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Abstract

In this work, we consider the problem of re-
covery a planted k-densest sub-hypergraph
on a d-uniform hypergraph. This funda-
mental problem appears in different contexts,
e.g., community detection, average-case com-
plexity, and neuroscience applications as a
structural variant of tensor PCA problem.
We provide tight statistical upper and lower
bounds for the exact recovery threshold by
the maximum-likelihood estimator, as well
as algorithmic bounds based on approximate
message passing algorithms. The problem ex-
hibits a typical statistical-computational gap
observed in analogous sparse settings that
widens with increasing sparsity of the prob-
lem. The bounds show that the signal struc-
ture impacts the location of the statistical
and computational phase transition not cap-
tured by the known existing bounds for the
tensor PCA model. This effect is due to the
generic planted signal prior that this latter
model addresses.

1 INTRODUCTION

High dimensional inference problems play a key role
in recent machine learning and data analysis applica-
tions. Typical scenarios exhibit problem dimensions
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that are comparable to the sample size, hence pre-
cluding effective estimation with no further structure
imposed on the underlying signal, such as low rank or
sparsity. Examples of such problems include sparse
mean estimation, compressive sensing, sparse phase
retrieval, low-rank matrix estimation, community de-
tection, planted clique and densest subgraph recovery
problems.

In this work we study the problem of recovery a planted
k-densest sub-hypergraph on d-uniform hypergraphs
over p nodes studied in (Corinzia et al., 2019). This is
the planted version of the classical k-densest subgraph
(Chlamtac et al., 2016), informally defined as follows.
The planted solution consists of a set of k randomly
chosen nodes among the total of p nodes. The weights
of all (Z) hyperedges ! inside the planted solution have
some initial bias, while the others have zero bias. After
some Gaussian noise is added to these initial weights,
we would like to recover the planted solution given only
these noisy observations.

Under what conditions is it possible to re-
cover the planted solution?

What about computationally efficient algo-
rithms for this task?

In the simpler graph setting the problem is closely re-
lated to detecting a core structure in community detec-
tion, it resembles the well-known planted clique prob-
lem, and other community detection models such as
the stochastic block model (SBM). Recent work also
suggest that the k-densest subgraph problem is related

'Recall that in an d-uniform hypergraph we have one
hyperedge for each subset of d nodes, with d = 2 being the
standard undirected graph.
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to long term memory mechanism in the brain (Leg-
enstein et al., 2018). The more general hypergraph
version is closely related to the so-called tensor Prin-
cipal Component Analysis (tensor PCA). Higher or-
der interactions among nodes is also rather natural in
several applications, including modeling brain regions
(Gu et al., 2017; Wang et al., 2012; Zu et al., 2016) and
in computer vision applications (Jolion and Kropatsch,
2012).

Our goal is to understand the information-theoretic
and computational algorithmic limits for this class of
recovery problems parameterized by d and k, where
these parameters possibly depend on the number of
nodes p. This will establish the regimes for which algo-
rithms have the ability to recover a hidden structure or
signal from noisy measurements and partial informa-
tion. In particular, we are interested in the existence
of the so called statistical-computation gaps observed
in several problems (see Section 1.2 below). Note that
the mazimum likelihood estimator (MLE) is the opti-
mal estimator for the 0-1 loss (Jagannath et al., 2020),
and thus it characterizes the statistical limits of the
problem (whether recovery is possible). For a start,
consider the two extremes, d = 1 and d = k, where
the MLE is computationally efficient though for dif-
ferent reasons:

e For d = k the solutions? are statistically inde-
pendent (like in the Random Energy Model by
Derrida (1981)). The MLE can be implemented
by searching exhaustively through all (Z) = (Z)
solutions, which is computationally efficient since

(Z) is the input size.

e For d = 1 exhaustive search through all (}) so-
lutions is clearly inefficient, unless k is constant.
Nonetheless simply selecting greedily the k nodes
with highest weights implements efficiently the
MLE. Unlike the previous case, the solutions’
weights are statistically dependent.

Thus, in both these extreme cases there is no
statistical-computation gap, while their information-
theoretic nature is very different. The recoverability
conditions (whether the MLE succeeds) for d = 1 boils
down to analyzing N = (Z) independent Gaussian
random variables. The presence of dependencies be-
tween solutions makes the analysis of the information-
theoretic boundary conditions significantly more com-

plex, even for d = k.

We are interested in the non-extreme cases (the spec-
trum 1 < d < k < p), where most of the practical

2Each subset of k nodes is a possible solution, and two
solutions are statistically independent if they do not share
any random variable, i.e., any hyperedge.

and theoretical applications arise. These are also the
most challenging cases since they present two chal-
lenges: information-theoretical due to dependencies
and algorithmic since the MLE is not computation-
ally efficient in general. In particular, we shall focus
on the sparse regime k < p which, in several recovery
problems, seems to be the major source of statistical-
computation gaps. We mainly consider k& ~ p® with
arbitrary « € (0,1) constant (though some of our re-
sults extend to the full spectrum).

1.1 Owur contribution

Despite tensor PCA recovery bounds have been stud-
ied in depth, these results either do not yield tight
information-theoretical bounds for our problem (be-
cause the tensor PCA assumes a more general prior),
or they do not apply (because the prior is different
from ours).> Moreover, the best known information-
theoretic bounds for the problem we consider are far
from tight (Corinzia et al., 2019).

Our first contribution settles this issue as we pro-
vide (essentially) tight information-theoretic recovery
bounds. This allows for a direct comparison with ex-
isting bounds of more general or different recovery
problems studied in the literature (thus highlighting
similarities and differences). Intuitively speaking, our
bounds depend on the so-called signal-to-noise ratio
(SNR), that is, the ratio between the initial bias 8 of
the weights in the planted solution, and the “overall”
noise. We express our results via the following scale-
normalized SNR 7,

(@) 1
p %.ﬂogp’ (1)

v

and prove the following:

Theorem (informal) Consider the scale-normalized
SNR v and the following two constants,

_ V11—«
YLB = T—a/2
ywi =V1+2a+Va,

for any d = w(1)

i general (2)

where o € (0,1) is a constant satisfying k ~ p*. For
v < 7vLB, exact recovery is impossible regardless of
which estimator (algorithm) we use, while for v > yup
exact recovery is possible via the (computationally in-
tractable) mazimum likelihood estimator.

3Intuitively, the planted signal may or may not obey
a certain structure which corresponds to a specific prior
distribution, e.g., the uniform distribution over all subsets
of k nodes as in our problem (see Remark 1 below).
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The scale-normalized SNR in (1) has a rather natural
interpretation (see Remark 2 below). It is worth to ob-
serve that this normalization incorporates the problem
parameters p, k,d and that the information-theoretic
recoverability thresholds in (2) correspond to a finite
~. That is, to some initial bias

2k log p)
— | -
(a)
Note that both k£ and d may depend on p, that is, we
consider k = k(p) and h(p) for p — co.

ﬁzmm=@<

Our second contribution is a new algorithmic threshold
based on Approximate Message Passing (AMP) algo-
rithms. This class of algorithms represent the best
known technique for several other high dimensional
statistical estimation problems (see e.g. (Deshpande
and Montanari, 2015; Richard and Montanari, 2014;
Lesieur et al., 2017a,b; Wein et al., 2019) and refer-
ences therein).

Specifically, we provide a heuristic derivation of AMP
together with a state evolution analysis for our prob-
lem. Our analysis extends the AMP algorithm for ten-
sor PCA with non-factorisable prior distribution, and
results in the following non-trivial computationally-
efficient threshold:

o 1 p d—1 1
e = ¢ (i) dave ®

Intuitively, for & =~ p® and by ignoring low order terms,
the above bound corresponds to

anu)z,v@ufaxdfn/gﬁd—fl)bgp),

which obviously grows with p, hence a gap with the
information-theoretic threshold g in (2). Our AMP
algorithm has time complexity ©(p?), which is the cost
of the application of the tensor to a vector, and is the
scaling of the elements of the tensor.

The novel element in our AMP algorithm is the use
of a vectorial threshold function (see Section 3). Intu-
itively, the threshold function is one of the key com-
ponents of AMP algorithm, as AMP generalizes in a
non-trivial way spectral algorithms which correspond
to a particular threshold function. As we also show
experimentally (see Section 4), this yields an improve-
ment compared to the scalar threshold functions used
in prior works, especially with informative initializa-
tions of the algorithm.

We stress that our analysis is heuristic in the sense
that in the analysis it introduces certain approxima-
tions, which may not hold for all regimes. Indeed,
rigorous analysis of the AMP is only available for a

handful of problems like compressed sensing (Donoho
et al., 2009), planted clique (Deshpande and Monta-
nari, 2015), and matrix PCA in the dense (Deshpande
and Montanari, 2014) and sparse (Barbier et al., 2020)
regime. To the best of our knowledge, the only other
non-rigorous analysis of AMP in tensor case is given
in (Lesieur et al., 2017b) for dense tensor PCA with
factorized prior. For these reasons, we consider the
heuristic derivation of the AMP and its state evolu-
tion as one of the major contributions in this paper.

Our experiments show the that empirical behavior of
the AMP algorithm matches the analytical thresh-
old yamp in (3). Interestingly, when initialized with
the correct planted solution, the AMP algorithm
(with our vectorial threshold function) approaches the
information-theoretic threshold i in (2).

1.2 Related Work

The study of the recovery of a planted signal in a prob-
abilistic generative model has received much attention
recently, as it constitutes a fertile ground for the anal-
ysis of the statistical-computational (SC) gaps. Many
variations of the planted problem have been addressed
in the literature. The stochastic block model for com-
munity detection in graphs (Abbe et al., 2016; Mos-
sel et al., 2015; Chen and Xu, 2014) or hypergraphs
(Barak et al., 2016; Ghoshdastidar and Dukkipati,
2014)) has been one of the first model to be studied
and does not present any SC gap (Abbe et al., 2016;
Kim et al., 2018). Despite these models have been
mainly used with discrete Bernoulli random variables,
recent extension to weighted edges have been proposed
(see (Aicher et al., 2014; Peixoto, 2018)). Analogously,
the dense matrix-PCA problem (Barbier et al., 2016;
Deshpande and Montanari, 2014) has been shown not
to have any SC gap, as the proposed AMP algorithms
match the statistical thresholds (Deshpande and Mon-
tanari, 2014).

SC gaps have been first observed in the context
of dense tensor-PCA (Richard and Montanari, 2014;
Hopkins et al., 2015; Montanari et al., 2016; Jagannath
et al., 2020; Arous et al., 2020; Perry et al., 2020) and
recently in the sparse matrix (Barbier et al., 2020)
and tensor extension (Niles-Weed and Zadik, 2020;
Corinzia et al., 2021). The last two works address
only the statistical phase transition and are the clos-
est to our work. In (Niles-Weed and Zadik, 2020), the
statistical threshold for the MMSE estimator is fully
characterized for the sparse tensor-PCA problem, and
it is shown that the estimator undergoes an all-or-
nothing transition. After proper rescaling, the SNR
threshold given in (Niles-Weed and Zadik, 2020) for
the MMSE estimator is located exactly at the lower
bound threshold proved here in Theorem 2. The char-
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acterization is, however, performed for the tensorial
(multi-dimensional) MMSE estimator. This estima-
tor is allowed to return any tensor in the unit ball,
with no guarantee whether this can be used to recover
the vectorial planted signal. Moreover, the precise re-
lation between the MMSE and the MLE addressed
here is generally still unknown, as mentioned by Niles-
Weed and Zadik (2020). Indeed, Corinzia et al. (2021)
showed that a stronger condition on the MMSE behav-
ior produces an equivalent transition on the tensorial
MLE, which imposes limitations on the sparsity regime
for which the results apply.

Other results on tensor-PCA bounds (Richard and
Montanari, 2014; Hopkins et al., 2015; Montanari
et al., 2016) with generic signal prior are not tight in
most of the cases if applied to our problem in a black-
box fashion (see, e.g. the comparison with prior upper
and lower bounds given in Supplementary Material).
This is due to the specific combinatorial structure of
the planted vector (that is, in turn, a restriction on the
signal prior) that is not specified for the generic spher-
ical prior tensor-PCA. Further variants and extensions
that fall into the class of tensor PCA have been consid-
ered in (Han et al., 2021; Luo and Zhang, 2021; Bren-
nan and Bresler, 2020). We note that the tensor order
d is not constant in our work, unlike in these works.
This is crucial when considering the “missing diagonal”
entries in our setting that are negligible for d = O(1),
but not in our setting (for d = k our problem is equiv-
alent to the independent Gaussian problem, unlike
the tensor counterpart). The technique in (Brennan
and Bresler, 2020) based on a “filling entries” argu-
ment is performed on (i) tensor PCA with a specific
prior (Rademacher, that is, dense and factorisable),
which seems to influence the statistical /computational
thresholds, and (ii) negatively correlated sparse PCA
in the regime k = o(p'/®). The other two referenced
papers study different priors, which makes these re-
sults/techniques not directly applicable. The algorith-
mic guarantees for a more general prior are suboptimal
for our problem, and the recovery threshold is lower.

Regarding the computational thresholds, the algo-
rithm here described is an extension of the tensor-
PCA AMP algorithm to sparse hypergraph settings.
These algorithms have been shown to be information-
theoretic optimal in numerous high dimensional statis-
tical estimation problems (dense matrix-PCA (Desh-
pande and Montanari, 2014), SBM (Abbe and Sandon,
2018) etc.) and to outperform other class of algorithms
in the case of SC gaps (see e.g., planted clique problem
(Deshpande and Montanari, 2015) and sparse matrix-
PCA (Barbier et al., 2020)). Nonetheless, AMP algo-
rithms have been shown to underperform in the tensor-
PCA problem (Lesieur et al., 2017b) to the sum-of-

squares class (Hopkins et al., 2015) and recently to
averaged gradient descent (Biroli et al., 2020). A re-
cent work suggests that a hierarchy of such AMP al-
gorithms may actually match the performance of the
best known efficient algorithms (Wein et al., 2019).
Finally, Choo and d’Orsi (2021) provides a sum-of-
squares type algorithm for the tensorial version of our
problem when k£ = O(,/p) and whose running time is
polynomial for constant d provided the SNR ~ is large
enough (their algorithm applies to the full spectrum
and its running time increases for smaller ).

1.3 Model and formal definitions

We study the problem of recovery a planted sub-
hypergraph on a d-uniform hypergraph over p nodes.
Every subset of d nodes {i1,2,...,iq} is an hyperedge
whose weight Y;, ;, .. s, is a Gaussian random variable,
defined according to the following process. We denote
by x € Cp 1, C {0, 1}? the vector of selected nodes, with

CpJg = {X S {O,l}pl in = k‘}

Furthermore, we assume that x is drawn uniformly
at random in Cp j with probability P,. The resulting
weights are given by the d-order tensor Y := Y (x) in
which all edges indicated by x have a bias § > 0, and
the weights are perturbed by adding Gaussian noise
across all hyperedges (i1ig---ig) with 43 <ip < -+ <
iq.

For convenience let us now introduce the following
tensor notation. The outer product of two ten-
sors U € @“RP and V € ®™RP is denoted
by U X V with entries (U X V)i1i2-~~id1j1j2“'j42 =
Uiyiyoia, Virja.ju,- For @ € RP, we define % =
z® @z c ®RP as the d-th outer power of x.
The inner product of the two tensors U € @ R? and
V e ®d2 R? with dy < dy is defined as (U, V) =
D irriay Uinssiag—ay ity Yitnday - Given a d-th
order tensor U € ®d RP, we define the map U : RP —
RP as

U{$}1 = Z Ui,iz,...,id Lijg = vve " Liy- (4)

Using tensor notation, the observation model reads:
Y = (Bx® + Z) 1, cocin) (5)

where 1¢py = 1 if P is true, and 0 otherwise, and
Ziyigewin, ~ N(0,1).

Remark 1. Note the main important difference with
the tensor PCA formulation of the problem, where all
the elements of the tensor are observed. Also note that
x consists of randomly chosen vector with exactly k
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entries equals 1, which gives a particular prior distri-
bution on the tensor in (5). Different priors have been
considered like, e.g., the Rademacher prior where X is
chosen uniformly in the set {—1,+1}P. The more gen-
eral (unrestricted) prior in tensor PCA corresponds to

the tensor
Y =pX+1Z

where X € RY is a tensor chosen uniformly among all
tensors of unit length, and Z € RN has i.i.d. standard
Guaussian entries similarly to (5).

For any signal x, we also consider the sum of all (Z)
weights of the hyperedges with nodes in x as:

Sx)= Y

11 <12<...<iq

= 30 Y () = (¥ x) ©)

Yil,izn-,idl’h T Lgy Ty

Definition 1 (Partial and exact receovery). A k'-
partial recovery is achieved if there exists an estimator
X that, with input the weight tensor Y (x) given by (5),
returns X = X(Y) such that

P({(x,x) > k') =1—o0(1).
FEzact recovery is achieved if
P({(x,x) =k) =P(x=x)=1-0(1).

Definition 2 (Maximum-likelihood estimator). The
vectorial maximum-likelihood estimator is defined as

argmax P(Y|X(Y))

&: Y=X(Y)ECH x

xMmLe(Y) =

We define as pF) = P({xmLE,Xx) > k') and P, ac-
cordingly.

It is easy to see that the vectorial MLE estimator
for the problem in Equation (5) corresponds to the
k-densest sub-hypergraph (from this the name of the
problem, see Theorem 4 in (Corinzia et al., 2019) for
a proof)

xmLe(Y) = argmax E Yo gy oo Zi,
X: Y=%(Y)ECy i< <ig

(Y, %57 = S(%)

(7)

= argmax
%: Yo%(Y)EC) &

argmax
%: Yo%(Y)EC, K

Our bounds depend on the scale-normalized SNR:

k
(@ 1
= —_— . 8
7= B\ STogp (8)
This scaling incorporates the parameters k and d of
the problem and it will result in information-theoretic
thresholds located at finite values.

Remark 2. The scale-normalized SNR ~ in Equa-
tion (8) can be seen as the effective SNR of the prob-
lem, given by total signal / total noise. The total
signal is [, times the number of planted edges, hence

B(2)-

times the scale of the number of solutions /2 log (z) =
V2klogp. The latter rescale has the following intuitive
justification. If we assume that (p;k) ~ (}) unbiased
solutions are independent, then their maximum s lo-

\/ (2)\/210gp. The total signal has then to
exceed this quantity, in order for the recovery to be
possible. This argument ignores the dependencies be-

tween solutions, but it provides the right scaling of the
SNR.

The total noise is the standard deviation (Z)

cated at

Note that all these parameters may depend on p, that
is, we consider k = k, and d = d,. Throughout the
paper, we hide the dependency on p for readability.
In most of the analysis, the following rescaling of the
involved quantities will appear naturally

1
ag = lim e q 9)
p—+oo logp
which intuitively means that g ~ p*. We call o the
rate of a generic ¢ = ¢p.

2 INFORMATION THEORETIC
BOUNDS

By the MLE estimator’s characterisation given in
Equation (7), the recovery regime is regulated by the
weight S(x) of the planted solution and how it com-
pares to the best among all other solutions’ weights.
For the analysis, it is useful to partition the latter ac-
cording to their overlap with the planted solution.

Lemma 1. For any m € {0,...,k}, let
Sm={%€Cpp: (x,X) =m}

denote the set of all solutions that share exactly m
nodes with the planted solution x. Then the follow-
ing bound holds for all k' € {0,... k}:

K —1
1-PF) <SPS S(x) ). 10
< 5P (860 < paxs) . (0
For all m < k it further holds:
1-P.>P <S(x) < max S(f{)) . (11)
XESm

The proof of this lemma is given by a union bound and
is given in the Supplementary Material. Given Defi-
nition 2 and the latter inequalities, we can reduce the
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analysis of the recovery regime to the determination
of the values of « for which P (S(x) < maxzes,, S(X))
vanishes or has limit 1, for p — +o0o. In the first
scenario (recovery regime), these probabilities need to
vanish sufficiently fast to apply the union bound in

Equation (10) over all different m.

2.1 Upper bound (partial or exact recovery)

We here provide upper bounds on the failure probabil-
ity of partial and exact recover. The proof is given in
appendix.

Theorem 1. For any k and any k' € {1,...,k}, and
for any v > ’yl(JkB), the MLE estimator achieves k'-
partial recovery according to Definition 1. The critical
gamma is defined as

k/
7{;3) = /14 — 20— + ap+/ o — i +

where ag, ap and ag_g are defined according to Equa-
tion (9).

It follows easily from the latter theorem, the following
on exact recovery.

Lemma 2. Ezact recovery is achieved for v > ~vyus,

with
yuB = V1 4+ 20, + V20.

Recovery of a constant fraction of k nodes is achieved

with k' = Mk, with X constant, for v > 'y[(J)‘Ef) with

Ton = 1+ Va.

2.2 Lower bounds (impossibility of recovery)

We here provide a characterisation of the regime where
recovery is impossible, given by the following two the-
orems, valid in different regimes.

Theorem 2. For oy, € (0,1), and for d € w(1) the
following holds:
lim P.=0

p——+o0o

for any v < yup,q, with v, given by:

VI —ag for d € o(v/k) (12)
TLB,G = V1—ax/\/e otherwise )

Theorem 3. For oy, € (0,1) and any d, the following
holds:
limsup P, < 1

p——+oo

for any v < yuBF, with v F given by:

170&]C
2

VLB,F =

The first theorem gives tighter bounds, but its valid-
ity is confined to the case where the order of the hy-
pergraph (or tensor) d grows to infinity with p. The
second theorem is valid in any regime. However, it
provides only an impossibility result as limsup P, < 1,
and achieves a lower threshold. The proofs in the two
regimes use two main arguments that are, respectively:

1. A recent tail bound on the maximum of de-
pendent Gaussians with bounded correlation by
Lopes (2018) (see Supplementary Material).

2. The generalised Fano’s inequality (Han and
Verdu, 1994).

Both proofs consider a coverage set of weakly overlap-
ping solutions defined below. Intuitively, recovery in
the original problem is at least as difficult as the recov-
ery restricted to this set of weakly dependent solutions
if the coverage is sufficiently large.

We now sketch the proof of the theorem starting with
the following definition.

Definition 3. For any r € {0,...,k} define the cov-
erage with overlap r a subset C(r) C Cpy of solutions
satisfying the following conditions: (i) Any two solu-
tions in C(r) share less than r nodes. (ii) For any
solution x' € Cpp,x' & C(r) there exists a solution
x" € C(r) such that x' and X" have at least r nodes in
common. We denote by C(r) := |C(r)| the cardinality
of the coverage.

In the proof of Theorem 2, we use the above men-
tioned result (Lopes, 2018) to show that the max-
imum among solutions in C(r) concentrates tightly

around oy /ac(yy - 2logp where oy = 4/ (5), while the

planted solution concentrates around its expectation
By = B (Z) Then, the condition for recovery trans-

lates into By > oky/ac(r) - 2logp which corresponds

to v < % A crucial point is that, in order to
prove the concentration of the maximum over C(r),
the overlap r has to be small enough such that the
maximum correlation between solutions weights S(x)
vanishes, which gives the conditions on d in Theorem 2

and the corresponding bound on ag().

The proof of Theorem 3 is based on Fano’s inequality.
By restricting to the solutions in C(r), we use the gen-
eralized Fano’s inequality (Han and Verdd, 1994) to
show that P, satisfies the bound P. < 1 —-1I(x;Y) -
log~! C(r) where I(x;Y) is the mutual information
between the planted solution x and the observations
Y (x). By using (Han and Verda, 1994) and the com-
binatorial structure of C, 5, we can upper bound the
mutual information as (Z) B2. The rescaling of v and
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a lower bound on the cardinality of the coverage set
C(r) gives the claim. The proof of both theorems is
given in Supplementary Material.

3 COMPUTATIONAL
THRESHOLDS VIA
APPROXIMATE MESSAGE
PASSING

Approximate message passing algorithms are a class
of algorithms for high dimensional statistical estima-
tion that approximate belief propagation in the large
system limit (Donoho et al., 2009). Intuitively, it iter-
atively estimates the mean = and the variance a(*
of the classic belief propagation messages in the factor
graph of the estimation problem, discarding low order
terms that depend on the target factor node of the
messages. The algorithm results in a slight modifica-
tion of a general spectral algorithm for tensor-PCA.
In the following, we use the operator ‘o’ to denote an
operation that is performed elementwise on a vector
or tensor. Let introduce the following probability dis-
tribution

Po(y)exp(z-y—(yoy)-a)/2
Z(a,x)

g(y|a’a 33) =

where Z(a,x) is the normalizing constant. Then, we
define the following threshold function which will be
used in the definition of AMP algorithm below:

f(a,a:) = Eg(‘|a,a:)[y}' (14)

3.1 The AMP procedure

The iterative AMP procedure reads (derivation given
in Supplementary Material):

b(t) _ ﬂQ(d o 1)<y02,0,(t) ® (:f:(t) ° :i,(tfl))®df2>
2t — 5y{:§(t)} _ <b(t)753(t—1)>

alh = Y2 (3 0)) (15)
oY = diag(J, f(a®, 1))

201D — f(a(t),a:(t))

where J, f is the Jacobian w.r.t variable x of the func-
tion f and diag(-) extracts its diagonal entries. The
threshold function f becomes tractable when the prior
distribution P, factorizes as Pp(x) =[], p(z;). In this
case, the threshold function f factorizes as well into in-
dependent components, and the AMP equations pro-
posed here are equivalent to those in Lesieur et al.
(2017b) (details in Supplementary Material). In our
problem, however, the prior distribution does not fac-
torize since Py, is the uniform distribution over Cp ;. A

similar issue arises in the planted clique problem stud-
ied in (Deshpande and Montanari, 2015), where the
authors propose to approximate the prior distribution
with a factorized Bernoulli distribution with parame-
ter § = k/p. With this approximation, the threshold
function reads f(a,xz) = (fi(ai, x;))?_,, where

1
1+ exp(—x; +a;/2 +log(1/5 — 1))

filai, ;)

While this Bernulli approximation is effective for large
k — like the regime k = ©(,/p) studied in (Deshpande
and Montanari, 2015) — it may be inaccurate for small
k. We indeed observe experimentally (see Section 4)
that for small values of k, the above approximation is
no longer effective. Hence, we propose a finer approxi-
mation of the threshold function that is still tractable.
Our parametrization is inspired by the independent
Bernoulli approximation:
P
: )

1+exp(—zi+ai/24+ X))/,

faa) = (

with A(x) being a scalar used to enforce f to select k
components equals to 1, hence given by >, fi(a,x) =
k. The experiments described in Section 4 below show
that our finer approximation outperforms the Bernulli
i.i.d. approximation.

3.2 State Evolution

The evolution of the approximated message passing
algorithm in the special case of Bayesian-optimal in-
ference, can be tracked by a one dimensional iterative
equation of the overlap order parameter. In our set-
ting, with a generic (non-factorizable) prior distribu-
tion P, and threshold function f we can define the
multidimensional overlap order parameter as

1
p—1
(1)
where 1 is the tensor with components 1;;, . . ;, =1
if i9 < i3 < --- < ig and 0 otherwise. The multidi-
mensional state evolution (SE) (generalizing (Lesieur

et al., 2017b)) reads then (see Supplementary Material
for a heuristic derivation):

m® —

Ea[1{z o x®}]

mtt —
ez [L{z o f (™, mB oz + (m®)°V/202)}]
(Y
d—1
where m® = 2 (Zj)m(t) and z is a p-dimensional
vector with i.i.d. standard Gaussian entries. Note

again that assuming a factorized i.i.d. prior distribu-
tion P, () = [, p(x;) the SE is equivalent to the single
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Figure 1: Empirical performance of the AMP algorithm for fixed p = 500, d = 3 and different values of k
(respectively, from left to right, &k = 20,10,5). The experiment is repeated 20 times, and we report the median
overlap achieved m. The AMP and AMP VECT refer respectively to using a scalar and a vectorial thresholding

function as in Equation (16).

letter evolution of the scalar overlap m; = %(w, #®)
described in (Lesieur et al., 2017b),

Mes1 = ot [z - (e, ez + \/rEz)] . an

where x ~ p, z ~ N(0,1), and 7y = B%Sj)mt.
In the following we derive an analytical threshold for
the AMP algorithm to succeed, approximating the
true prior distribution with a factorized Bernoulli prior
with parameter § = % and using the simplified SE in
Equation (17). A simple heuristic argument based on
the study of the fixed points of the SE is given in the
Supplementary Material.

Claim 1. The recovery threshold for the AMP algo-
rithm reads:

. 1 p d—1 ]_
YAMP = \/26 (k) d(d—1)logp’ (18)

4 EXPERIMENTS AND
DISCUSSION

In Figure 1, we report both the empirical perfor-
mance of the AMP algorithm and the factorized SE
fixed point (according to Equation (17)) for uninfor-
mative initialization (with a random overlap with the
planted solution) and informative initialization (re-
spectively UI and II) for different values of k. For
a high value of k, the Bernoulli i.i.d. approximation of
the prior function and factorized thresholding function
well matches the SE fixed point, with the Ul empir-
ical performance slightly worse than the SE predic-
tion due to finite-size effects (as already observed for
the planted clique problem in graphs (Deshpande and
Montanari, 2015)). At smaller values of k, the statis-
tical dependency between signal components increases

and the AMP empirical performance badly mismatch
the SE prediction. In this setting, the proposed mul-
tivariate threshold function significantly outperforms
the naive factorized AMP, matching the SE in the
IT setting correctly. Interestingly, the dynamic phase
transition of the AMP indicated by the critical signal
at which the SE with II fails approaches the conjec-
tured* information-theoretic threshold ~1,5. This find-
ing suggests a possibility of analysis of the IT thresh-
olds with statistical physics-inspired techniques (e.g.,
interpolation methods by Barbier et al. (2020)) that
so far have never been applied rigorously to the case
of structured priors in the sparse setting.

In Figure 2 we also report the factorized SE fixed point
for d = 3 and d = 4 for both UI and II. We can ob-
serve the good agreement between the analytical com-
putational threshold given by Claim 1 and the SE’s
empirical fixed point. The dynamical phase transition
indicated by the m* transition for II (bottom row)
is close to the information-theoretic lower bound (as
shown already for the tensor-PCA problem in Lesieur
et al. (2017b)).
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4Clearly, yLB may no longer be a lower bound for the
problem, since now we initialize the algorithm with the
correct planted solution. Hence the term “conjectured”.
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Figure 2: State evolution fixed point overlap m* reached by the factorized equation in Equation (17). The first
row reports the overlap obtain with uninformative initialization (UI, mo & 0), while the bottom row reports
the overlap with informative initialization (II, mo = 1). The empirical fixed point with UI well matches the
analytical AMP threshold given by Claim 1 (brown line, expressed in terms of the § parameter), while the II
fixed point approaches the conjectured IT threshold located at the lower bound.

References estimation: A proof of the replica formula. In Ad-

vances in Neural Information Processing Systems

Emmanuel Abbe and Colin Sandon. Proof of the (NIPS), pages 424 432, 2016.

achievability conjectures for the general stochastic
block model. Communications on Pure and Applied ~ Jean Barbier, Nicolas Macris, and Cynthia Rush. All-
Mathematics, 71(7):1334-1406, 2018. or-nothing statistical and computational phase tran-
sitions in sparse spiked matrix estimation. Ad-

vances in Neural Information Processing Systems
(NeurIPS), 33, 2020.

Emmanuel Abbe, Afonso S Bandeira, and Georgina
Hall. Exact recovery in the stochastic block model.
IEEE Transactions on Information Theory (ISIT),

62(1):471-487, 2016. Giulio Biroli, Chiara Cammarota, and Federico Ricci-
Christopher Aicher, Abigail Z Jacobs, and Aaron Tersenghl. How to iron out rough landscapes and
Clauset. Learning latent block structure in weighted get optlmafl perfor.mapces: averaged gradient de-
networks. Journal of Complez Networks, 3(2):221 scent and its application to tensor PCA. Journal
248. 2014. of Physics A: Mathematical and Theoretical, 53(17):

174003, 2020.
Gerard Ben Arous, Reza Gheissari, and Aukosh Ja-

gannath. Algorithmic thresholds for tensor PCA. Matthew Brennan and Guy Bresler. Reducibility and

The Annals of Probability, 48(4):2052-2087, 2020. statistical-computational gaps from secret leakage.

) In Conference on Learning Theory (COLT), pages
Boaz Barak, Samuel .B Hopkins, . Jonathan Kel- 648-847. PMLR, 2020.

ner, Pravesh Kothari, Ankur Moitra, and Aaron

Potechin. A nearly tight sum-of-squares lower bound ~ Yudong Chen and Jiaming Xu. Statistical-

for the planted clique problem. In 57th Symposium computational phase transitions in planted models:

on Foundations of Computer Science (FOCS), pages The high-dimensional setting. In 31st International

428-437. IEEE, 2016. Conference on Machine Learning (ICML), PMLR,

Jean Barbier, Mohamad Dia, Nicolas Macris, Florent pages 244-252, 2014.
Krzakala, Thibault Lesieur, and Lenka Zdeborova. Eden Chlamtac, Michael Dinitz, Christian Konrad,
Mutual information for symmetric rank-one matrix Guy Kortsarz, and George Rabanca. The Densest



Statistical and computational thresholds for the planted k-densest sub-hypergraph problem

k-Subhypergraph Problem. In Approzimation, Ran-
domization, and Combinatorial Optimization. Algo-
rithms and Techniques (APPROX/RANDOM), vol-
ume 60 of LIPIcs, pages 6:1-6:19, 2016.

Davin Choo and Tommaso d’Orsi. The Complexity of
Sparse Tensor PCA. Advances in Neural Informa-
tion Processing Systems (NeurIPS), 34, 2021.

Luca Corinzia, Paolo Penna, Luca Mondada, and
Joachim M. Buhmann. Exact recovery for a family
of community-detection generative models. In IEEE
International Symposium on Information Theory
(ISIT), pages 415-419. IEEE, 2019.

Luca Corinzia, Paolo Penna, Wojciech Szpankowski,
and Joachim M Buhmann. On maximum-likelihood
estimation in the all-or-nothing regime. In IEEE
International Symposium on Information Theory
(ISIT), pages 1106-1111. IEEE, 2021.

Thomas M Cover. Elements of information theory.
John Wiley & Sons, 1999.

Bernard Derrida. Random-energy model: An exactly
solvable model of disordered systems. Physical Re-
view B, 24(5):2613, 1981.

Yash Deshpande and Andrea Montanari. Information-
theoretically optimal sparse pca. In IEEFE Inter-
national Symposium on Information Theory (ISIT),
pages 2197-2201. IEEE, 2014.

Yash Deshpande and Andrea Montanari. Finding hid-
den cliques of size v/ N/e in nearly linear time. Foun-
dations of Computational Mathematics, 15(4):1069—
1128, 2015.

David L Donoho, Arian Maleki, and Andrea Monta-
nari. Message-passing algorithms for compressed
sensing. Proceedings of the National Academy of Sci-
ences, 106(45):18914-18919, 2009.

Willliam Feller. An introduction to probability theory
and its applications, volume 2. John Wiley & Sons,
2008.

Debarghya Ghoshdastidar and Ambedkar Dukkipati.
Consistency of spectral partitioning of uniform hy-
pergraphs under planted partition model. In Ad-
vances in Neural Information Processing Systems
(NIPS), pages 397-405, 2014.

Shi Gu, Muzhi Yang, John D Medaglia, Ruben C
Gur, Raquel E Gur, Theodore D Satterthwaite, and
Danielle S Bassett. Functional hypergraph uncovers
novel covariant structures over neurodevelopment.
Human brain mapping, 38(8):3823-3835, 2017.

Rungang Han, Rebecca Willett, and Anru R. Zhang.
An optimal statistical and computational framework
for generalized tensor estimation. arXiv preprint
arXiv: 2002.11255, 2021.

Te Sun Han and Sergio Verdu. Generalizing the fano
inequality. IEEE Transactions on Information The-
ory (ISIT), 40(4):1247-1251, 1994.

Samuel B Hopkins, Jonathan Shi, and David Steurer.
Tensor principal component analysis via sum-of-
square proofs. In Conference on Learning Theory
(COLT), pages 956-1006, 2015.

Yukito Iba. The Nishimori line and Bayesian statistics.
Journal of Physics A: Mathematical and General, 32
(21):3875, 1999.

Aukosh Jagannath, Patrick Lopatto, Leo Miolane,
et al. Statistical thresholds for tensor PCA. An-
nals of Applied Probability, 30(4):1910-1933, 2020.

Jean-Michel Jolion and Walter Kropatsch. Graph
based representations in pattern recognition, vol-
ume 12. Springer Science & Business Media, 2012.

Chiheon Kim, Afonso S Bandeira, and Michel X Goe-
mans. Stochastic block model for hypergraphs: Sta-
tistical limits and a semidefinite programming ap-
proach. arXiv preprint arXiw:1807.02884, 2018.

Robert Legenstein, Wolfgang Maass, Christos H. Pa-
padimitriou, and Santosh S. Vempala. Long Term
Memory and the Densest K-Subgraph Problem. In
9th Innovations in Theoretical Computer Science
Conference (ITCS), volume 94 of LIPIcs, pages
57:1-57:15, 2018. ISBN 978-3-95977-060-6.

Thibault Lesieur, Florent Krzakala, and Lenka Zde-
borova. Constrained low-rank matrix estimation:
Phase transitions, approximate message passing and
applications. Journal of Statistical Mechanics: The-
ory and Experiment, 2017(7):073403, 2017a.

Thibault Lesieur, Léo Miolane, Marc Lelarge, Florent
Krzakala, and Lenka Zdeborova. Statistical and
computational phase transitions in spiked tensor
estimation. In IEFE International Symposium on
Information Theory (ISIT), pages 511-515. IEEE,
2017b.

Miles E Lopes. On the maximum of dependent gaus-
sian random variables: A sharp bound for the lower
tail. arXiv preprint arXiv:1809.08539, 2018.

Yuetian Luo and Anru R. Zhang. Tensor cluster-
ing with planted structures: Statistical optimality
and computational limits. arXiw preprint arXiv:
2005.10743, 2021.

Andrea Montanari. Statistical estimation: from de-
noising to sparse regression and hidden cliques.
Statistical Physics, Optimization, Inference, and
Message-Passing Algorithms: Lecture Notes of the
Les Houches School of Physics: Special Issue, 2013.

Andrea Montanari, Daniel Reichman, and Ofer
Zeitouni. On the limitation of spectral methods:
From the gaussian hidden clique problem to rank



Luca Corinzia, Paolo Penna, Wojciech Szpankowski, Joachim M. Buhmann

one perturbations of gaussian tensors. IEEE Trans-
actions on Information Theory (ISIT), 63(3):1572—
1579, 2016.

Elchanan Mossel, Joe Neeman, and Allan Sly. Con-
sistency thresholds for the planted bisection model.
In 47th ACM Symposium on Theory of Computing
(STOC), pages 69-75. ACM, 2015.

Jonathan Niles-Weed and Ilias Zadik. The all-or-
nothing phenomenon in sparse tensor PCA. Ad-
vances in Neural Information Processing Systems

(NeurIPS), 33, 2020.

Tiago P Peixoto. Nonparametric weighted stochas-
tic block models. Physical Review E, 97(1):012306,
2018.

Amelia Perry, Alexander S. Wein, and Afonso S. Ban-
deira. Statistical limits of spiked tensor models. An-
nales de UInstitut Henri Poincaré, Probabilités et

Statistiques, 56(1):230-264, 02 2020.

Emile Richard and Andrea Montanari. A statistical
model for tensor pca. In Advances in Neural In-
formation Processing Systems (NIPS), pages 2897—
2905, 2014.

Zhijiang Wang, Jiming Liu, Ning Zhong, Yulin Qin,
Haiyan Zhou, Jian Yang, and Kuncheng Li. A naive
hypergraph model of brain networks. In Interna-
tional Conference on Brain Informatics, pages 119—
129. Springer, 2012.

Alexander S. Wein, Ahmed El Alaoui, and Cristopher
Moore. The Kikuchi Hierarchy and Tensor PCA. In
IEEE 60th Annual Symposium on Foundations of
Computer Science (FOCS), pages 1446-1468, 2019.

Chen Zu, Yue Gao, Brent Munsell, Minjeong Kim,
Ziwen Peng, Yingying Zhu, Wei Gao, Daoqiang
Zhang, Dinggang Shen, and Guorong Wu. Identi-
fying high order brain connectome biomarkers via
learning on hypergraph. In International Workshop
on Machine Learning in Medical Imaging, pages 1—
9. Springer, 2016.



Statistical and computational thresholds for the planted k-densest sub-hypergraph problem

Supplementary Material:
Statistical and computational thresholds for the planted k-densest sub-hypergraph problem

A Postponed proofs
Proof of Lemma 1. By definition of Pr(k/), 1-p*) —p ({(xMLE,X) < k'). By the characterization of the MLE
in Equation (7) and the definition of S,,, the latter event is equal to
{S(x) > S(x), VxeSU---USk_1}.
The claim in Equation (10) follows then from the union-bound on the probability

P kul{S(x) < max(S(&))}

meo XESm

To prove the lower bound in Equation (11), we can observe that if S(x) < maxzes,, (S(%)) for some m < k, then
the xyLE # X, and thus it fails to exactly recover the planted solution. O

A.1 Proofs for the Lower Bound

We shall use the following basic fact. For any random variables A and B and for any ¢ € R the following
inequality holds:
P(A>B)<P(A>t)+P(t>B) (19)

Proof of Theorem 1. For the analysis, we define the following quantities depending on k' € {0,...,k — 1} (we
consider p, k, d to be the parameters of the problem, hence their dependency is not highlighted):

n. [P~ k
kN (p—k k p—k
A _
= () () = (e 2) (20)
k K
D(K) = - .
= (a) - (4)
For each fixed subset of &’ nodes of the planted solution, there are Q(k’) solutions that share exactly these k'
nodes with the planted solution. Moreover, there are exactly M (k') solutions that share any k' nodes with the

planted solution. Each solution sharing k¥’ nodes with the planted solution differs in D(k’) edges with the latter.
We use the union bound given in Equation (10), and control the quantities

P(ggs@y>a@>

using the tail bounds of the Gaussian from Lemma 9 and spitting the inequality into the sum of two independent
terms as in Equation (19). We hence get the following lemma (full proof given below in this section):

, K
Lemma 3. For every ¢ > 0 and for every k' <k and k > 1, let yr(JkB)e = %(])C,) -UB(K"), where

log M (k' [log (¥
Og ( ) + € + Og (k ) + €. (20)
logp logp

P<mma@>5@0g =

KES,

Then, for any v > 'y((Jk,;)e it holds that
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Plugging the result of the latter Lemma into Equation (10) we get:

’ k/
1PT(’“)EO(> .
pE

Using now Lemma 15 to characterize further the bound 'y((Jk B)é, and reparametrazing ¢ = oy + €, with € > 0 an

arbitrarily constant, we have

K K1 . logk’

E — pak/ . F = exp (lng |:—6 + logp — O[k/:|) € 0(1)
The asymptotics is due to the fact that % — agr — 0, by definition of oy in Equation (9), and hence the
expression —€ + lﬁ)gg];/ — ay is negative for sufficiently large p. Hence, the probability 1 — P,gk/) tends to 0. [

Proof of Lemma 3. For an arbitrary subset I’ of k' nodes of the planted solution x, denoted by xz, with k' €
{0,...,k — 1}, let 8,5 be the set of all solutions that share exactly the set F' with the planted solution. Let
S~ (%) denote the sum of the weights in X but not in xp, as

§7F (%) = S(%) — Sk 0 xp).
By the union bound over the (,f,) possible fixed subsets F' of k' nodes, we get

P (max S(x) > S(x)) <

XES)
(:) P (;22% S(%) > S(X))

where the equality follows from subtracting from both sides the quantity S(xr). Using Equation (19), we have

IN

P (max SF(%) > SF(X)> <

x€S);

<P (max S (x) > t) +P(t>5"(x))

xeSk
<P (felgz; S (%) > tA’) +
+P (D(K')B = tar > S_F(x))
< Q(K)p(K', A") + p(K', A”) (22)
where the second inequality follows from Lemma 14 (together with the definition of to and ta~) and the

latter inequality follows from Equation (34) and Equation (33) in Lemma 13. Combining Equation (21) and
Equation (22), we get

P <max S(x) > S(X)) < ( k) (Q(E)p(K',A") + p(K', A"))

RKES) k'

"

et (720
- W) ViarTogp \ \p VAT \p VA"

A/ log M (k')
1 1\ D&)H " Tegp 1
= (= +
VA logp < (p>

5




Statistical and computational thresholds for the planted k-densest sub-hypergraph problem

log z
where in the first equality we used Equation (32) and in the last equality the identity z = p% and the fact that

(1) awr = () (1) =00

P<max5(f<)>5(x)><1 ! (1 T )
RES,, = peArlogp \VA A"

Then, by Lemma 14, we get

IN

1 1 1 logp n
p¢ v/4mrlogp D(K') log M (k")

log p
+
log (@))

1
Ve

where in the last inequality we used D(k’) > 1, M (k') > (,f,) > k, and logk > 1, that valid for k¥ > k' and
k> 1. O

A.2 Proofs of the Lower Bound

Proof of Theorem 2. The proof of this lower bound is based on the result on tail bounds on the mazimum of
Gaussians with bounded correlation (Lopes, 2018) given for convenience in Lemma 10. We here outline a road
map of the proof: (i) Given an overlap r < k between two solutions x’,x”, we define the correlation p(r) as
the correlation between the random variables S(x’) and S(x”). We first analyze the conditions for vanishing
correlation p(r) — 0. (ii) Using the tail bound on correlated Gaussians in Lemma 10, we show that vanishing
correlation implies the concentration of the maximum of a given coverage of solutions C(r). (iii) Using a lower
bound on the rate of the cardinality of the coverage, we provide a respective lower bound of the recovery threshold.
We hence first give a Lemma that characterizes the condition to have vanishing correlations.

Lemma 4. For any two solutions x',x" € C, i, that share r nodes as (x',x") = r, the correlation of the weights
p = pS(x'),S(x") reads

and it vanishes in each of the following two regimes:

1. For d € w(1) and r < Ak for any constant X satisfying

{)\<1 for d € o(Vk)

A<1l/e otherwise

2. For d e O(1) and for any r € o(k).

We can hence show in the following that, given a coverage with vanishing correlation p(r), the maximum of such
coverage in bounded from below in high probability.

Lemma 5. Given a number of shared nodes r and a coverage C(r) that satisfies Definition 3, if the correlation
between the weights of two solutions x',x" € C(r), p(r) = psx),s(x) — 0 vanishes, then for any constant
e € (0,1) the following upper bound on the maximum weight in the coverage holds:

lim P S(x) < (1—¢)- .- 21 =0 24
A P (s 569 < (101 factr 21oap) 2y

where o}, = (S)
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We further provide a bound on the opposite direction for the weight of the planted solution, such that the two
quantities can be well separated in high probability.

k
Lemma 6. For any sequence A = () (15?;;) , it holds that

lim P, (S(x) > B + \/A-Qlogp) =0

p——+o0

where B = (Z)/J’ and X is the planted solution.

We can prove the main Lemma that connects the recovery threshold to the rate of any coverage ac(y)-

Lemma 7. Given the assumptions of Lemma 5 and given that acy € Q(1), for any e > 0 constant, if v <

(I1—¢) ac;c(” , then the probability of recovery vanishes:

lim P.=0.

p——+oo

Proof. From the hypothesis that ac(,) € €(1), logp — +00, and given any constant dp > 0 the condition on

above implies that for p large enough:
[oc(r) [ 0o
< (1- — .
r=(1-¢ k klogp

()

log p

<1-6>@m> (S)mm (25)

Using Equation (19) and Equation (11), we can write an upper-bound on the recovery probability as:

Using the definition of v and defining A = §g - we get with simple manipulation:

IN

P <P (krgcaé)S(x) S(x)>

< P(max S(x) <t)+P(t<Skx).
xeC(r)

We can now use the condition in Equation (25), to get a t such that the conditions for both Lemma 5 and
Lemma 6 are satisfied. We hence obtain

P (Améi(x) S(x) > t> -1 and P(S(x)<t)—1 (26)
xeC(r
and so the claim follows. ]

Consider any r = Ak with A being any constant satisfying Equation (23), according to the regime of d and k.
By Lemma 4 and the assumption of the theorem d € w(1), the correlation p(r) vanishes. We can hence bound
the recovery threshold with a respective bound on the rate ac(,), that is given in the following Lemma.

Lemma 8. There exist a coverage C(r) according to Definition 3 with cardinality C(r), C(r) = |C(r)| at least

Clr) > B(,%)z) for B(r) = f: (’;) (i‘_’?) (27)

l=r

For any ay € (0,1) and r < Ak, with constant X € (0,1), and for r € w(;-2=-) it holds that acey 2 (1 —ag).

logn
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We can thus apply Lemma 7 and Lemma 8 with » = Ak and obtain the desired result as follows:

(1—¢) ack(”z(l—e) ML —an) > 7

where the last inequality follows from the condition on « in Equation (12) and the hypothesis that A satisfies
Equation (23). The above inequality and Lemma 7 implies the claim. O

Proof of Lemma 4. Both S(x’) and S(x") are Gaussian random variables A (u, 32 (Z)), where p is the mean, and
depends on the amount of nodes that the solution shares with the planted one x. The correlation is hence

E[(S(x') ~ ES()(S(x") ~ ES(x"))]
8(3)

p:

Observe that S(x’) — ES(x’) and S(x”) — ES(x") are the sum of (Z) — () independent terms, and () identical
terms that are Gaussian distributed A'(0,3%). Hence, we get p = (2)/(5) We can now upper bound the

correlation as
a\ ¢
1——) k¢

d2
>(1—— )k
= (1-%)

k(k—1)--(k—d+1) > (k—d)*

and therefore

(;)_ 7! d!(k_d)!_T(T—l)~-~(r—d+1)
ﬁid!(T—d)! 7! Ck(k—=1)---(k—d+1)
r\d 1
<\z) 77—
() p
)\d
< 2
T (1-%)

For d € o(v/k) and d € w(1) the latter quantity converges to 0 for any constant A < 1. As for the other case in
Equation (23), we have

(T) edrd  qd e-r\4
b < () evtoo
d

where the asymptotics follows from e < ¢y and d — oco. As for the second case, since d € ©(1) we have
(3) € ©(r?) and (%) € ©(k?), and thus r € o(k) implies (}) € o((%)). O

Proof of Lemma 5. We apply the tail bound to the maximum of correlated Gaussians given in (Lopes, 2018)
(given also in Lemma 10 for convenience) with N = C(r). In particular, since by assumption the correlation
vanishes, we can choose any py < 1 and, for sufficiently large p, satisfy dpv/T —po > 1 — € and p(r) < py. We
can hence obtain:

lim P(max S(f{)<(1—e)~ak\/210gC(T)> =0. (28)

p—>+00 x€eC(r)

Then, Equation (28) follows from Equation (30) as both n and ¢ in Equation (31) are constants and
C(r) = |C(r)] — oo. Finally, recall that ac) = lim,logC(r)/logp, and hence, for p large enough,
log C(r) < ac(r)logp(l + €). The claim follows from the arbitrariness of e. O
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Proof of Lemma 6. Simply observe that, fixing x as the planted solution, S(x) ~ N((S)@ (Z)) Hence, by
applying Lemma 9 with p = (Z)B =B, 0% = (Z), and ¢ = ta = v/A2logn we have

P (S _ 1 e*ti/2(5)
2 ( (X)>ﬂk+tA)_a'W

e~ (Alogp)/(7)

N taV2m
/()

- V2rA - \/2Togp

k
and the latter quantity goes to 0 for A = <(d)> O

log p

Proof of Lemma 8. We construct C(r) by a iterative greedy procedure. Starting from an arbitrary x € Cp,
include x into C(r) and remove all solutions in C, with overlap with the planted solution (x,%X) > r. Iterate
this step with the remaining solutions in C,  not considered before, until there are none with this property. At
every step we include one new solution in C(r) we remove at most B(r) solutions from C, . Hence, in total
we can collect in C(r) at least [|Cpx|/B(r)] = [(?)/B(r)] many solutions. Note that this construction satisfies
Definition 3 as (i) holds by construction, and (ii) follows from the fact that if x & C(r), then we can perform
another greedy step of the procedure and included it. Hence this proves Equation (27). To prove the second
part of the lemma, note that (’;) < 2F and (7;7_’;) < (k’i 7_), hence we can get the following upper bound on B(r).

B(r) < 2k<kp >(kz—r) .
Plugging the latter in Equation (27) we get:

é?) = 1o @ *

- [k:—l—log (ki) -l—log(k—r)] .

Using the standard concentration inequalities on the binomial coefficients in Lemma 11, we get

C(r) > log

log (i) > k(logp —logk) = k(1 — ay) logp
and
log (k ﬁ r) <(k—=r)(1+1logp — log(k —r))
S(k—r)(1—ag)logp,

where the last inequality follows from r < Ak and, in particular, log(k — r) > log(k — Ak) = logk + log(1 — \) ~
log k =~ ay log p. Hence we finally get the bound for the rate of the cardinality C(r):

__logC(r)
ac(r) = W
k+log(k —7)
> k(1—1)— (k—r)(1—ay) — "1
2 (1= ) = (k)1 - ) - BT
=r(l—oar)—o(r)~r(l—a),
where the last equality is due to the fact that r € w(%). O
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Proof of Theorem 3. Let Y denote the (Z)-dimensional vector obtained by the unfolding of the d-tensor Y
into a vector containing its non-zero components (all Y;,;,...;, for distinct d-tuples i1 < ig < --- < i4). Since
each component of vector Y is a Gaussian r.v. according to Equation (5), the vector Y ™) is also distributed
as a Gaussian,

WW@NN@&WWU@N=& (29)

where I(Z) is the identity matrix in R(). For any [ € {0,...,k} and for r = k — [, let C(r) be a maximum-

cardinality coverage defined according to Lemma 8. For any x’ € Cp  (possibly x’ & C(r)) we consider its closest
solution in C(r) according to the scalar product:

Pe(ry(x') == argmax(x’,x") .
x"eC(r)

Let X = Pe()(xmLE(Y)), where xyre(Y) is the MLE characterized in Equation (7). By Fano’s inequality
(Cover, 1999) we have that, for x’ be chosen uniformly at random in C(r),
1- P, >P(x#£X)
~Ix;Y) +1og2
- log C(r)

where I(-; ) denotes the mutual information. Using the generalized Fano’s inequality (Han and Verdd, 1994) we
further have:

1 k
06Y) < gos X DPelre) < ()

2
(T) x""#x'€C(r)

where D(:||-) denotes the Kullback-Leibler divergence and the second inequality follows from Lemma 16. Hence,
from the definition of v, we get

(5)62 +1log2 B 272k - logp
log C(r) - log C(r)
272k

QCo(r)

1-P.>1-

=1

where in the last equality we used the definition of a¢(,) in Equation (9) and the previous approximation comes
from the fact that C(r) — oo. The bound ac(y 2 r(1 — az) in Lemma 8, with » = Ak and A € (0,1) constant,
yields

P2y
~ NI —ap)

from which the claim follows easily from the arbitrariness of \. O

B Useful lemmas

Lemma 9. For any X ~ N(p,0?) and any ¢ > 0, the following concentration inequalities hold:

1 1 6702/202 1 67(22/202
-—— =) ——<PX>putoe)< -+ ——.
(c 62) Vor T (X zp+e)s ¢ Vor

Proof. See (Feller, 2008, Section 7.1). O

Lemma 10 (Theorem 2.2 in (Lopes, 2018)). For any constant §y € (0,1), the mazimum of N possibly dependent
Gaussian random variables X1,..., Xy ~ N(0,0%) satisfies

log" N
P(max(Xl,...,XN) SUx-(SO\/2(1—p0)IOgN) S C- OA;gVE (30)
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where C = C(do, po) is a constant depending only on dy and py and

1-— 1-—
n=—"01-45), and g=—P—5).
Po Po

Lemma 11. For any integers a and b the following concentration inequalities hold for the log binomial:
b
a(logb —loga) < log < a(l+logb—loga).
a

Lemma 12. For any integers k, d and k' with k' < k the following holds:
k—Fk < k
k kN = (k\C
(d) o (d) (d)
Proof. With simple manipulation, observe that this inequality is equivalent to
k:,
)

(@

/

|

(31)

For k' < d this inequality is trivially satisfied since (Z’) = 0. Otherwise we can write the previous inequality as

(o) _ K d—d)l RO 1) (K —d+])
B TdAw -4 K kD (k—dt 1)
k/
< X
Tk

which is satisfied for any k' < k since all these terms satisfy ’::Z.i <Il,for1<i<d-1.

Lemma 13. For any A > 0, define ta == /2Alogp. Then the following bound holds for any X € Si:

1\ 207 1
P(S7F(x)>ta) <pk',A):= (= _.
( (X) = A) _p( ) ) (p) \/m

Moreover, the following inequalities hold:

P ( max S~ (x) > tA> < QK -p(k',A)

xeS "

P(S™F(x) < D(K)B—ta) < p(k',A).

Proof. Observe that each x € S(-F), S~F (%) consists of D(k’) non-biased edges, and therefore S—F

N (0, D(K")). Hence, by using the tail bound in Lemma 9 with ¢ = tA we have:

1 e—tA/2D(K)  ,—Alogp/D(k')
P(S™F(x)>ta) < —- =
( (%) = A) N Vor taV2m

p—A/D()
V21A - \/2logp

which proves Equation (32). By the union bound and Equation (32) we obtain:

P ( max S~ (%) > tA> =P| |J &) >ta

xes "
w xes, "

< Q(K)p(K', A)

(33)
(34)

(%) ~
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from which Equation (33) follows noting that |S,,”| = Q(k’). Finally, since all D(k’) edges of S~ (x) are biased,
we have S~ (x) ~ N(D(k")3, D(K')). Therefore, by using Lemma 9 with ¢t = D(k")3 + ta, we get

P(S™7(x) < D(K')3 —ta) =P (S7F(x) = D(K')3 + ta)

1 e—ta/2D(K)
S -

ta V2T

The remainder of the proof is as above. O

Lemma 14. For vy > 'y((jkge, there exists t such that

tar <t < D(k/)ﬁ —tan

with (k)
Al log M(If/) A/I log k!
= d = .
Do)~ logp ¢ ™ D) T logp (35)

Proof. We can rewrite the inequality tar < D(K')B — tar as follows:
D(E)B > tar +tar = /2log p(VA' + VA

hence, by the rescaling in Equation (1), we get the condition for the SNR:

/B 1 i "
N D(k:’)(\/KJM/Ai)

1 log M (k' log (&
_ og M (k') Lea )28 () T
D(K") log p log p

1 ’
= W : UBe(k )

from which the claim follows. O

Lemma 15. For every k and k' € {0,...,k — 1}, it holds that

’Yr(JkJ;)e §<\/1+ak—2a§€+e+\/ak—a§€+e) X

(36)

§<\/1+ak—2a;c+e+\/ak—a;€+e) . (37)

Proof. Using the standard inequalities on binomial coefficients in Lemma 11 and the definition of rate in Equa-
tion (9) we have

1+ logk —log(k — k')
log p
~ (k= k) (o — ap—p),

< (k= k)

and analogously

log (7~4)
log p

1+log(p — k) — log(k — k')
log p
=~ (/C — k/)(l — Ozk_k/),

<(k &)
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thus implying

k\ (p—k
log M(K') log ((k’) (kfk’)) < (b ut B
logn log p S (k= R+ o = 20nw)

By plugging this into the definition of UB. (k') in Equation (20), we get

log M (k' log (F
UB.(k) = [ REME) | o) |
log p logp

5\/1+ak—2ak_k/+e—|—\/ozk—ozk_k/—i-e.

Hence, using the definition of 7,(}?6 given in Lemma 3, we obtain Equation (36). To conclude the proof and have
Equation (37) we finally use the simple manipulations of the Lemma 12. O

Lemma 16. For any two vectors x',x" € Cp , we have

D(Relne) < ()

where D(+||-) denotes the Kullback-Leiber divergence.

Proof. Since Py and Py~ are a Gaussian probability distributions (29), we have

D(Pu[Pr) = 2 A2(x/ 0 — (x"2)0) 2
= 32(||(X/®d)(u)||2 o <(x/®d)(“), (x”®d)(“)>)

< Flece @l = 2 (5)

C Derivations for Section 3 (AMP algorithm)

C.1 Derivation of the AMP iterative equations

In the following we adopt conveniently the notation used in (Lesieur et al., 2017b), denoting as

Throughout this section, we shall make the following assumption on the above rescaled tensor, i.e., on how
scales with respect to the entries of Y.

Assumption 1. For every d-tuple iyiz---iq of distinct indices, it holds that S, ,..., < 1, that is, f <
—1
1/ (Zfl)yiliz'”id'

A stronger assumption is the following one:
Assumption 2. For every d-tuple iyis - - - iq of distinct indices, it holds that Si,4,...., € 0(1).
We next present a message passing algorithm which is a simple generalization of the algorithm for matrix

(Lesieur et al., 2017a) and tensor-PCA (Lesieur et al., 2017b). The algorithm is described by the following
iterative equations:
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(t) _ 1 (1) 50
Tiiig. iy — (p_l) Z (Sikz,..kd Ehoyihgokg " Ehgsik.. kd)
_ ko< <k
C o) i i)
(t) _ 1 2 (t) 2 (t) 2
Aiiig. g = (p71) Z (Sikg...kd (ku—mkz kd) " (xkd—mkz kd) )
d—1 ko< --<kq

(k‘g,...,k‘d);ﬁ(ig,...,id)
A (t+1) (t) (t)
(‘Ti—n'ig...id)i =f ((Aiﬁiig...id)iv (xi—mg.i.id)i)

where f(-,-) is the multidimensional threshold function defined in Equation (14), and < Bt id) ~denotes the

i—1i2..
p-dimensional vector indexed by i. Note that the function f is applied element-wise on all indices other than
i, that is, on ig,...,44. Since the messages depend weakly on the target factor, we can compute the messages
including the factor (is,...,%44) in the sums above, and dropping the factor node dependency as:

w__ 1 NO) NG
Ty = = Z (Si’iQ»--id L g 'xih—mz...id) (38)
(d 1) G9<--<iq
t 1 L (t L (t
Al(‘ ) = p—1 Z (Szng dg (xz(’g)%iiz‘..id)Z T (mgdgiiQ...id)Q) (39)

(d*l) 10 <+ <iq

I+ — ¢ (Aa),m(t)) ,

We can now analyze the error obtained by this simplification as:

t t 1 ~(t (T
xg - xz('—)miz.“ih Y (Siia...ia '5”1(‘2)—m'2“.z‘d e ‘xz('d)—mg...z‘d) (40)
(a-1)
¢ t 1 NG N
A(‘ ' - A(‘ ) iy = (5312 g " (Iz(‘z)—>ii2,,.id)2 Tt (Igd—n@...id)z)- (41)

% 1—492...04 ( )
d—1

Observe that by Assumption 1, the error in A is of lower order then the one in z. Hence, we can estimate the
error in &1 by focusing on the quantity in Equation (40):

£ A —1 —1 _ _
B iiyig — 2 = ((Az(;iii...id)iv ('rz(‘:ii;‘.id)i)i — fAUTD gl

_ 1 - - Siiy...i
-0, f(A AU gt 1))1' — (SiiQ...z‘d 'xgz—)lillz.“id e ‘IEZ—Q@.A.”) +o 2p_ld
(5-1) (5-1)
-9 A(t_1) (t—1) 1 (t—1) (t 1) Siiz...id
= =0y, f( , T )i = (Siig.oiq @y, e T, )+o ——= (42)
() (70
d—1 d—1

Plugging this last expansion into Equation (38), and by recalling the definition of o*) in Equation (15), we get
to leading order:

d—1 B S2
e L S ST Y s A0 a0 (S
(d 1) 10< - <ig (d—l) B2 13< - <tq (d—l)

where the factor d — 1 comes from the symmetry of choosing the index (45 in our case) for the lower order term in
the product. Note that all the other terms are of lower order and are hence discarded. Plugging Equation (42)
into Equation (39) we obtain:

A

(t) (t) S2
2 S @) ---'<iid)2+0<(ﬁz—'1§d>.

d— 12< <ig d—1
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C.2 Derivation of the state evolution

We assume here a typical condition for belief propagation algorithm, that is the statistical independence between
the rescaled observation S and the estimates X (see for reference Montanari (2013); Lesieur et al. (2017a)).
Given the independence, the central limit theorem applies for the right hand side of both Equation (38) and
Equation (39), so that the messages behave in the large p limit as Gaussian random variables. We can thus
describe the evolution of the AMP algorithm by tracking only the average and variance of such messages (recall
that x is the planted solution):

" 1 L (t L (t
EZ[Q«"@(‘ )] = =y Z (EZ[Siiz---id] 'xz(‘z)ﬁiiz..‘id e 'xz(’d)aiig...id)
(o) iz<<cia
L (t L (t
=5 Z (xi T Ty e Tig '$§2)~>ii2...id e 'Igdl)iiz...id)
Gp< - <ig
= B2 Z X+ Ly v vt iy ~£§?~...-i§2)+0(52)
1< <ig
=2z - 1z o2}, + 0(3?) . (43)
Analogously
1 N N
Valel] = oo D0 (ValSinid - @i i) @)
(dq) i< <ig
= 52 Z (3:"52)—>ugzd)2 Tt (9252)—”121(1)2
i< <ig
=8 3 @) @) +o(8?)
ig< e <ig
= B*1{@&' 0 &'}, + o(5?) (44)
and

t 1 L (t (¢
EZ[AE )] = (n_1) Z (EZ[SZ'Z.A.”] ’ (%(‘Q)miz...z‘d)z T (l’gd)miz...idy)
d—17 iy<---<ig

=p? | > | (B2(wi)? - (23)% o (i) 2+ 1) - @) @)+ 0(82)

=B H{zoxodWod'}; + £21{a™ 0 8V}, + o(?)
= p*1{&" o 2}, + o(5?) (45)

where in the second equality we used the fact that

Ez[Sh, i) =A%) - (xi)* .- (20,)* + B2[Z5, 3]+ Boi @iy o 20, B2 Zity. i)
:ﬁQ(I'i)Q . (.’)31‘2)2 te..t (.’Eih)2 + 1.
We now assume that the signal estimates &' are drawn from the true intractable posterior distribution P(-|z, Z).
Given this assumption and using the Nishimori condition (see Iba (1999); Lesieur et al. (2017b)) we obtain easily
from Equation (44) and Equation (45):
Vo z[2"] = Bz 2[AW] = B2E,1{2( 0 21} 4 0(5%)
= B*Ex1{z 0 2"} + 0(6°)
= m 4 o(8%).

It can be easily seen that the wvariance of the messages A is of lower order, hence A®) can be approximated
by only its mean. With the assumed gaussianity of messages, we can hence write using Equation (43) and
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Equation (44) z® = m® oz + Vi o z, with z being a p-dimensional standard Gaussian vector. The state
evolution finally reads:

m{t) Eez[1{z o a(t}]

1
= Ep.[{zo f(n® mtox+ Vin®oz)}].

(5-1)
C.3 Analytical threshold for AMP recovery

To get an analytical threshold, we start from the SE for factorizable prior as in Equation (17) and we study
the fixed point of the recursive equation for the parameter of the Bernulli distribution 6 = k/p — 0 in the
large system limit. In particular the threshold function reads in the limit f(a,z) = de*~%/2 4 O(6?), hence the
factorized SE becomes myyq = 62E,[e™/2HVuz] = 62 with ry = (2 (7~1)ms. It is easy to sce that the
critical bias 8 to have a perfect overlap with the planted signal is

ﬁ 1 p2(h—1) 1
AMP = — .
e(d—1) (r-1) k2(d-1)

Using the definition of normalized SNR + in Equation (1), we obtain the threshold yaymp in Claim 1.

Remark 3 (Validity of the AMP approximations). We can observe from the derivations above that the AMP
equations and state evolution are carried out assuming the quantity

Sil,mih _ p—1 - )
N (6= 1)r

d—1

being small (which corresponds to Assumption 2 above). This is the case for the classic tensor-PCA for both
dense and sparse signal with linear sparsity as in Lesieur et al. (2017b). However in the scenario here considered
the effective sparsity of the problem defined by the parameter 6 = k/p can be sub-linear, and hence non-trivial
estimation requires a B (hence a SNR) such that the quantity above is not in o(1). For this reason the derivations
have to be considered non-rigorous in the regime used in this analysis. The rigorous presentation of AMP-like
algorithms in effectively sub-linear sparse estimation problem, also in line of the approach proposed recently in
Barbier et al. (2020), is left for future developments.

D Comparison with Bounds in the literature

D.1 Tensor-PCA formulation

We follow the terminology of (Hopkins et al., 2015) to explain the similarities/differences between tensor-PCA
and our problem.

Definition 4 (Symmetric Tensor-PCA). Given an input tensor Y = 7 - v®? + Z, where v € RP is an arbitrary
unit vector, T > 0 is the signal-to-noise ratio, and Z is a random noise tensor with iid standard Gaussian entries,
recover the signal v approximately. Moreover, the noise tensor is symmetric and thus so is the input tensor as
well, that is, Zix(i,yr(is)--m(in) = Livig—iq WA Y (i yw(is)em(in) = Yivio--ig JOT ANy permutation .

Definition 5 (Planted k-Densest Sub-Hypergraph). This problem is a variant of symmetric tensor-PCA in
which we impose the following additional structure:

1. We consider only the (Z) entries with distinct indices, that is, Y;,i,...;i, = 0 whenever i, = i, for some a
and b.

2. The vector v encodes a planted k-Subgraph and thus has exactly k entries equal to 1/\/%, and all other
entries are equal to 0.

Remark 4 (Impact of diagonal entries — Item 1). Dropping Condition 1 leads to the variant in which we make
the substitution (Z) — p? in Item 1 above.
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Remark 5 (Rescalings). Different papers consider different rescaling of the signal-to-noise ratio, that are here
reported for convenience in Table 1. In general, consider a tensor

Y =pu-v® 47 Z ~ N(0,5?) (46)

where v is a vector of unit length, and p and o (signal and noise, respectively) determine the snr. By simply
rescaling so that we have normally distributed Gaussian noise, this is the same as

Y =pfo- v+ Z Z ~ N(0,1)

and since in our formulation (snr in Equation (1)) we consider the planted solution as a 0-1 vector x consisting
of k ones and p — k zeros, we are effectively considering a planted signal B - x®¢ = vk - v®¢ where v = x/\/E
is a unitary vector. Therefore, the tensor-PCA formulation in Equation (46) corresponds to

k

VI = (/o) & v = (/o) k(d%) .

2logp

We use this relation to convert the existing bounds for temnsor-PCA in the literature to our snr vy as shown in
Table 1. In [x] we ignore the diagonal entries (see Remark 4). As we are implicitly considering the easier problem
with the additional entries, the bounds that one obtains are in a sense “optimistic” for our original problem.

Table 1: Signal to noise ratio scaling in the literature

Tensor Noise SNR (x=ours)

Y:6~v®d+Z Zi1i2"'? ~N
Y:ﬂ’~v®d—|—Z Zi1i2---id NN
Y:ﬁ//'v®d+z Zi1i2---id ~N

(0,1/(p(d—1)1)) B (Richard and Montanari, 2014)
(
Y=7-v® 17 Ligigeig ™~ EO
N(
N(
N(

0,2/(p-d!)) B' (Montanari et al., 2016)
0,2/(p-d!)) B" (Perry et al., 2020)

7 (Hopkins et al., 2015)

A (Jagannath et al., 2020; Arous et al., 2020)
Ap (Niles-Weed and Zadik, 2020)

veq. (1) %

Y:)\\/];'V®d+z Zi1i2"'id
Y = ,/)\p~V®d+Z ZiliQ---id
Y:ﬂ\/kd~v®d+z Zi1i2...id

The information-theoretic bounds translated in our scale read as follows:

lower bound (Richard and Montanari, 2014): </ d!(fl) 1
’ S U= k4l 20logp
upper bound (Richard and Montanari, 2014) > /2 d <d) logd
bp 1= kdtl 2logp

generic spherical prior (Perry et al., 2020): ~ =

Radamacher prior (Perry et al., 2020): ~ =

where the Radamacher prior bounds apply to one of the following restrictions: (i) the dense regimes with any
sparsity constant p € (0,1] and d — oo or (2) the vanishing sparsity regime p — 0 and constant d. Note that

in both cases (Richard and Montanari, 2014) and (Perry et al., 2020), the bound are located at a scale /75—

that diverges for any rate aj < 1 considered in this paper. From this result, we can observe that the recovery
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above the yyp given in this paper is possible only thanks to the exploitation of the prior constraint, and it is not
possible in general.

Sharp bounds on the MMSE estimator have been also obtained (Niles-Weed and Zadik, 2020) with the same
Bernoulli prior considered here, and translate into the threshold

YMMSE = V1 — a

which can be obtained by a proper rescale of the planted vector v so that the resulting tensor (without diagonal
entries) has unit length. Note that these bounds on the MMSE regard the problem of finding a vector with a
positive non-vanishing correlation with the planted vector (weak recovery), and correspond to the lower bound
~p for the MLE provided here in the case of d — co,d € o(k). Whether the MLE undergoes the same transition
as the MMSE is in general open (Niles-Weed and Zadik, 2020) and, for our problem, it has been shown a relation

only for the “ultra sparse” regime k = o(logﬁ p) (Corinzia et al., 2021).
Algorithmic upper bounds provided by sum-of-squares (SOS) algorithms (Hopkins et al., 2015) are:

2(k
Ysos = \/pd/ (d) ! (47)

k=1 91082

for any d > 3. Note that also for the computational threshold, this bound is higher than the AMP threshold

Yamp ~ /plt—ox)d=1) for

ap > 1/2—1/d.

A recent work by Choo and d’Orsi (2021) derives further SOS algorithmic bounds for the tensorial version of our
problem when «, < 1/2. Their algorithm runs in time O(p®*t*) for any parameter 1 < ¢t < k such that their SNR
A > OVt - (k/t)¥?) where the O(-) notation hides multiplicative factors logarithmic in p. It is open whether
their analysis extends to our problem (without diagonal entries available) as the authors discuss in (Choo and
d’Orsi, 2021, Appendix A).

Further papers provide general bounds whose thresholds do not have a closed form and apply to the easier
problem of detection or hypothesis testing:

1
Montanari et al., 2016 2= inf (/——=log(l— ¢2
(Montanari et a ) Ba qel%’l) T og(1 —¢?)

(Jagannath et al., 2020) A, = sup{ sup fi(t) < O}
A>0 | telo,1)

with fy(t) = A2t +log(1 — t) + t.

D.2 Prior bounds for the k& densest subhypergraph

We report the prior upper and lower bounds on the very same problem in (Corinzia et al., 2019, Theorem 5).
For the sake of comparison, we rewrite the upper and lower bound there according to our scaled-normalized snr
v, and denote these bounds as v;, and 7., respectively. As we can see below, these bounds are very loose in
most of the cases, vip < Yo < YwB <K Yub:

1
Tiv = P
and
?logp -
Yub = 4 2¢/1+ (1 +1og2) %)loép — c € (0,+00)

k
lo
2y gl sz e (0,1)

For instance, when 1 < d < k we have v, — 0 and 7, — +oc.



