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Abstract

We study two constrained problems in high dimensions. We study a high dimensional inequality for the binary
entropy. The perceptron is a natural model in high-dimensional probability, and a toy shallow neural network
which stores random patterns; we also study a randomized variant of the symmetric binary perceptron.

We first consider the (k + 1)-th derivative of 2*~"H(x"), where H(z) := —zlogz — (1 — x)log(l — x),0 <
x < 1 is the binary entropy and & > r > 1 are integers. Our motivation is the conjectural entropy inequality
apH(x*) > 21 H(x), where 0 < ay, < 1 is given by a functional equation. The k = 2 case was the key technical
tool driving recent breakthroughs on the union-closed sets conjecture, and the £ — oo case can be considered
the "high dimensional limit". We express %xk’rH (2") as a rational function, an infinite series, and a sum
over generalized Stirling numbers. This allows us to reduce the proof of the entropy inequality for real k to
showing that an associated polynomial has only two real roots in the interval (0,1). This reduction allows us to
easily verify the inequality for fixed k such as k = 2, 3,4 with a finite calculation, and also allows us to prove the
inequality for any fixed fractional exponent such as k = 3/2 via a finite calculation. The proof suggests a new
framework for proving tight inequalities for the sum of polynomials times the logarithms of polynomials, which
converts the inequality into a statement about the real roots of a simpler associated polynomial.

The symmetric binary perceptron (SBP) is a random constraint satisfaction problem (CSP) and a single-layer
neural network; it exhibits intriguing features, most notably a sharp phase transition regarding the existence
of its satisfying solutions. Secondly, we propose two novel generalizations of the SBP by incorporating random
labels. Our proposals admit a natural machine learning interpretation: any satisfying solution to the random
CSP is a minimizer of a certain empirical risk. We establish that the expected number of solutions for both
models undergoes a sharp phase transition and calculate the location of this transition, which corresponds to
the annealed capacity in statistical physics. We then establish, through the Berry-Esseen theorem, a universality
result: the location of this transition does not depend on the underlying distribution. We conjecture that both
models in fact exhibit an even stronger phase transition akin to the SBP and give rigorous evidence towards
this conjecture through the second moment method. Our final focus is on the algorithmic problem of efficiently
finding a satisfying solution to our models. We show that both models exhibit the multi Overlap Gap Property
(m-OGP), an intricate geometrical property of the solution space which is known to be a rigorous barrier against
large classes of algorithms. This gives rigorous evidence of a statistical-to-computational gap for both models.

We also show that the m-OGP satisfies a similar universality property.



1. INTRODUCTION

In recent years, high dimensional problems have become increasingly important in various fields such as statis-
tics, machine learning, and data science. We study two problems in high dimensional statistics: first, a tight "high
dimensional" entropy inequality with applications in statistics, information theory, and combinatorics. Secondly,

we study phase transitions in the solution space of the symmetric binary perceptron.

1.1. Entropy Inequality. The binary entropy is a classical information theoretic function which measures the
information content of a signal or random variable. The union-closed sets conjecture is a notorious open problem,
stating that any set family F C 2" which is union-closed (so that the union of two sets in F is also in the system)
contains a "popular" element of the ground set contained in at least a 1/2 fraction of the sets of F.

Though still open in general, Gilmer made a recent breakthrough stating that any union-closed set system
contains an element in at least an 0.01 fraction of the sets in F. The constant 0.01 was quickly improved to
3_—2‘/5 ~ 0.38197 [AHS22, [Saw22| [CT.22]. Using more sophisticated coupling arguments suggested by [Saw22],
this constant was improved again to ~ 0.38237, though the method suffers natural limitations [Yu22, [Cam22].
The survey [Cam23| summarizes recent progress, but new ideas will be needed to prove the full union-closed sets
conjecture.

The k = 2 case of the following inequality was conjectured by Gilmer, and was one of the key technical
tools underlying his breakthrough, while the £ — oo case can be considered the high dimensional limit. This case
was simultaneously proved using computer calculations by [AHS22] and symbolically by [Saw22]. Studying the
extension to approximate k-union closed set systems led to [Yus23| conjecturing inequality for integer k > 2
and proving it for k = 3,4. It later emerged that Boppana proved the k = 2 case several decades earlier [Bop85].
He recently republished a simplified proof [Bop23], which is the proof we build upon. The main contribution of
this work is to reduce the proof of the real £ > 1 case to a conjecture about the roots of an explicit polynomial,

which suggests a general framework to prove tight inequalities involving the sum of logarithms of polynomials.

Conjecture 1. Let £ > 1 be real and 0 < a, < 1 be the unique solution of

1
(1.1) M = 7
(1 + Ozk)k 1
n (0,1). Then
(1.2) apH((2") > 2" 'H(z), 0<x<1,

where H(z) := —xlogx — (1 — x)log(1 — ) is the binary entropy. We have equality at « = 0, ﬁ, 1.

Lemma shows that the functional equation (1.1)) has a unique solution satisfying 1/k < oy, < 1, and Lemma

shows that ay, = % + Oy (%) asymptotically for large k, which gives the high dimensional scaling limit.

The natural transformation for this problem is = = since we now study this inequality over y in (0, c0)

ﬁ to a root at y = ap. Writing z; = ﬁ, this
functional equation is equivalent to xj + x’,: = 1. The equation x + 2* = 1 corresponds to the characteristic

1
T+y»
instead of over z in (0,1), which maps the root at =

function of Fibonacci type recurrences like F,, = F},_1 + Fj,_x. This explains the appearance of the golden ratio
in the k = 2 case studied for the union closed sets conjecture, since = + 2 = 1 has roots closely connected to
the golden ratio. This also motivates studying xx, i in terms of generalized Fibonacci polynomials, related to
[Cig22].

We show that Conjecture [2] implies Conjecture This is a strong statement about polynomial roots, since

the following polynomial py ,(z) has degree k? 4+ kr — r, but we conjecture it to only have two roots in (0, 1).
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The following conjecture also allows us to rigorously prove Conjecture [I] for any rational exponent using a finite

calculation, such as for the new case k = 3/2.

Conjecture 2. Let k > r > 1 be integers. Define the entropy polynomial

(1.3) hir (2 mez v—|—1 (mijk) (ji)

v=0

and let oy, satisfy the functional equation (1.1). Then the polynomial
(1.4) Prr(x) = ak/rk(l — xr)khhk(x) —r(1- xk)khk,r(x)

has exactly two real roots in (0, 1), counting multiplicity.
Note that Lemma [25| states that oy, /,. > 1, so that the first polynomial is dominant.

Theorem 3. If Conjecture holds for a particular k > r pair, then inequality (1.2) holds for the exponent k/r.
If C’onjecture holds for all coprime k > r > 1, then inequality (1.2]) holds for all real k > 1.

For instance, a quick calculation shows that Conjecture [2 holds for & = 3,7 = 2. A natural approach is to
use a special case of Descartes’ rules of signs, which states that if a polynomial has two coefﬁcient sign changes,

then it has either 0 or 2 positive real roots. Numerically, under the change of variables x = the polynomial

1+ J
(1+ y)kz_’"_’“hk,r (ﬁ) always has two sign changes. The factor of (1 + y)kz_k’"_’“ ensures that the resulting
expression is a polynomial, while only introducing extra roots at y = —1. If this has at most two real roots for y

n (0,00), these correspond to at most two real roots of hg . (z) = hir ( n (0,1). However, the coefficients

1+y
in y become unwieldy double or triple sums, from which it is difficult to deduce the sign pattern.

Some example cases are

hii(z) =1, hoo(z) =1+ z2, hss(z) =1+ 72 + b, hya(z) =14+ 31z* + 3128 + 212

and
1 2 1
h4,1(x):lf%z+x271x3, h472(x):1+;;z:2 3% +6x6
27 . 1
has(z) =14+ ;xs + 625 — 19:9, hya(z) =1+ 312* + 312% 4 212

This motivates the study of the binomial sums

as =3 S () ()

v=0
for all values of the parameters k,r, j, which does not appear in the OEIS. For instance, using a variation of the
w5 (7" for all r,k > 1, which is

0 for r < k. An interesting and related open problem is computing a simple representation for hy, ,(x) under the

proof of Lemma (16| using finite difference operators, we can show that hy ,, =

change of variables  — 1 — z or 2" + 1 — 2", mirroring the symmetry of the binary entropy H(z) = H(1 — x).
Our key technical tool is several equivalent expansions for the (k + 1)-st derivative of z¥~"H(2"), which are
all functions of z". The first expansion expresses the derivative as a single infinite series, the second factors out a
single root at 0 and a root of multiplicity k£ at 1, which leaves the numerator as a polynomial. The last generalizes
and simplifies [Yus23, Lemma 3.5, Lemma 3.8| and rewrites the (k4 1)-st derivative in terms of a different rational

basis, with coefficients given by generalized Stirling numbers.
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Theorem 4. Let S(k,l|a, ,v) denote the generalized Stirling numbers of Hsu and Shiue, defined in Equation
(2.4). Let k > r > 1 be positive integers. For 0 < x < 1 we have

g\ Ft k4l 1
N d kfrH "= okl - -1
(1.6) <da:> a T TH(x") = —r ;( k )£+1x
rokl S (1) (ro+k k
1. BT SE AP S
k—1 ’I‘é*l
B 42 T
(1.8) __;€!S(k,€+1|1,7",k—7")7“ =zt

Corollary 5. The special case r = 1 satisfies

(1.9) (ddxyﬂ ) = & ;21)! (1 - (11:c)k) .

Corollary 6. The special case r = k has the following additional simplification in terms of s-binomial coefficients
defined in Definition (2.30), where w = e isa primitive k-th root of unity:

d O\t . ot Bl 1

(1.10) <d> HE) == L iy

7=0

kokl R (k)
1.11 - Mr ke
(1.11) a(l—ak)b = \lk/) _,

> (k+ki—1

1.12 =—k-k k=1
(1.12) k-k Zz_;}( 1 )x

The scaling rv in the inner binomial coefficients is what makes the analysis here difficult. One common
classical tool to deal with the rv scaling is the Rothe-Hagen identity [GKP94l, Table 202] and its generalizations,
for example due to Gould [Gou61]. However, the Rothe-Hagen identity contains binomials of the form (T'“jk),

where k,r are parameters and v is the summation index. The Lagrange inversion formula also yields series with

binomial coefficients (”’:k), such as the expression for 7 :ak from Lemma Instead, we require binomials of
the form (”’;‘ k). We could also compute a Fourier expansion by writing the sum over all v instead of rv, and

then inserting % Z;;é w7, where w is a primitive 7-th root of unity. However, this only provides a simplification
in the case k = r, where it is used in the proof of Corollary [6]

This inequality also has an information theoretic interpretation. Letting Xi,..., Xy ~ Bernoulli(x) be
Bernoulli distributed bits and A; := AJ_, X; denote the binary AND of the first j bits, we have H(z*) = H(Ay)
and H(Ap|Ax_1) = a2 1H(x) the conditional entropy of the k-th bit. This gives a strong data processing
inequality comparing the entropy of the AND of k bits to the entropy of the AND of k-th bit conditioned on the
AND of the previous k£ — 1 bits.

The proof suggests a more general framework for proving tight inequalities for logarithms of polynomials of

the form

fz) = Zpi(w) log(1 — ¢;(x)) =0,

where both p;(x) and ¢;(z) are polynomials in z. Such functions arise as free energies in problems in statistical
mechanics or in constraint satisfaction problems, such as in the study of graph k-coloring [COV13| Equation (8)]
or boolean k-SAT [MMZ06, Equation (3)]. First, we manually find the roots of f(x). Next, we pass to the (n+1)-
st derivative, where n is the maximum degree max;(degp;(x) + degg;(x)). Taking this number of derivatives leads

to a rational function. We then use classical methods to identify the number of roots of the (n + 1)-st derivative,
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which is a rational function and more tractable than the original logarithmic f(x). We then appeal to Rolle’s
theorem in the form that a function can have at most one more root than its derivative on a given interval. We
use Rolle’s theorem to pass from the (n + 1)-st derivative to the original function, which can have at most (n+1)
more roots than the (n + 1)-st derivative. If we are lucky, then in the first step we identified all roots of f(x).
Finally, we show that f(x) takes positive values between each root, which implies that it is positive everywhere.
The innovation over previous methods is that if we can control the multiplicities of the roots of f(x) and the
multiplicities of the roots of the (n + 1)-st derivative, which is now a polynomial, Rolle’s theorem allows us to

deduce the desired inequality.

1.2. Randomized Symmetric Binary Perceptron. We focus on the perceptron model, a natural model in
high-dimensional probability, and a toy shallow neural network which stores patterns [Win61, Wen62| [Cov65].
More concretely, given patterns X; € R", 1 <14 < M, storage corresponds to finding a vector o € R" of synaptic
weights such that (o, X;) > 0 for 1 < i < M. Our focus is on the binary case where o € ¥, 2 {—1,1}",
see [Gar88, [ST03, [Sto13l, [Tallll [AS20] for the spherical case where ||o||]a = 4/n. Statistical physics literature
provided a very detailed yet non-rigorous characterization of the storage capacity, i.e. the maximum number of
patterns one can store via a suitable o, see [GD88| [Gar88|, [KM89]. More general perceptron models considered
recently involve an activation function U : R — {0,1}. Here, an X; € R™ is stored with respect to U if
U({(o, X)) = 1. Our particular focus is on symmetric binary perceptron [APZ19] defined by U(z) = 1{|z| <
ky/n} (where U(z) = 1 iff |2| < ky/n and U(z) = 0 otherwise), see below. For even more general variants,
see [BNSX22] [NS23].

1.2.1. Symmetric Binary Perceptron (SBP). In this section, we mainly follow [GKPX22 [GKPX23|. Fix k > 0,
a >0, and let M = [na| € N. Generate i.i.d.random vectors X; ~ N(0,1,,), 1 <1i < M, where N(0,I,,) is the

centered multivariate normal distribution on R™ with identity covariance. Consider the random set
(1.13) Sa(k) £{o €S, (o, Xi)| <rVn,1<i < M}

Observe that S, (k) is indeed symmetric about the origin: o € ¥, iff —o € ¥,,. Proposed by Aubin, Perkins, and
Zdeborova [APZ19], the SBP is a symmetrized analogue of the much studied asymmetric binary perceptron (ABP),
where the constraints are instead of the form (o, X;) > kv/n, 1 < i < M. The rigorous study of the ABP is an
ongoing and difficult mathematical quest, see [KM89, [KR98, [Tal99) [DS19] [Xu21l [AT.S21a] for related work. On
the other hand, the SBP exhibits relevant structural properties conjectured for the ABP [BDVLZ20] (see below);
at the same time, it is more amenable to rigorous study.

Strikingly, the SBP exhibits a certain sharp phase transition, conjectured in [APZ19] and verified independently
by Perkins and Xu [PX21] and Abbe, Li, and Sly [ALS21b]. Let
(k) = —1/logy P[IN(0,1)| < &]. Then,
(1.14) lim PlSu(r) £ 0] = 4 1@ @elr)

nree 1, if o < ac(k)

The part o > (k) is established in [APZ19] through the first moment method: when a > a.(k), E|S, (k)| = o(1)
and therefore S, (k) = & w.h.p. by Markov’s inequality, where |S, (k)] is the cardinality of S, (x). The same paper
also considers a < (k) and shows that liminf, . P[Ss(k) # @] > 6 for some § € (0,1). This is based on the
second moment method; one requires more advanced tools for the high probability guarantee (i.e. for boosting
J to one), see [PX21], [ALS21b]. Furthermore, [SS23| [Alt22] showed that the aforementioned phase transition is
very sharp: the critical window around a.(x) where the probability increases quickly from o(1) to 1 — o(1) is

of constant width. So, the first moment method correctly predicts the phase transition point in SBP. This is in
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stark contrast with the ABP as the conjectured phase transition point [KMS89| differs substantially from the first
moment prediction, see [DS19].

Recalling that S, (k) is non-empty when « is below the critical a.(x) threshold, a natural goal is algorithmically
finding a o € S, (k). The best known polynomial-time algorithm for the SBP is due to Bansal and Spencer [BS20)]
from combinatorial discrepancy literature. See [ALS21al for a different algorithm and [GKPX23| Section 1.3] for
details on the connection between the SBP and combinatorial discrepancy. However, both of these algorithms
work at densities substantially below a.(x), highlighting a statistical-to-computational gap: for any k > 0, there
exists an aarc(k) < ac(x) such that finding a o € S, (k) is likely to be computationally intractable when
aarc(k) < a < aq(k). For small k, aarg (k) is of order £2, see [GKPX22] for details. Limits of efficient algorithms
were recently explored in [GKPX22 [GKPX23] and tight lower bounds against stable and online algorithms were
obtained. For a more elaborate discussion on the SBP, see [PX21l [ALS21al [ALS21b [GKPX22l IGKPX23| [K1222].

Notation. Given any p € [0, 1], Ber(p) denotes the Bernoulli distribution with parameter p. For any M € N,
[M] denotes the set {1,..., M}. For any proposition E, 1{E} € {0,1} denotes its indicator. Let %, = {—1,1}"
and for any 0,0’ € %,, denote their Hamming distance )., 1{o; # o)} by du(o,0’). Given a set S, |S|
denotes its cardinality. Given any x,y € R", denote their inner product Y, .., x;y; by (x,y). For any
(positive semidefinite) X, N(0,X) denotes the centered multivariate normal distribution with covariance 3
the cases ¥ = I, (the identity matrix in R") and ¥ = 02 (¢ € R*") are of particular relevance. For any
r > 0, log,.(-) and exp,.(-) respectively denote the logarithm and the exponential functions base r; we omit the
subscript when r = e. We often omit floor/ceiling operators for simplicity. We use the standard asymptotic
notation, e.g. ©(-), O(-),0(+),w(+), where the underlying asymptotics are often with respect to n — co. We reflect

asymptotics other than n — oo by a subscript, such as ©,(-), Q. ().

1.2.2. Models. In this section, we propose two novel generalizations of the SBP by incorporating random labels.

Definition 7. Fix x > 0, a > 0, p € [0,1], and set M = na € N. Let X; ~N(0,1,,), 1 <i < M be i.i.d. random
vectors and U(x) = 1{|z| < ky/n} be the activation.

e Let Y; ~ Ber(p), 1 <i< M beiid. Set
Sa(k,p) ={o €%, :Y; =U((0,X;)),Vi € [M]}.
e Draw a Z C {1,2,..., M} with |Z| = Mp uniformly at random and let V; = 1{i € Z}, 1 <i < M. Set

Sa(k,p) ={o €%, :Y; =U((o, X;)),Vi € [M]}.

Several remarks are in order. Note that the SBP is indeed a special case of the models arising in Definition
corresponding to the extreme case of p = 1. Furthermore, our model also captures the activation 1{|z| > ky/n}
by considering the labels Y/ = 1 —Y; instead (equivalently replacing p by 1 — p). This is dubbed the u-function
binary perceptron (UBP), see [APZ19| for details. We now highlight some fundamental differences between our
models and both the SBP and the UBP. Note that for the SBP (resp. UBP), the solution space gets larger (resp.
smaller) as k — oo and smaller (resp. larger) as k — 0. Importantly though, for p € (0, 1), the sets S, (x,p) and
S (k, p) shrink both as k — 0 as well as k — oo.

1.2.3. Dependence Structure of Labels. We next compare the two models. On the one hand, they are somewhat
similar: if Y; ~ Ber(p), 1 < i < M, are i.i.d., then [{i : Y; = 1}| = Mp+ O(vVM) w.h.p. due to concentration of
measure. On the other hand, the labels are not independent under the second model. Indeed, while P[i € Z] = p



for any ¢ € [M], we have that for any j # i,

PjeZlieI]= = <p="PljeI,
P
provided p < 1. In the next section, we show that breaking the independence in fact lowers the critical threshold.

We now provide two interpretations of our models.

1.2.4. Random CSP Interpretation. Both the SBP and its generalizations in Definition[7]can be viewed as a random
constraint satisfaction problem (CSP): each pair (X;,Y;) defines a random constraint ¥; = 1{|(o, X;)| < kv/n}
and any o € S,(k,p) is a satisfying solution to the induced CSP. Random CSPs have been thoroughly studied
through various angles, ranging from the existence of solutions to the solution space geometry and the limits of

polynomial-time algorithms, see e.g. [PX21] for pointers to relevant literature.

1.2.5. Machine Learning Interpretation. Given data consisting of feature/label pairs (X;,Y;) € R™ x {0,1}, 1 <
i < M, a canonical task in machine learning is to find a model f(-,0), o € § ‘accurately explaining’ these data,
where 6 is some domain. This often entails solving the empirical risk minimization (ERM) problem:

— - 1
glélgﬁ(a'), where L(o) = i Z (Y3 f(Xi,0)).

1<i<M

Here, £ : R? — R is a loss function. Note that when 0 = %, {(y;2) = 1{y # =} and f(X;,0) = U((o, X)),
Sa(k,p) is simply the set of interpolators:

Sa(k,p) ={o €%, : L(o) = 0}.

The case of random labels as we do here is important both from an optimization viewpoint and as a theoretical
toy model in statistics. Closely related to this is the negative spherical perceptron with random labels, where
|lo]]2 =1 and the constraints are of the form Y; (o, X;) > £ (note that since ||o||2 = 1, the right hand side scales
as k instead of ky/n). See Montanari et al. [MZZ21] for a thorough study of this model, including a rigorous

phase transition and the analysis of a certain linear program.

1.2.6. Annealed and Quenched Free Energies. We will later apply the first moment method to show that the
expected size of S, (k,p) (resp. §a(/~€,p)) undergoes a phase transition as « crosses an explicit threshold a.(k, p)

(resp. a.(k,p)). More precisely, we show that for S, (k, p),
i 02 E[|Sa () ]
im ——————=

(1.15) Jim - >0, Va< adk,p)
logE||S.(k,
(1.16) lim M <0, VYa> adk,p),

and analogously for §a(n, p). This result concerns the quantity n~* log]E[|Sa(/£,p)|] , which is known as the
annealed free energy in statistical physics literature, see e.g. [MMO09, BNSX22|. This should be contrasted with
the quenched free energy, n™'E[log |Sa(k,p)|| (which is upper bounded by the annealed free energy via Jensen’s
inequality). An ultimate goal towards which we give some rigorous evidence in Theorem [12|is to show that (a)
So(k,p) # @ with high probability (w.h.p.) if & < a.(k) and (b) So(k,p) = @ (w.h.p.) if @ > a.(k). Note that
when a > a.(k,p), yields S, (k,p) = @ (w.h.p.) via Markov’s inequality, see Theorems for details.
However for a < a.(k,p), does not necessarily imply S, (k,p) # @: it is possible that E[|S,(k,p)|] is
large, while |S,(k,p)| is in fact zero w.h.p. To establish S,(k,p) # @ for a < a.(k,p), it might help studying
the quenched free energy instead, e.g.if n=!log|S,(k,p)| concentrates around its mean. For the SBP this was
done in [PX21], see also [Tal00] for a related result regarding the ABP. For our models, this is left for future work.
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For more on the annealed and quenched energies, see [MMO09, [APZ19]. In light of the preceding discussion, the

quantities a.(k,p) and a.(k,p) are dubbed as the annealed capacity.
1.3. Main Results. Throughout this section, ¢(x) denotes P[|N(0,1)| < k], where A/(0,1) is a standard normal.

1.3.1. Annealed Capacity and a Universality Result. We begin by studying the annealed capacity. Our first main

result addresses the case of i.i.d. labels.
Theorem 8. Recall S, (k,p) from Definition @ and let

(1.17) ac(k,p) = —1/logy (pa(k) + (1 — p)(1 — q(K))).

Then

exp(—0(n)), if a > a.(k,p)

ep(O(m), i a < aclrp)
In particular, P[Sy(r,p) = @] > 1 — e~ if a > a.(k).

E[|Sa(x,p)|] =

Our proof is based on a simple application of the first moment method, see Section [3.1]
Our second main result addresses the case where the set {i : ¥; = 1} is drawn uniformly at random among all

subsets of cardinality | Mp].
Theorem 9. Recall S,(k,p) from Deﬁmtion@ and let

(1.18) ae(k,p) = —1/(plogy q(k) + (1 — p) logy (1 — q(k)).
Then,

exp(—0(n)), if a > a.(k,p)
ep(Om),  if a < alrp)
In particular, P[ga(/-i,p) =2]>1-e°" ifa>a.(s,p).

E[|Sa(x.p)[] =

Once again, the proof is based on the first moment method, see Section [3.2]

1.3.2. Universality. We next result establish a universality result: under mild assumptions, the quantities a.(k, p)

and a.(k,p) do not depend on the distribution of X;.

Theorem 10. Theorems[§[9 still hold if X; = (X;(j) : j € [n]) € R" consists of i.i.d. coordinates with E[X;(1)] =
0, E[X;(1)?] > 0 and E[|X;(1)]?] < <.

Our proof is based on Berry-Esseen Theorem (reproduced below as Theoremfor convenience), see Section
We note that several related universality results appeared in the literature. In particular, [GKPX22| establishes
the universality of a certain intricate geometrical property in the solution space of the SBP and |[GKL™22| estab-
lishes the universality of the training error for linear classification with random inputs. For a similar universality

guarantee regarding solution space geometry, see also Theorem [L5| below.

1.3.3. Comparison of Thresholds in Theorems @-@ Inspecting and , observe that Jensen’s inequality
and the concavity of the map z — log,z on (0,00) collectively yield a.(k,p) > @.(k,p). We found it quite
remarkable that breaking the independence lowers the critical threshold: the model with independent labels has
a higher annealed capacity. We are unaware of any prior work in the random CSP literature that investigates
whether and how the critical threshold changes with the dependence structure. We believe that this direction

merits further investigation.
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1.3.4. A Sharp Phase Transition Conjecture and a Rigorous Evidence. Recall that the prior works [PX21][ALS21D)|
establish a sharp phase transition ((1.14)) for the SBP, and show that the first moment method correctly predicts
the location of this transition. Further, Theorems collectively yield a phase transition for the first moment

itself. In light of these, we conjecture an analogous phase transition for the models we propose.

Conjecture 11. There exists a k* > 0 such that the following holds for every x < x*. The quantity P[Sa(ﬁ,p) #+
@] (resp. P[Sva(li,p) # &) undergoes a phase transition at value ac(k,p) (resp. dc(k,p)) as n — oo
0, if a> a.(k,
lim P[Su(k,p) # 2] = (r.p)

n—oo

1, if a < ac(k,p),

~ 0, if a> aq(k,
li_>m P[Sa(k,p) # 2] = (r.p)
n oo 1

, if a < ae(k,p).

For the UBP (corresponding to p = 0), [APZ19] shows that the moment method works only for k < k* ~ 0.817.
Remarkably, the value 0.817 corresponds to the onset of replica symmetry breaking, see [APZ19] for details. In
light of this, we anticipate Conjecture to be valid for small k, more concretely for k < k* = 0.817. The
behaviour of our models beyond k* is a very interesting open question.

Contingent on a certain assumption, we establish the following result which serves as a rigorous evidence

towards Conjecture

Theorem 12. For any k > 0, there exists a p. < 1 such that the following holds. Fiz any p € [p%,1] and any
a < ac(k,p). Then,
1i7{r_1)i£fP[§a(m,p) # @] > 0.
Moreover, for any k € (0,0.817), there exists a pi* > 0 such that the following holds. Fiz any p € [0, p:*] and
any o < a&c(k,p). Then,

lim inf P[S,, (k, p) # ] > 0.

n— oo

We highlight that our proof is contingent on an assumption regarding (the critical points of) a certain real
function, akin to [APZ19, Hypothesis 3|. See Section for details. Theorem [12| covers the cases when p is close
to 1 (corresponding to SBP) and close to 0 (corresponding to UBP). We prove Theorem |12 by adapting the second

moment argument of [APZ19] with a few extra steps.

1.3.5. Algorithmic Barriers and the Overlap Gap Property. Theoremsestablish the annealed capacities a.(k, p),
ac(k,p), and Theorem gives a rigorous evidence that ga(ff, p) # @ with positive probability when « < &.(x, p)
and p is close to zero/one. Equipped with these, a natural follow-up question is algorithmic: for which values of
a, kK, p, one can find a o € So(k,p) (or a o € §a(n,p)) in polynomial time? Our focus in this section is on the
tractability of this task.

As we mentioned earlier, the SBP exhibits a statistical-to-computational gap (SCG): for any « > 0, there exists
an aarnc(k) < ac(k), such that while solutions exist for & < a.(k), the best known polynomial-time search
algorithms work only when o < aapg(k). The SBP is one of many average-case models exhibiting a SCG.
While the NP-complexity theory is often not helpful for average-case models, an active line of research proposed
various frameworks for obtaining ‘rigorous evidence’ of hardness. We do not review these frameworks here,
and instead refer the reader to the excellent surveys [KWB22] [Gam21l, [GMZ22], as well as to the introductions
of [Kiz22 [Hua22l, [GKPX22, [GKPX23]. One such framework is based on the intricate geometry of the solution
space utilizing the insights gained from the study of spin glasses [Tall0].
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Background on Overlap Gap Property. Introduced by Gamarnik and Sudan [GS14,[GS17a], the Overlap Gap
Property (OGP) framework rigorously links the intricate geometry of the solution space to algorithmic hardness.
At a high level, the OGP asserts the absence of a certain cluster of solutions with pairwise distances prescribed
at a certain level. Whenever present, the OGP is a rigorous barrier against broad classes of algorithms exhibiting
stability, for many average-case models. The list of algorithms against which the OGP is a barrier includes
Langevin dynamics [GJW20, [HS21], low-depth Boolean circuits [GIJW2I], low-degree polynomials [GJW20l, [Wei20,
BH22|, approximate message passing algorithms [GJ21], general stable algorithms [GK21l [GKPX22|, and online
algorithms [GKPX23]. Various average-case models exhibiting the OGP include random graphs [GS14) [GS17a),
RV17, Wei20], random CSPs [GS17Db, [BH22|, spin glass models [GIJW20, [HS21l, [HS23|, (GJK23| [K1z23b|, random
number partitioning problem [GK21l Kiz23al], symmetric binary perceptron [GKPX22 [GKPX23|, discrepancy
minimization [GKPX23|, and graph alignment problem [DGH23|.

1.3.6. Symmetric m-OGP. Of particular interest to us is a symmetric version of the multi-OGP (m-OGP) in-
troduced in [GSI7h]. This version of the m-OGP asserts that for a suitable m € N and 8 € (0,1), there exists
(w.h.p. over the randomness of model) no m-tuple o1,...,0, € X, of nearly equidistant solutions with pair-
wise distances around n% By establishing and leveraging this property, Gamarnik, Kizildag, Perkins, and
Xu |[GKPX22| showed that in the regime x — 0, stable algorithms fail to find a solution for the SBP when
a = Q. (k%log é) Moreover, the same authors devised a novel variant of this barrier and obtained, using this
novel barrier, that online algorithms fail to find a solution for the SBP when o = Q,,(x?) [GKPX23]. In light of the
fact that the best known polynomial-time algorithm for the SBP is online and it works for a = O, (x?) [BS20], the
former guarantee is tight modulo the log % factor and the latter guarantee is tight up to absolute constants. For
further details, see [GKPX22l [GKPX23|. Below, we show that our models also exhibit this version of symmetric
m-OGP. (It is worth mentioning though that we do not have any positive algorithmic guarantees for the models

we propose. Finding efficient algorithms is among the open problems discussed in Section |1.4])

OGP in Symmetric Perceptron with Random Labels. In this section, we establish that both S, (k,p)
and §a(/-£, p) introduced in Definition |7| exhibit symmetric m-OGP. We first formalize the set of m-tuples under

investigation.

Definition 13. Fix m e N, 0<n < <1,p€[0,1], k > 0, and o < a(k,p). Let F(B,n,m,a, k,p) be the set

of all m-tuples (o1,...,0.,) satisfying the following.

e (Satisfiability) For any 1 < i <m, o; € S4(k,p).
e (Overlap Constraint) For any 1 <i < j <m,n ! {(o;,0;) € [8—n,8].

Similarly, for a < a.(k,p), let f(ﬁ, 7,m, «, k,p) be the set of all such m-tuples with o; € ga(li,p) instead.

Definition regards m-tuples of solutions with a pairwise overlap constraint. In what follows, one can
think of g > n. That is, any (o1,...,0m,) € F(B,n,m,a,k,p) (or (1,...,0,) € f(ﬂ,n,m7a,m,p)) is a
nearly equidistant m-tuple of satisfying solutions with pairwise Hamming distances around n% The m-OGP
mentioned above simply asserts that
F(Byn,m,a,k,p) =& (or .}N'(B,n, m, a, k,p) = &) for a suitable choice of parameters.

Equipped with Definition we now present our next main result.

Theorem 14. For any p € (0,1] and k > 0, let

10 1
aogp(k,p) = k2 log, —.
D K
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There exists a ko > 0 such that the following holds. For any k < ko and a > aogp(k,p), there exists an m € N
and 0 < n < B <1 such that

P[F(8,n,m,a,k,p) = 2] <2790 and P[F(B,n,m,a,rp) =] <2790,

The proof of Theorem [I4] is based on the first moment method, the m-OGP result for the SBP established
in [GKPX22 Theorem 2.4], and a careful conditioning argument. See Section for details.

Theorem |14] asserts that for every small enough £ > 0 and any p € (0,1], both S, (k,p) and §a(/<;,p) exhibit
symmetric m-OGP when a = pr,{(%nz log %) Observe that for any fixed p € (0, 1], aocp(k,p) = 0k (ac(ﬁ;,p))
and aogp(k,p) = 0k (&C(n,p)) as k — 0. That is, the onset of the m-OGP is asymptotically below the critical
threshold per , . In light of prior discussion, this gives a strong evidence of algorithmic hardness for the
regimes %Ii2 log% < a < aq(k,p) and %Ii2 log% < a < a¢(k,p). That is, while the solutions exist with positive
probability in these regimes, polynomial-time search algorithms likely fail. In particular, one can rigorously show
that sufficiently stable algorithm fail to find a o € Sy (k,p) or a & € Su(k, p) for a = Qpﬁ(%nz log +). This can
be done by adapting the techniques of [GKPX22l Theorem 3.2] verbatim. For this reason and for keeping our

exposition clean, we do not pursue this improvement herein.
1.3.7. Unaversality for the OGP. Our last result is a universality property for the m-OGP.

Theorem 15. Let D be a distribution on R such that
ETND[T] = 0, ]ETND[TQ] > 0, and ETNDHT‘S] < Q.
Suppose that X; € R", 1 <i < M are i.i.d. with entries drawn from D. Then, Theorem [I7) still remains valid.

Theorem [15] shows that our proposed models still exhibit the m-OGP under mild distributional assumptions.
The proof of Theorem is quite similar to that of [GKPX22l Theorem 5.2]. In particular, it is based on the

multi-dimensional version of the Berry-Esseen theorem. See Section for an outline of the proof.

1.4. Conclusion and Open Problems. In this paper, we proposed two novel generalizations of the SBP that
involve random labels. Our models form a natural link between the SBP and machine learning: any satisfying
solution is a minimizer of a certain empirical risk. We then calculated the critical capacity for both models, showed
a certain universality property for the critical capacity, and established, through the second moment method, that
solutions exist with positive probability below the critical capacity. We lastly showed that our models exhibit an
intricate geometrical property known as the Overlap Gap Property (OGP), and that the onset of the OGP is well
below the critical capacity. The OGP is a rigorous barrier for large classes of search algorithms, and that it also
enjoys a universality property.

We now provide an extensive list of open problems.

1.4.1. Sharp Phase Transition. In light of earlier discussion, we conjecture that both models exhibit a sharp phase
transition (Conjecture [L1)). It is plausible that Conjecture [L1] can be resolved by employing an argument similar
to [PX21l [ALS21b]; we leave this as an open problem.

1.4.2. Interplay between the Critical Threshold and Dependence Structure. Recall that a.(k,p) > a.(k,p) for any
k>0 and p € [0,1]. The interplay between the critical threshold and the dependence structure in the context of
other random CSPs or neural network models (such as the Hopfield model) is an interesting question for future
work.

lInformaHy, an algorithm is stable if a small perturbation of its input changes its output only by a small amount. For a formal
definition, see [GKPX22] Definition 3.1]
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1.4.3. Other Perceptron Models. It would be very interesting to extend our results to the spherical case (||o]|2 = 1).
We believe that the arguments of [MZZ21] may transfer. Similarly, it would be interesting to consider different

activations U(z) and more general perceptron models [BNSX22| [NS23|.

1.4.4. Algorithms. While [BS20] and [ALS21a] devise efficient algorithms for finding solutions of the SBP and
the UBP at sufficiently low densities, it is not clear whether they apply to our models. Let Z = {i : ¥; = 1},
M € RIEX™ with rows X; € R”, i € Z, and M € RM-IZDx" with rows X; € R™, i € [M]\ Z. Note that
when 0 < p < 1 holds strictly, both Z and Z¢ are w.h.p. non-empty. Observe that finding a o € S, (k,p) (or a
o € S.(k,p)) amounts to finding a o such that both |[Me s < ky/n and min; | (Mo),| > ky/n hold. To that
end, one can potentially run (a) the discrepancy minimization algorithm to find a o1 € %,, with |[Mo || < K/
and (b) the algorithm of Abbe, Li, and Sly [ALS21a] to find a 5 € £, with min;|(Me) | > ky/n. It is, however,
unclear if these algorithms return the same solution (i.e. o7 = 03) even at very low densities. Assuming that
solutions do exist for densities below the critical threshold, it is a very interesting open question to find efficient

algorithms finding these solutions at certain densities.

1.4.5. Solution Space Geometry. A large body of literature on random CSPs is devoted to the study of their
solution space geometry [PX21]. Intricate geometrical properties of their solution spaces are linked to the failure
of algorithms, see [ART06], [ACO08, [PX21l [GKPX22| [GKPX23| for a discussion. [GKPX22] studied the solution
space geometry of the SBP and established the presence of the multi Overlap Gap Property (m-OGP) in order
to obtain nearly tight lower bounds against the class of stable algorithms. More recently, the same authors
established in [GKPX23| a different intricate geometrical property and leveraged it to obtain tight hardness
guarantees against online algorithms. The class of online algorithms captures, in particular, the best known
algorithm for the SBP [BS20]. In Theorem we established that for small enough x, both models we propose
exhibit the m-OGP. It would be very interesting to extend this result to moderate values of k, as well as to the
case k — oo. We anticipate that the fact that S, (k,p) (and §a(/€,p)) shrinks as k — oo may simplify the analysis

in the latter case.
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2. ENTROPY INEQUALITY

In Section [2.1] we introduce the generalized Stirling numbers of Hsu and Shiue, and demonstrate a connection
to generalized Bernoulli and Eulerian numbers. In Section we evaluate hj . ; in certain regimes of k,r,j.
In Section we prove the entropy expansions of Theorem [4 In Section we simplify the special cases of
Corollaries 5] and [6] In Section 2.5 we prove Theorem 3 an equivalence between our main entropy inequality and
counting real roots of h () in (0,1). This allows us to verify the inequality for small k, and prove new cases

such as k = 3/2 via a finite calculation. Finally, in Section we study the scaling constant ay.

2.1. Definitions. The ubiquitous Stirling numbers of the second kind are defined as the solutions to the
recurrence [GKP94l Equation (6.3)] and have the closed form [GKP94, Equation (6.19)]:

(2.1) S(n+1,0) =8S(n,t—1)+£S(n,0),

(2.2) 0S(n, 0) = i ( ) o

Define the scaled Pochhammer symbol (z|a), := z(z —«) -+ (z — (n — 1)a),n > 1. Hsu and Shiue [HSS8S|
introduced generalized Stirling numbers using these scaled Pochhammer symbols. Let a,3,7 € R. Define

generalized Stirling numbers S(n, {|a, 8,7) via the change of basis relation
(2.3) (zla)n = Z S(n, flav, B,7)(z = 718)n

and initial conditions S(0,0|a, 8,7) = 1, S(n,0la, B,7) = (¥]|a)n.
Many properties of these, discovered by subsequent researchers, are surveyed in the book [MS16]. We will

require the following recurrence and closed form [MS16, Theorem (4.51), Theorem (4.52)]:

(2.4) S(n+1,0|a,8,v) = S(n,—1la, B,7) + (458 — na+ ) S(n, |, B,7),

B‘f Zi:o <> B+ vla)n.

In the remainder of this chapter, we often take o = 1 in the definition of the generalized Stirling numbers, which

(2.5) S(n, o, B,y

gives
¢

(2.6) A8, 41,8,7)8" = 3 (~1)'" (i) nl (5“; 7).

v=0

We also require the Dobinski type formula [HS88, Equation (27)] which factors e® out of the series:

o~ xt (rl+s N
(2.7) ZE'( n ) = HZS(n,E\l,r,s Yrfetazt.
£=0 £=0

Note that by comparing recurrences and initial conditions, we can show that

C(k’t7j) = S(t’j|1’ k70)7

LI
(k—=1)!
where C'(k,t,j) are the rational coefficients introduced by Yuster [Yus23| in his work on the k-union closed sets
conjecture, which considers the r = 1,k cases of our result. Furthermore, the C(k,t,j) coefficients have been
studied before and are exactly the generalized factorial coefficients of [Cha02, Definition 8.2], since they satisfy

the same recurrence and initial conditions.
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2.1.1. Classical analogy. Comparing the two closed form expressions for Stirling numbers (2.2)) and (2.6) shows
that, up to normalization by 3, we replace the term v™ with

+
(P ET) = ooty 1) @0+ 0t )
If we further specialize v = 0, we can take the limit

l
(2.8) im S ALAOS _

. 1, L 1 ot Bv
o SIS (a2
1< ¢
(2.9) = > (=1t <v> "
S u=0

(2.10) = S(n,?0).

The Eulerian numbers A, j have the closed form [GKP94, Equation (6.38)]

4
(2.11) Ape =) (-1 (’;:) (v+1)"

v=0

We introduce the companion sequence of generalized Eulerian numbers

(2.12) AT _”'Z 1)t U(?Hi) <(v+2)r+s>.

By a similar argument to the Stirling case we see that
(7" 0)

—Anf

lim
r—oo M

Note that if v # 0 or s # 0 we do not reduce to standard Eulerian and Stirling numbers in the large 3 limit.

There are many classical relations linking Stirling numbers, sum of powers, Eulerian numbers, and Bernoulli
numbers. One of the key identities linking moments, Stirling numbers, and Eulerian numbers [GKP94, Equation
(7.46)] is

d\" ny 27
213) () T = X = L5t ) e = e 3 A

7=0 7=0

Combining Lemma [2.24] with some further calculations gives a generalization of this transformation involving the

parameters r, s:
S\, . Y (1)
! = ! J =
(2.14) n! Zil < n >Z = ;OJ-S(”,J“JJ)T (1— 2yt~ (1—z)ntt ZA

The existence of this transformation is what leads to the definition of AX’]-S). These definitions of generalized

Stirling and Eulerian numbers suggest an analog of the classical calculus where we systematically replace powers
v? with the scaled Pochhammer t'( ') = (Bv)(Bv—1)---(Bv —t+1). This introduces the free parameter 3, and
we can recover all of the classical sequences by normalizing and taking the § — oo limit.

Beginning with the closed form for Bernoulli numbers [DLMFE| Equation (24.6.9)]

(2.15) ii ( ) ,

£=0 v=0
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we then define generalized Bernoulli numbers by the closed form

(2.16) B '_"'ZZ £+1(>(m:8)'

£=0 v=0
We leave it as an open question to explore the links between these generalizations of Bernoulli, Eulerian, and

Stirling numbers.

2.2. Finite differences. Recall that we defined the key binomial sum (|1.5)

J i
o (=1)=" (rv+k k
hk’m'_z v+1 k j—uv)’

v=0
We will need to understand hy . ; in more detail, in particular its vanishing for 7 > k > r > 1. Using finite

difference operators, we can provide an expression for hy , ; which sums over k — j terms instead of j terms. This
r_1
(+)

and (—1)khk,r}k,2 = (=1)r+! (l,i) + (k—er)_ Note the appearance of binomial coefficients with a negative upper

gives explicit expressions for the leading coefficients of hy (), since for example we have hy ,r—1 = (—1)

index.

Lemma 16. Consider integer k > r > 1. If j > k, then hy 5 =0. If 1 < j <k, then

k—

. ] 1)3*tv [k k—rv
2.17 hg i = (—1)tr+1 J“ .
(2.17) kg = (—1) + D it i

T' v

Proof. Define the polynomial ¢(z) = —— (m+k

poar ol G ) For » < k the numerator contains the factor rz +r which cancels
with # + 1 in the denominator, so that g(x) is a polynomial of degree < k — 1. We apply the finite difference
operator A defined by Ag(x) := g(x + 1) — ¢(x), which lowers the degree of a polynomial ¢(x) by 1. Therefore,
we have the key identity

(2.18) Mgla) = 31 (ﬁ)q@c . (’“) o ( e ’“) ~0,

v=0 v=0
which is 0 because we have lowered the degree of a degree k — 1 polynomial k times.
Consider the case j > k > r > 1. We rewrite the definition of Ay, ; as

J i
(=1)" (rv+k k

hiri = —_—
krg Z v+ 1 k j—v

v=0
-2 S (L)
SR
_;}j_(kl—i)—kvil<rv+k+kr(j—k)> <5>

We first truncated the sum from v = j — k > 0 to v = k since (j k v) vanishes outside this range. We then shifted
k). Comparing against Equation (2.18]), we see that this is

the v sum by j — k£ and used the symmetry (k v) = (U
exactly Akq(x)u:j_k = 0, since setting x = j — k > 0 does not lead to any singular terms.
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Now consider the case k > r > 1 and k > j > 1. Consider the limit & — —j in Equation (2.18]), so that the

only singular term is at v = j — 1, where we have

lim (—1)F9-1 -k 1' re+rj+k—r _ (1)t .k liml re+k—rp
T——j i—1)xz+4+7 k j—1) a5z A

(re+k—r)ra+k—r—1)--(rea—r+1)
j—l k'z%o rT

k r r—1
- )k )l (1)

k j—1

k 7j—1

k —j—r

()

The rx terms in the numerator and denominator cancelled, so that substituting x = 0 was well-defined. Hence
the finite difference result (2.18]) reduces to

-t - S 0y ) 5

r v=j
k) j—2 b .
iy (-_ 1) E\ (rv—rj+k
2.1 = (-1 Ry, -~ .
(219 A ’”*Zv—wl()( )
Here, we rewrote hy 1 —; as
k—j k—j—v
o (=1)F7 rv+k k
hk’T’k_]'_vZ:O v+1 k k—j—w
_zk:( vV frv—rj+k k
vjv—j—l—l k k—wv

i( Dk fro —rj+ K\ (k
N v—j+1 k v)’
where we shifted the v summation by j, reversed the order of summation, and used the symmetry (kfv) = (5)
f (—1)k—v <k> (rv — i+ k:) B ff (—1)k+i—v < k ) (—rv - 2r+/<:>
—uv—j+1\v k = —(v+1l) \j—v-—2 k
J 1)kti—vtl k k—rv
-SG5
where we reversed the order of summation and then shifted the summation over v by 2. Finally, reversing j — k—j
in Equation (2.19) and noting (k_l;_v) = (jfv) completes the proof. a

We also have

2.3. Entropy derivative closed forms. This subsection proves the closed forms for iterated entropy derivatives
from Theorem [l We begin with a fundamental infinite series expansion for the binary entropy. The key is that

we consider ¥ logx as an analytic function around 0, which we do not series expand, while we series expand
log(1 — z*).

Lemma 17. For integer k > 1 and real 0 < x < 1 we have the expansion
% k(4+1)

e+1)

(2.20) H(z") = —2Floga® — (1 — 2%)log(1 — 2¥) = —kaFlogz + 2* —
=1
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Proof. Recall —log(1 —x) =>,2; %. Consider the series

/2 1 er+1<2£11>
e R N +
=r) 727
(=1 =2

xzlog(l — z) 4+ (x + log(1 — z))
=z+ (1—x)log(l— x).
Mapping = + x¥ and substituting into the definition of H(z*) = —2*logz* — (1 — 2¥)log(1 — 2*) finishes the

proof.

Note that at = 0 this approaches H(0) = 0 and at = 1 we can telescope

f: LIS o VS S I
Z:1£(€+1)_ ¢ 0+1) 7

{=1

so that the series converges for 0 < z < 1. O
We now differentiate termwise to obtain an expression for the (k + 1)-st derivative.
Lemma 18. For integer k > r > 1 and real 0 < x < 1 we have

d\"t! . (k+rf\ 1
221 _ k—r ' — _ . | - 7"[—1.
(2.21) (dx) " "H(z") rkZ( i >£+1m

=0
Proof. We begin with Lemma [I7]in the form

L L 0 k+r£
2.22 2" TH(2") = —ralogx + 2*
(222) (@) seat =3
Note that
d\ |
- 1 -
(dx) z" logx
and .
i k+ré _ (k+r£)' rl—1
dx (re —1)! ’
so that after differentiating (k + 1) times termwise we have
d\ " > (k + ro)!
2.9 v k TH Tﬁ—l.
(223) (dx) (2 ; - DI+ 1)
Rewrite the factorials as
(k+re)! ek (k+re)! ok kE+re\ 1
(re—DYOE+1) T =DEEOE+1) T T\ Je+1

and then recognize _TTH as the £ = 0 term of the sum. The key observation is that the factorial ratio cancels

nontrivially. Finally, the sum in Equation (2.23)) becomes

d\* ! e k+re\ 1
_ r — | ré—1
<da:> H(z r-k! Z< ) 1x

and we are done. O

To show that the (k + 1)-st derivative is a rational function in x, we consider the product with (1 — 2")* and

show that this is a polynomial, which is not obvious.
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Lemma 19. For integer k > 1 and real 0 < x < 1 we have
k+1
d & : )Y (ro+k k
il T H(x" 7] .
(i) e - T s SO () ()

Proof. For 0 < x < 1, where the entropy series converges, reindex the product

00 k [}
. k+rt\ 1, RN = (ke 1,
(l_x)kz< k )uﬁgzz(_l) (m)x Z( k )uf”[Z
£=0 m=

=0 =0
3y ED (k +rv> ( k )
N = — vt 1 k Jj—v

o0
o
= E " P
7=0

where we recall the definition of hy ;. ; in Equation (1.5). Now Lemma says that for K > r > 1 and j > k, we

have hy; = 0. Therefore this sum is actually a polynomial, and

0o k—1
k+rt\ 1 ., 1 rj ‘
D e e D D

£=0

Comparing with Lemma [I§ completes the proof. O

Lemma 20. Let r,n > 1 be integers and r < s <n+r — 1 an integer. For complex w with ¥(w) < 1 we have

[T+ s 1 — , wrtt
(2.24) > _w ( ) = 72 (L7 ) Gyt
{=0 =
and
w45 ’ w1t
_ | _ +1_ =
(2.25) Zz+1( > Zesne+1|1rs e e

£=0 T =0

Proof. We begin with the Dobinski-type formula of Equation (2.7)):

o0 Y4 n
(2.26) Z % (MZ s> = % Z S(n, 1,7, s)rfe"zt.
’ T =0

£=0

We will take Laplace transforms of both sides. Note that the Laplace transform with f(w) > 1 acts on monomials

* wx, b 4
e "rtde = ——
0 wttt’

Oo—wwxéd 0
A (& e xr x—m

as

so that

Laplace transforming both sides gives

1 [(rl+s 1 & e
(2.27) ZW( . )mZS(n,m,r,s)r@/O CER
(=0 =0
1 , 0
(228) = H;S(n,ﬂl,r, 8)7" m
=0



21

with ®(w) > 1. Now mapping w — 1/w gives

£+1

w£+1r€+s _ln| 1 ; w
Zw ( " )—nlgf.S(n,ﬂ Ty S)T A= wyit

£=0
with ®(w) < 1. Dividing by w, mapping w — w", and dividing by w again gives the first result.

For the second result with the Z—Tl factor, we again begin with

=2t (rl+s 1 & N
Zf'( " >—'Z (n, €)1, 7, s)rte®zt,
=0 =0

separate out the £ = 0 terms on both sides, shift £ by 1, and divide through by x:

oSy 1 n
()5 a3 v
=1 "

and L
1/s = 2t rl+r+s 1 e’ - AL ool
m(n)+zz_;(€—&-1)!< N >—n!S(n,O|1,r,s) ZZ%STLE—FIHTS)

Note that the Laplace transform of 1/x does not exist, so we need both of the initial terms to drop. When
0 < s < n is an integer, the binomial coefficient evaluates to 0 and S(n,0]|1,7r,5) = s(s—1)---(s—n+1) =0.
Now Laplace transform both sides with R(w) > 1:

[e'e] n—1
rl+r+s\ 1 041 2!
2 e+1we+1< n )—mZS(”’“”“"S)’" e

£=0 £=0

Map w +— 1/w, so R(w) < 1, divide by w, and map s — s —r so that r < s <n+7:

(2 29) Wt rl+ s —iSS(TL £+1|1 - 8—7“)7““_16'107[
. Zl+1\ n ol & ’ Y (1 —w)t
Map w — w" and divide by w:
—wl (rl+ s 1< e W
S () s
—0 =0
to finish. =

An alternate proof of Lemma proceeds by starting with Equation (2.25]), clearing denominators by (1 —

w”)" ! using the binomial theorem on (1 — w")"~*, and inserting the closed form expression for generalized
Stirling numbers from Equation (2.6)). Then we can switch the order of summation in the triple sum and evaluate
the innermost sum using a classical binomial identity to get back down to a double sum.

Combining all of these lemmas proves Theorem giving closed forms for the (k+1)-st derivative of z¥~" H (z").

2.4. Special cases. We will simplify the cases » = 1,k which Yuster originally studied in [Yus23|. This will

prove Corollaries The following sequence, which has been studied many times, makes an appearance.

Definition 21. Define the s-binomial coefficients through the generating function

ks k
AN 2 s\k _ 1 -zt
(2.30) Z(£>s$ =Q+z+2®+ - +2°) ( — )

£=0



22

A 1731 result of de Moivre [dM31] gives the closed form

s (5)8_1 . %(_1)“ <i> <£v]:_+1k 1>’

v=0
where the restriction v < [£/s] comes from setting £ — s +k — 1 > k — 1 so that the second binomial coefficient
is positive.
We repeat the statement of Corollary @ Equation (2.34) proves an observation of Yuster that the coefficients

are given by OEIS sequence A108267, which is (;ﬁ)kil.
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Corollary 22. Consider real 0 < x < 1 and w = e

coefficients defined in Definition (2.30)),

a primitive k-th root of unity. In terms of s-binomial

d\"! Xkt kl—1
2.32 — H(z") = —k - k! k-1
(2.32) () e ;( )

a1
2. _ N
( 33) = (1_wjx)k
k—1
k- k! k

2.34 =" ke
(2:34) a(l —ak)* =0 (Uf)klx

Proof. Specializing Theorem [4| to » = k£ and noting the binomial coefficient identity

k+ké\ 1 k+kl(k+kt—-1\ 1  [(k+ki-—1
k )Je+1 &k k-1 Je+1 \ k-1
proves Equation (2.32)). Now let w = €>™/F be a primitive k-th root of unity and write

a\* o kbl SX (k4 k= 1\
(@) eSS ()

£=0
By s -1
_ kK Z(k” )xfwzo (mod )]
T Y4
£=0
0o k—1
RS (k-1 i
=B (T e
£=0 7=0

We divided by k since the inner sum along roots of unity is zero unless £ = 0 (mod k), in which case it is k. Now,
we use the generalized binomial theorem to deduce Equation ([2.33))

oo k—1
F+0—1\, , o, K 1
Z( )‘”) T LT wr

k—1 k—1

koS ,(k+l-1 je_ k!
‘ml_(f( )=t

j3=0 j=0 ¢=0 =0
Now note that if F(z) = > 07 an2", we have Y >°  ag,2"" = ¢ Z F(wiz), where w is a primitive k-th
k
root of unity. Then by setting F(x) = (lf_zx ) to be the generating function of (]Z) 4_1: We have
k — k k—1
k 1 uﬂx k (1 — zk)F

2.35 ot = = = ,
259 > (), =iz () =T

=0 =0 j=0

which proves Equation (2.34). Note that this essentially computed the Fourier expansion of the (k — 1)-binomial

generating function. O
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Corollary 23. We have

(2.36) <;i)k+1 e* 1 H(x) = (k ;21)! (1 — (11:1:)’“) :

Proof. Consider Equation ([1.6)) with » = 1, so that

k+1
(j) U H (2 klz(kzg> ! Vs C
i

Now use the generalized binomial theorem to show

> ()i () s () m )

=0

and we are done. 0

2.5. Real rootedness reduction. We finally show that our main real rootedness conjecture inequality (1.2)) for

real exponents.
Theorem 24. The real rootedness Conjecture[q implies the entropy inequality of Congjecture ]| for all real k > 1.

Proof. Our proof follows the framework of [Yus23|, but with the extra parameter r. The flexibility given by
the extra r parameter is crucial to proving the reduction for real exponents, as opposed to integer exponents.
Consider the function
fror(z) = aH () — ¥ " H (2",
where « := ay,, satisfies the function equation with parameter k/r, which is equivalent to
1
(14 a)k—r"

We omit the subscript in ay,/, for clarity. Our goal is to compute all roots of fi (x) in [0, 1].

(2.37) o =

We have a trivial root at z = 1 since H(1) = 0.
We have a double root at W since we can calculate that fj, , (m) = fl/w* (W) = 0. Using the

symmetry H(z) = H(1 — z) and the functional equation for «, we have

Thr <<1+1a)1/> - ((1 +1a)k/’“> e +a1)’“/HH <1ia>

#(s)

We now compute the derivative

1 - 1—a* - 1—2" -
(2.38) defk r(x) = aka" log < e > — k2" log < e > + (k—7r)log(1—2a").
Using the functional equation for « several times, at = = W we have
1—a" 1—a* 1 1
1—:ET:1j-[ , rx =a, Tx:(l—ka)k/r—l: R
e x x @ o

Now note that

« « a " « 1
k—r)l =kl — ] =1 — | =kl —1 =kl .
( r) Og<1+a) Og<1+a) Og(lJroz) Og1+a 08 (1+a)’C 08«
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Substituting this into the derivative (2.38]) gives

1 « 1 k «
=k log — — 1 k—r)l
((1—|—OZ)1/T> T alosy 1+a0goz+( T) Og(l—i—a)

=k

(14 )=

k
1+a10ga— 1+aloga+kloga
=0.

We also have a root of multiplicity k at x = 0. Equation (2.22]) states that

oo k+r€
xk—rH(zT) = —ra¥logz + 2F Zf +1)

d\"' .
- 1
- T(daj) X Ogl‘

so that for 0 < ¢ < k — 1 we have

<CZC>tzk’“H(xT)

Using the iterated product rule and separating the term at ¢ = 0 gives

d\! /e d\'t d\?’
(dx) xklogmz—rz:(g) (dx) zk . (dx) log x

_ k! t —t (_1)671
= —r (k;—t) 2k logxrz<> —t—l—ﬁ)xk Mixe

N k! k ¢ k! k—t
= (k—t) log = TZ () _t+€)!x .

Irrespective of the value of 7, for 0 < t < k — 1 we have lim,_,o 2*~*logz = 0, which in turn means that

((Z;)t ier(2)

Now, we appeal to Theorem [4] which states that

k+1 . ,
(&) furte) = o et + oo

k!

= o ey = oy (R ) (@) = (1= a8 (@)

bl sz v—i—l (rv;—k)(k )

— v
v=0 J

z=0

=0.

x=0

where

as before. Now assume the conjecture that the numerator has two real roots in 0 < x < 1. By Rolle’s theorem
applied k+1 times to the (k+1)-st derivative, it follows that fy ,(x) contains at most k+3 roots in [0, 1], counting
multiplicity. We have a trivial root at x = 1, a double root at x =
Therefore, we have found all k¥ + 3 roots of fj (x) in [0, 1].
Because fi (x) has a double root at

W, and a root of multiplicity k at x = 0.

W, and the other roots are at the endpoints of the interval [0, 1], it
must be either non-positive or non-negative on [0,1]. Yuster [Yus23, Lemma 3.3] showed that there is a small &
such that fj 1(z) > 0 for 0 < z < € and integers k£ > 2. The exact same proof shows that there is an ¢, so that
fer(xV/7)>0for 0 < a < e, and k/r > 1. Since fi,r takes a positive value, it must be non-negative on [0, 1].
Given that fy,(z) = oy H(z®) — 2" "H(2") > 0,0 < = < 1, we now map x — z'/7, which sends [0,1] to

[0,1]. Therefore oy, H (mk/’") — 2*/"=1H(z) > 0. However we picked k > r > 1 as arbitrary coprime integers,
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so that k/r runs through all rationals greater than 1, and the inequality o, H (z?) — 297" H(x) > 0 holds for all
rational ¢ > 1. Since each term «y, H(2%),z77! is continuous in ¢ > 1, the inequality must also hold for all real
q > 1. The inequality is also trivial at ¢ = 1, which finishes the proof. (Il

The previous proof shows that if we can verify that py . (x) := ag k(1 — 2")*hy i (2) — 7(1 — 2¥)*hy (@) has
two roots in (0, 1) for a fixed pair of integers k,r, then we have verified inequality (L.2) for the rational exponent
k/r. For instance, at k = 3,r = 2, az/p ~ 0.754878, this polynomial is

p3.2(z) = 3az)s (—9312 + 3210 — 72% — 328 + 2127 — 212° + 32t 4+ T2® — 322 + 1)
2 13 2 4
- (x — Az — 2210 — 229 41228 + 227 + 628 — 122° — % — 6% + da? +2) .

This has two real roots in (0,1) at ~ 0.204863, 0.74186, which proves the main entropy inequality (1.2)) for the
fractional exponent 3/2.

Also note that we can factor (1 — z)¥ out of py (), while still leaving a polynomial. Equivalently, we can to

show that X .
1—2" 1— gk
ap/rk ( T ) hik(z) — 7 ( ) hi ()

1—=z

has two real roots in (0, 1), counting multiplicity. The term (11_””

k

— is the generating function for (r —1)-binomial
coefficients given in Definition (2.30)). The r = 1 case of this factored polynomial is exactly the polynomial pg(x)
of Yuster [Yus23, Corollary 3.7] which arose in his study of inequality (1.2) for integer k. The k = 2,7 = 1 case

is additionally the polynomial p(z) of Boppana [Bop23].

2.6. Functional equation. We now collect some useful properties of ay, including basic bounds and first order
asymptotics. Recall that «j satisfies the functional equation
1

Note that the following result is tight since lim;_,1+ ai = 1.

aE =

Lemma 25. For real k > 1, ay monotonically decreases in k and satisfies

1
(2.39) L <<l

Proof. Consider the functional equation xj + x’,j = 1, written in terms of z = This is monotonic in

1
14+a *
0 < z < 1 so has a unique solution in (0,1), which corresponds to a unique value of «y in (0,1) satisfying

(1.1). If k& increases, the power 0 < x’,g < 1 decreases, so xj; must monotonically increase. Then oy = i -1

monotonically decreases. Noting that lim,_,1+ ax = 1 gives the upper bound.

k

Assume a < 1/k, then z;, = ﬁ >

Then we apply Bernoulli’s (strict) inequality to xy + 2f >
k

1%—1 + (1 - %4—1) > kL_H + k%_l = 1, which contradicts the functional equation zj + 2§ = 1 and gives the lower
bound. O

We can compute the large k asymptotics of aj. Note that by ~ loglogk to first order, but there are multi-

plicative corrections of order @, log%k, .... The point of making by the solution to an exact equation is that the

remaining error term in Lemma [26] is much smaller.
Lemma 26. Let by be the unique solution to

by
(2.40) b, — log (1 — logk) = loglog k.
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In the large k limit, we have

log k — by, log? k
2.41 = (0]
(2.41) W R ( 2
log k loglog k
2.42 =—40(————).
(2.42) 2o (25
Proof. We will do our calculations in xj = ﬁ, which is the unique solution of = + ;EE =1.

We will guess for now that x, =1 — w for ¢ € [0,2loglog k]. We will see below that there is a solution
of this form, which must be the unique solution. We calculate

B logk -0\  logk—0d log? k
logxklog(1k>k+()( = ,

log?
logaczzé—logk—i—O(Og;C k)

Moreover

log(1 — z1) = log(logk — &) — log k = loglog k + log (1 - 1021@) — log k.

The equation xj + x’,z = 1 implies log xf = log(1 — xx), so

log? k

0 —logk+ O = loglog k + log l—i — log k,
log k

1 log? k
—log(1——— ) =logl .
0 og( logk) og ogk+0( 3 )

This equation has a solution § € [0,2loglogk| by the intermediate value theorem, and by inspection 6 = by, +
O(log® k/k). Therefore

which rearranges to

_ logk — by, + O(log® k/k)
k )

which implies the estimate on o = 1;:k, -

l‘kzl

Finally, we can give a series expansion for xj using Lagrange inversion. Note that the lower index of the

binomial coefficient is j, as opposed to the kj which appears in the definition of hy ,(x).

Lemma 27. We have the following series expansion for oy:

1 oo

N~ N kj+N -1
(1+ak)N_;0( ) (k—l)j+N< j >

(2.43) zy =

—L 1. Consider x4(2) given as the solution of

Proof. Rewrite the functional equation zy + 2§ =1 as zy = T
k

B z
14 xk(z)k* ’

We now perform Lagrange inversion along the variable z in x(z) before setting z = 1, following [Ges16l, Equation
(2.2.1)]. We have

n _N n— 1 _N n— > n—l—l—j j —1)j
oY = () g = N]%( ; )(—l)t(k i
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The inner coefficient is only nonzero when n — N = (k — 1)j, or when n = (k — 1)j + N for some j. Therefore

o0

T ZN: LM n—N 1
k(2) go il G s =y

Il
S

(h—1)j4N N kj+N—1 -1y
(k—1)j+ N j '

Now setting z = 1 recovers z . O
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3. RANDOMIZED SYMMETRIC BINARY PERCEPTRON

We provide proofs of all results mentioned in the introduction, as well as plots of numerical experiments.

3.1. Proof of Theorem [8

Proof of Theorem[§ Our proof is based on the first moment method: note that by Markov’s inequality,
P[|Sa(k,p)| > 1] < E[|Sa(#, )],

so that Sy (k,p) = @ w.h.p.if EHS (1,p)|] = o(1). So, the remainder of proof estimates IEHSa(m,p)H. Fix any
o €%, and let Z;(o) = 1{Y; = U((0, X;))}. Then,

|Sa (k)| = Z Z(o), where Z(o)= H Z;:(o)

oES, 1<i<M
Now fix any o € ,, and observe that Z,(o), ..., Zy (o) are i.i.d. Bernoulli. Moreover, (o, X;) ~ N(0,n). So,
P[Zi(0) = 1] = P|Zi(0) = 1|Y; = 1P[Y; = 1] + P[Zi(0) = 1]Y; = O]P[Y; = 0]
= pP[|(o, X;)| < sv/n| + (1 = p)P[|{o, Xi)| > rv/n]
= pq(k) + (1 = p)(1 — q(k)).
Thus, E[|Sa(k,p)|] = exps (nf(a, p, #)) where

fla,p, k) =1+ alogy(pg(r) + (1 — p)(1 — q(x))).

As f(a,p, k) > 0 iff @ < a.(k) the proof is complete. a
3.2. Proof of Theorem [9]

Proof of Theorem[4 The proof is quite similar to that of Theorem [8} we only point out necessary modifications.

Define Z(U):ngiSMZ( ), where Zj( o)=Y, =U((o,X;))} for 1 <i < M. LetIt,1<t<( )bethe

subsets of [M] of size Mp. Notice that P[Z(0) = 1|Z = T,] = [[,cz, Pll{o, Xi)| < rv/n] - [Licpz, Plito, Xi)| >

ky/n) = q(k)MP(1 — q(k))MA=P) using the fact (o, X;) ~ N(0,n) and the independence of X1, ..., X;. Hence,
(arr)

—1
PZ(o) =1] = Z (ﬁp) P[Z(o) = 1|1T = Ty] = q(k)MP(1 — q(r))M-P),

As M = an, we immediately obtain E[|S,(k, p)|] = expy(nf(a,p, #)), where

fla,p, k) =1+ a(plogy q(k) + (1 — p)logy(1 — gq(k)))-

This yields Theorem [9] O
3.3. Proof of Theorem [10l

Proof of Theorem[10, We show the extension for Theorem [8} that of Theorem [J] is analogous. Our argument is

based on the Berry-Esseen inequality [Ber4ll [Ess42], reproduced below for convenience.

Theorem 28. There exists an absolute constant C > 0 such that the following holds. Let Ty,...,T;, be
i.i.d. random variables with E[T1] = 0, E[T?] = 0% > 0 and E[|T1|?] = p < co. Then, for Z ~ N(0,1),

. T+ +T,
ov/n

sup
z€R

Cp
<x] —P[Z < 2] ggs\/ﬁ,




Equipped with Theorem fix any i € [M] and let X; = (X;(j) : j € [n]) with E[X;(5)] = 0, E[X;(j)?] = o2
(where o > 0) and E[|X;(j)|’] = p < co. Note that

PlYi = U({o, Xi))] = P[Y; = U((e, X0))|Ys = 1]P[Y; = 1] + P[Y; = U({g, X)) [Yi = OP[Y; = 0]
(3.1) =P[l{o, Xi)| < wv/n]p+P[[(, Xi)| > rv/n] (1 - p).

Let g(k) = P[—x < Z < k| where Z ~ N (0,1). Applying Theorem [28|to X;(j), j € [n], together with the triangle

inequality, we obtain

2Cp o C

2 ’}P’ LX) < _ ‘ < s b
(32) o, X1 < v/ —at)] < S22 T
where C = ZUCg,p = O(1). Combining (3.1]) and (3.2)), we obtain

C
(3.3) PlY; = U({e, Xi))] < q(w)p + (1 — q(k))(1 = p) + N
Recall now the Taylor expansion for logarithm: as x — 0,
___ =z 2

(3.4) logy(1+2) = Tog2 + O(z7).

We now combine (3.3]) with (3.4) to obtain
PY; = U((o, X))]*"

C an
Vi(g(r)p+ (1 —q(k))(1 - p)) )

< (g(r)p+ (1 — q(r))(1 — p))™" x (1 +

c
= expy (an log, (¢(r)p + (1 = ¢(k))(1 = p)) + anlog, <1 T i+ 1 —a(m) (1= p))>>

— expy (anlogy (a(k)p + (1= a(k)(1 = p)) + O(VA) ).
With this, we obtain immediately that
E[Sa (k. p)| = expy (nf (e, p, k) + ©(Vn)).
The extension for Theorem [9 is similar. ]
3.4. Proof of Theorem We prove Theorem [I2] contingent on an assumption regarding a certain real-valued
function. It is worth noting that various related results in the field mentioned earlier were also established

contingent on an analogous assumption, see e.g. [APZ19, Hypothesis 3|, [PX21, Assumption 1], and [DS19,
Condition 1.2].

Assumption 3.1. Following the notation in [APZ19], let
Fra(B) £ h(B) + alog, P[|Z1] < k,|Z3| < k]
Fupa(B) 2 h(B) + alogy P|Z1| > &,|Zg| > k],
where Zy, Zg ~ N(0, 1) with correlation 25 — 1 and h(f) is the binary entropy function:
h(B) = =B logy B — (1 = B)logy(1 = f).
Fix any p € [0, 1] and set

Fm,a,p(ﬂ) = pFr,K,a(B) + (1 - p)Fu,n,a(ﬁ)~
For any x > 0 and « > 0 with F,:’a’p(l/2) < 0, there is at most one 3 € (1/2,1) such that F , (5) =0.

K,a,p
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Several remarks are in order. Assumption is analogous to [APZ19, Hypothesis 3|, adopted both for the
SBP (corresponding to p = 1 in our model) and for the UBP (corresponding to p = 0 in our model) therein.
Furthermore, for the SBP, [APZ19, Hypothesis 3] has been verified by Abbe, Li, and Sly [ALS21b]. It is likely
that their techniques adapt also to the UBP for a range of x values, e.g. when kx < K* = 0.817H In light of
these facts, as well as numerical studies reported in Section [3.11] Assumption [3.1]is indeed plausible. A rigorous
verification is left for future work.

Equipped with these, we now start formally proving Theorem

Proof of Theorem[12 Our proof is very similar to that of [APZ19, Proposition 6|, and we use the identical
notation whenever appropriate. Furthermore, we only prove the first part as the second part is identical.

The proof is based on the second moment method.

Lemma 29. Let Z be an integer-valued random variable with P[Z > 0] = 1. Then

2]
(22

&=

P[Z > 0] >

=

Lemma [29] is known as the Paley-Zygmund inequality, we provide a proof for completeness.

Proof of Lemma[29. Let I = 1{Z > 0}, thus P[Z > 0] = E[I] = E[I?]. We then conclude by applying Cauchy-
Schwarz inequality:
P[Z > 0|E[Z?] = E[I*]E[Z?] > E[Z1{Z > 0})* = E[Z]%.
([l

We next provide an auxiliary lemma, originally due to Achlioptas and Moore [AM02] Lemma 2]. The version

below is reproduced from [APZ19, Lemma §].

Lemma 30. Let g(8) be a real analytic function on [0,1] and let
__9(B)
pe(L—p)=F
Suppose that (a) G(1/2) > G(B) for every 8 # 1/2 and (b) G"(1/2) < 0. Then, there exists constants ca > ¢y > 0
such that

G(B)

aG1/2" > Y (Z)g(f/n)" > ¢,G(1/2)".

0<t<n

In the remainder of the proof, we let q(k) = P[|Z| < x] where Z ~ N (0, 1).
Equipped with Lemmas 29 and [30} we let

Z = ’ga(m,p)‘ = Z 1{o € §a(/<;,p)}.

ocx,

Theorem I1.3 from the main text yields
(3.5) E[Z] = 2"q(r)P*" (1 — q(x)) 7P,

3.5. Second Moment Calculation. Next, fix any § € [0, 1], let Z ~ N (0,1) and Zg ~ N(0,1) with E[ZsZ] =
23 — 1. Define

(36) QT',K(/B) = IPHZ| <K, IZ,3| < H]
(3.7) Qun(B) =P[|Z| > k,|Zg| > &].

2Above k*, the model exhibits replica symmetry breaking behaviour, see [APZ19] for details.
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These are precisely the same quantities appearing in [APZ19, Equation 6]. Note that

72 = Z 1 {a’ € §a(/i,p),o" c §a(ﬁ,p)}.

o,0'eX,

Taking expectations of both sides, we obtain

Soon, we will apply Lemma to Gg,ap(8) where

_ qr,n(ﬁ)paqu},ﬁ(ﬂ)(l—ma
(3.8) Grop(B) = e

Suppose first that Gy o p(-) satisfies the conditions of Lemma Then, we immediately obtain

E[Z%] < cp-2" - G(1/2)" = cg - 4™ - q(r)*P*" - (1 — q())* 7P,
for some cy > 0. Observe that

2
@re(1/2) = q(k)? and gy, (1/2) = (1—q(r)"
Now recalling (3.5) and applying Lemma we establish the desired result:

~ 2
lim inf P[S, (k, p) # @] = liminf P[Z > 0] > ElZ] > 1 > 0.

n—o0o n—o0 E[Z2] T Co

3.6. Verifying Conditions of Lemma Hence, it suffices to verify that G, (3) defined in (3.8)) satisfies
the conditions of Lemma We proceed analogously to [APZ19]. To that end, we let

o qhn(ﬁ)a
Gr,m,a(ﬁ) - 66(1 _ 6)1,5
and )
_ que(B)®
Gu,n,a(ﬂ) - ﬂﬁ(l — ﬂ)lfﬁ’
and obtain
(39) Gn,a,p(ﬁ) = Gr,m,a(ﬂ)pGu,ma(B)l_p-
We then set Gy o p(f) = exp(Fn’awp(ﬁ)) as in the proof of [APZ19] Proposition 6] and observe, using 7 that
(3.10) Frap(B) =pFrra(B)+ (1= p)Fuka(B),

where F, ,; ,(3) is precisely the term arising in [APZ19, Equation 9] and F, . o(8) is the term defined in [APZ19|
Section 2.2.2]. Note that a necessary condition is F o,(1/2) > Fj o,(1) for all p, which boils down to the
condition
1
plogy q(#) + (1 —p)log, (1 — 4(x))

"

Next, we have F. _ (1/2) = pFrljn’a(l/2) + (I = p)F, .a(1/2). Using the expressions for Frljn’a(l/2) and

k,a,p

(3.11) a < = a.(k,p).

"

F, 1..0(1/2) derived in [APZ19], we get

1 20@%26’“2 2 om2e”‘2
F 1/2)=4p| -1+ ——F+—— 4(1 — -1+ -——
n,a,p( /2) p( + T q(k)? ) +4( ) < +

8 1-—
4+a~ﬂze“2< p + P >
T
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So, it suffices to verify that

-1
m p L—p

(3.12) a< — -

2r2e=* \ q(k)? (1- q(fi))2
to ensure F, ,;:a’p(l /2) < 0. We now establish our claim. Fix any x > 0. Note that the argument of [APZ19] shows

1 7r
3.13 - < %,
(3.13) log, q(k) ~ 2Kk2e—*? a(r)
Define
—1
1 s p 1—p
plogy (k) + (1 —p)logy (1 —q(k)) 267 \4(%)* (1 - g(x))?

Note that for any fixed x > 0, p — ((p, ) is continuous. Furthermore, (3.13)) yields ¢(1, k) < 0. So, for any fixed
k, there is a p¥ for which ((p, k) < 0 for every p € [p}, 1]. Now if ((p, k) < 0, then we have

~1
~ T p 1—p
C(p, ) = @elr,p) = 2K2e~ K <Q(I€)2 " (1- q(/i))2> <0
so that for any o < a.(k,p), holds. We now verify that F o p,(8) is maximized at 8 = 1/2, under
Assumption As F, o p is symmetric around 3 = 3, it suffices to consider 8 € [1/2,1]. Since F. ,,(1/2) =0
and F,;/,a7p(1/2) < 0, and Fj, ,, has at most one critical point in (1/2,1), it must attain its maxima either at
B=1/2o0rat 3 =1. Since F op(1/2) > Fy a,p(1), as verified in (3.11)), the conditions of Lemma [30] are satisfied.
The second part of the Theorem is established similarly. In this case, an inequality analogous to

holds only when k < k* = 0.817, marking the onset of replica symmetric breaking, see [APZ19] for details. ]

3.7. Proof of Theorem Fix £ > 0 and o > 0. Let E4(8,n, m, ) be the set of all m-tuples (o1,...,0m,)
such that:

e Forany 1 <i < |naj and 1 <j <m, [(X;,0,)| < ky/n, where X; ~ N(0,1,,) are i.i.d.
eFor1<i<i'<m,n (oo €[8—n,0]

In other words, E.(5,n,m,a) = F(B,n,m,a, k,1). We next record the following result from [GKPX22, Theo-
rem 2.4].

Theorem 31. [GKPX22, Theorem 2.4] Let afyqp(k) = 10k%log, L. For any small enough £ and o > oyqp(k),
there exists m € N and 0 < n < 8 <1 such that

P[E.(8,n,m,a) # 2] < 270,

3.8. Part I: F(3,n,m,a,k,p). Fix k > 0 small, p € [0,1], and a > aogp(k,p) = (10k?/p)(log,(1/k)). Note first
that por > aqp (k) = 105?log, L, thus there exists an € > 0 such that

pa(l —€) > agap(k).

Next, for i.i.d. Y; ~ Ber(p), 1 <i < M, a standard concentration bound [Ver10), [Ver1§| yields

1 —e(M)
(3.15) P37 Z Y, —p| <pe| >1-2 .
1<i<M

- > ()

keN:|k/M —p|<pe

Set
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and let Zy,...,Zy be an enumeration of all A C [M] with |A| € [Mp(1 — €), Mp(1 + €)]. Define the random
variable Z = {i : Y; = 1}. Using (3.15), we have

(3.16) PZ#TZ;,1<i<T] <2790,

Next, for any m € N, 0 <7 < 8 < 1, we have

(3.17) P[F(B,n,m,a,k,p) £ 8 | T = T,] < P[Ex(8,n,m, pa(l — ) # 2].
Here, follows by combining the following facts:

e The labels Y; are independent of X;.
o |Z;| > pa(l —e)n > afgp(k)n.
e Conditional on Z =T, any (o1,...,0m,) € F(B,n,m,q, k,p) satisfies
(Xi, o) <kvn, VieI, V1<j<m
where X; ~ N(0,1,),i € Z; are i.i.d.

As pa(l —€) > afqp(k), Theorem [31| immediately yields the existence of an m* € N and 0 < n* < 8* < 1 for
which

P[E.(8, ", m",pa(l — ) # 2] < 2790,

Since the right hand side of (3.17)) is independent of the choice of Z;, we have
. * % * _ < = * % * o < —@(n).
(3.18) lgé%gXT]P’[F(B 0 m ok, p) # @ | T =1, <P[E.(B",n",m*, pa(l —¢€)) # @] <2

Now,

]P)[]:(ﬂ*an*,m*aaaﬁap) 7é @]

(3.19) = > PFB 0" m*okp) #@ | IT=T]PL=T]+P[T#TL,1<i<T|
1<i<T
(3.20) <2790 N P =1;] + 27900
1<i<M
(3.21) =279 .P[Te{Ty,....Ir}] +27°UD
(3.22) =270

where follows from the fact that the events {Z = 7Z;},1 < i < T and {Z # Z;,1 < i < T} collectively
partition the probability space; follows by combining (3.18) and (3.16}); (3.21) uses the fact that the events
{Z = 1,} are pairwise disjoint; and uses the fact that M = pan = ©(n) for p,« = O(1). This establishes
Theorem (14| for F (8,71, m, a, k, p).

3.9. Part II: f(ﬁ,n, m,a, k,p). Fix £ > 0 small, p € [0,1] and a > apgp(k,p). Similar to above, let Z;,1 < ¢ <
(A]yp) be the subsets of [M] of size Mp and Z = {i : ¥; = 1}. Observe that for any m e N, 0 <n < 5 < 1,

(3.23) P[F(B,n.m,a,k,p) # @ | T =T;] <P[E.(8,n,m,pa) # ],

using the facts (a) that the labels Y; are independent of X; and (b) that on Z = Z;, |Z;| = pan and any
(01,...,0m) € .7?(6, 7, M, Q, kK, p) satisfies

(X, o) <rvn, VieZ,Vl<j<m.
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For o > apgp (k) = 1]70/@2 log, <, Theorem (31| immediately yields the existence of an m’ € Nand 0 <7/ < 8/ <1
for which

P[.(8 0, m/ por) # 2] < 27O,
Notice that the right hand side of (3.23)) is independent of t. With this, we establish Theorem for the
ﬁ(@ 7, m, a, k, p) through the law of total expectation and obtain

P[ﬁ(ﬁl,ﬁl,m',a,m,p) # o] < 9-6(n)

3.10. Proof Sketch for Theorem [15] Let X; ~ D" denotes the random vector X; € R" with i.i.d. coordinates
drawn from D. For Z,(8,n,m, a) defined in Section [3.7, [GKPX22| establishes the following:

Theorem 32. [GKPX22| Theorem 5.2
Ex,mpen 1<i<m iid. [|Ze(Bmm, @)|] < Exion(0, 1) 1<i<ar i [|2x(8,m,m, @) |] exp(6(v/n).

Theorem is established using a multi-dimensional version of the Berry-Esseen theorem, see |GKPX22
Section 5| for details. Next, [GKPX22, Theorem 2.4| shows that

Ex, oA (0,1),1<i<M iid. [|Zx(B:1,m, a)|] = exp(—O(n)),
for & > afgp(k). This, together with Theorem immediately yield that Theorem still remains valid if
X; ~D®" 1<i< M areii.d., and D satisfies the assumptions in Theorem With this, a reasoning identical
to that in the proof of Theorem [I4] yields Theorem [I5]

3.11. Numerical Experiments. In this section, we report numerical experiments that support Assumption [3.1]

3.11.1. The Function ((k,p). See Figure for a plot of ((k,p) appearing in (3.14]).

FIGURE 3.1. Plot of {(k,p), truncated as ¢(0,0) — —oo.

Furthermore, Figure shows the region of (k, p) pairs for which ((k,p) < 0. Recall that for any given x > 0,
we establish Theorem for a range of p values, i.e.p € [p%,1] for a suitable pX. For any fixed x > 0, the
corresponding p¥ can be read off directly from Figure
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1.0

0.8+

0.6+

0.4+

0.2+

0.0}° : : : - B
0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 3.2. Region of (k,p) pairs with {(x,p) < 0.

3.11.2. The Function F, (). We now plot Fy o ,(8) in Assumption [3.1} where the axes correspond to p and f.
We plotted Fy o5 across p for a broad range of (k, @) pairs, see Figure [3.3]for (k, &) = (0.6,1). This demonstrates
typical behavior: Assumption is satisfied for all values of p. (3.10)

‘\ ‘\‘\\\\\“\\\M!AQMM

OOOTTTTTR

FIGURE 3.3. F, o ,(B) for k =0.6,0 = 1.
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See Figure for a plot of F o ,(B) for £ = 1.8,a = 0.5, where the axes correspond to p and §. This
demonstrates a phase transition, where Assumption is only satisfied for p € [p%, 1] for a suitable pX. At p =0,

corresponding to the UBP, Fj ,,(1/2) is not a local maximum. However, at p = 1, corresponding to the SBP,

Fi a,p(1/2) is a local maximum.
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