. [

We can further remove the correction term —%5 (%) and get the following.

Pr0p051t10n 8.4 (Parisi formula). If ¢ is convex on SP, then

lim —Elo /exp (Hn(0))dPn (o) = sup Héf {Q(W,y)—%ﬁ*(Qy)}

N-ooo N yES D TE

1

= sup inf {9(7r,y)—y-z+—§(z)}.
2eSP yeSP | 1€Quo 2

Proof. The method is the same as in [69, Section 5] and [27, Section 5]. For N € N and

(t,z) e R, x ST, we consider

T

Fn(t,x) = %Elog/ exp (HN(U) - gg(%ﬂ) +tN§(JJ(\7[

It is shown in [27, Proposition 5.2] that the convexity of & over SP implies that the limit
of (FN)nNen in the local uniform topology is a viscosity solution f of Oif —&(V.f) =0 on
(0,00) x SP. The notion of viscosity solutions is defined in [27, Section 5]. Recall that
SP is the set of D-by-D positive definite matrices, which is the interior of SP. Since SZ,
is an open subset of S, we immediately have that f is a viscosity solution of

(8.8) Of-€(Vaf)=0 on (0,00) xS0,

We want to use variational formulas for the solution of (8.8) to conclude. For this, we
need to first identify the initial condition of f and verify more properties.

) +x- O'O'T) dPn (o).

Applying Corollary 8.3 with ¢ 7™ d Py (7) substituted for P; therein, we have, for every
zeSP,

(8.9) f(0,2) = ]\1/1_{20 Fn(0,2) = 71rr€1rf193(7r,zr:)

It is verified in [27, Lemma 5.1] that Fy is Lipschitz uniformly in N and convex, and
satisfies that Fyn(t,2) < Fn(t,2") whenever z > z’. Passing to the limit, we have that f
is Lipschitz and convex and that f(t,-) is increasing for every ¢ > 0. These properties
along with the well-posedness [27, Proposition 5.3] of (8.8) implies that f is the viscosity
solution of (8.8) with the above initial condition, which is unique in the class of Lipschitz
functions that are increasing for each fixed t.

Since £ is convex on Sf) and f(0,-) is also convex, we can represent f by the Hopf-Lax
formula and by the Hopf formula described in [27, Proposition 5.3]: for every ¢ > 0 and
xeSP,

flta) = sup {£(0.0+ ) - " (4)}

(8.10) yesP
= sup 1nf {f(0,y)+(z-y) -z+t&(2)}.
zeSP yes
Notice that, for every N € N,
1 1
Fx (5,0) - LElog [ exp(Hy(0))dPy (o).

Hence, setting t = % and = = 0in (8.10), inserting (8.9) to (8.10), and using the convergence
of Fn to f, we can obtain the announced identities. O
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Remark 8.5. In the spin glass literature, sometimes it is preferred to consider left-
continuous paths in II defined in (4.21) instead of the right-continuous ones in Q.. We
explained in Remark 4.9 that, for 7 € II, the Gaussian process w™ exists and satisfies all
the properties in Section 4. Hence, &(w,z) is defined in the same way as in (8.7) for
7 eIl and x € SP. By the L'-Lipschitzness of 1 in Corollary 5.2, the value of 2(r, x)
does not change if we replace m by its left-continuous version. Therefore infreo..
Corollary 8.3 and Proposition 8.4 can be replaced by inf . Due to the first equahty
in Proposition 8.1, we can further refine inf ¢y therein to inf e 30ex, r<o for K defined
n (6.33).

8.2. Differentiability of the Parisi formula. We show that the limit free energy is
differentiable. We use a similar argument as that for the so-called generic models, which
is presented, for instance, in [74, Section 3.7].

Proposition 8.6. Suppose that £ is convex on S , and let f be the limit of (FN)NGN as
identified in Proposition 8.1.

o For each t € Ry, the function f(t,-) is Gateauz differentiable everywhere on Qp n L.
o The function f is Gateaux differentiable everywhere on (0,00) x (Qp N L*).

Proof. We show the first property; the second one can be verified in an analogous way.
Fix any (t,q) € Ry x (Q4 n L®). We write f(¢') = f(t,¢') and 29 (n) := 2" (7). By
Proposition 8.1, we can write, for every ¢’ € Qs,

(8.11) Al]im Fat,d)=f(g)= sup 29(m).

ﬂEQﬁLZ’i
This identity at ¢ together with (8.3) implies that there is 7 € @ n Lg] such that
(8.12) () = 1(q).

Step 1. We show that f is differentiable at ¢ along nice directions. Let k€ C*°([0,1]; SPY
be such that £(0) = 0. Due to g € Q4, by the same argument in Step 1 of the proof of
Proposition 5.4, there are ¢,d > 0 such that ¢+ rx € Q4 .n L™ for all 7 € [-0,0] (we recall
that Q. is defined in (3.32)). By Proposition 5.3, we have that the function r — f(g+7k)
is semi-concave on [-d,0]. We want to show that this function is differentiable at r = 0.
For this, we need to introduce the notion of superdifferential (e.g. [24, Definition 3.1.1]).
For a function g: I - R defined on an open interval I ¢ R, the superdifferential of g at
r € I is the set of real numbers a satisfying

o 2 =9 =a(s=1) _
sor |s —r|

It is well-known (e.g. [24, Proposition 3.3.4 (c-d)], or [38, Theorem 2.13] for a variant with
convex functions) that for a semi-concave function g : I — R and r € I, the superdifferential
at r is not empty, and if it contains exactly one point a € R, then g is differentiable at r
with % g(r) =a. So we let a € R be any element of the superdifferential of the mapping
r— f(qg+rk) at r =0, and proceed to identify it uniquely. In the following, we denote
by C' a constant that depends only on (¢,q), ¢, and k, and may vary from instance to
instance. By Proposition 5.3, we have

(8.13) (1=N)f(q) +  f(qg+7E) - f(g+MrE) <CA1 - \)r?

uniformly in A € [0,1] and r. Dividing both sides by A, sending A to zero, and using the
definition of the superdifferential, we get

flg+rr) = f(q)—ar< cr?.
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Dividing both sides by r > 0 and using (8.11) and (8.12), we get
_ q+rK _ q
0> flg+rk) - f(q) s 2 (m) - 2(m)
r

r

Cr.

Repeating it for —r < 0, we have

L AD S | P - 2w |
T T

Recall the definition of 2% in (6.15). By the smoothness of £, that of v in Corollary 5.2,
and the L* bound on 7, there is C such that

PUTE () = PU7r) B i
r dr

) | <o

r=0

uniformly in 7 € [-§,]. Combining the above three displays, we obtain

iﬁzqw'ﬁ(ﬁ) -Cr<acx iC@q”’”(w) +Cr
dr dr

r=0

r=0
Now, sending r to zero, this identifies @ uniquely, and thus r — f(q + r«) is differentiable
at r=0.
Step 2. We want to identify the derivative of f at ¢. We use an argument similar to that
in the proof of Proposition 7.1. Let (IN;)ren, (2% )ken, and p. be given by Corollary 6.11.
=
We write F, = F
ke C([0,1];57),

+
Lk

N As in the proof of Proposition 7.1, we can compute, for every

d —= oo’
aFk(t’qurﬁ)‘r:o =E<H(a/\a’). N >Ni

ik

By Lemma 6.4, we also have that Fz converges pointwise to f. Similarly to Step 2
of the proof of Proposition 5.4, the semi-concavity (8.13) implies the convergence of
%FZ(t, q+ rn)‘rzo to %f(q + TK/)‘T':O' This convergence along with the above display and
Corollary 6.11 (1) implies, for every & € C([0,1]; SP),

d
(8.14) TFarrR)|  =E(m(RY?) pe (RE))g = (Rop2) e
Since C([0,1];SP) is dense in L?, we must have p, = p for some p € L.

Step 3. We are now ready to show that f is Gateaux differentiable at q. By Proposition 5.3
and (8.11), we have that f: Q — R is Lipschitz continuous. Therefore, by the first step
of the proof of Proposition 2.7, the function f admits a Lipschitz extension f: L? - R.
We show that f is Gateaux differentiable at ¢. Fix any ¢’ € Qo and let (£, )neny be a
sequence in C*([0,1]; SP) with x,(0) = 0 that converges to ¢’ in L. We have

flg+rd)-fl9) (v flg+7r60) = f(@)

r r

) ,>L2 < _<p7l€n>L2 +00|ﬁn_q/‘L27

where Cj := H?HLip +|plr2. By (8.14), sending r to zero and then n to infinity in the above

= (p,q') ;2. Hence, we can conclude that f is Gateaux

display, we get %T(q +rq")
r=
differentiable at ¢ and its derivative is equal to p.

Since admissible directions at ¢ € Qs for f includes Qs and Qs spans L?, we can deduce
from Definition 2.2 that f is Gateaux differentiable at ¢ with derivative p. This verifies
the first announced property. O
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8.3. Summary. In the convex case, we summarize our results below.

Corollary 8.7. Suppose that € is convex on SP. Then, the sequence (FN)NEN converges
pointwise to some limit f on Ry x Qq. At every (t,q) € (0,00) x (Q4 n L™), the function
f is Gateaux differentiable (jointly in its two variables) and satisfies

1
(8.15) oft.a)- [ €(0uf(t0)) =0.

For every t € [0,00), f(t,-) is Gateauz differentiable at every g € QynL* and the following

holds for p=0,f(t,q) and pn = 04F n(t,q):

(1) p, pny € QnLZ for every N € N and (py) nen converges to p in L7 for every r € [1, 00)
as N tends to infinity;

(2) f(t,q) = 2"(p) and p = O;0(q +tVE(p));

(3) pn(ana’) =E (% | A o/)N almost surely under E(-) 5 for every N, and the overlap

array (pN (o/ A o//))Z VeN: b2t under E(-) y converges in law to (p (o/ A o/,))g VeN: fat?

under E(-)p as N tends to infinity.

In part (2), 229 is given in (6.15). In part (3), the conditional expectation is taken
with respect to the measure E (-) \ for (-) 5 given in (5.4).

Proof of Corollary 8.7. The existence of f is given by Proposition 8.1. The differentiability
of f follows from Proposition 8.6. Proposition 7.2 yields (8.15). Part (1) is a consequence
of (5.6) in Proposition 5.1 and Proposition 5.4. Part (2) follows from Propositions 7.1
and 7.2. Lastly, part (3) is a consequence of Proposition 7.4 and (7.10) in its proof. [
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