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Abstract

Predictions from statistical physics postulate that recovery of the communities in the Stochastic
Block Model (SBM) with a fixed number K of communities is possible in polynomial time above,
and only above, the Kesten-Stigum (KS) threshold. This conjecture has given rise to a rich lit-
erature, proving that non-trivial community recovery is indeed possible in SBM above the KS
threshold. Failure of low-degree polynomials (LDP) below the KS threshold was also proven, as
long as K < +/n, where n is the number of nodes in the observed graph.

When K > /n, Chin et al. (2025) recently proved that, in a sparse regime, community
recovery in polynomial time is possible below the KS threshold by counting non-backtracking
paths. This breakthrough led them to postulate a new threshold for the many-communities regime
K > y/n. In this work, we provide evidence supporting their conjecture:

1- We prove that, for any graph density, LDP fail to recover communities below the threshold pos-
tulated by Chin et al. (2025) ;

2- We prove that community recovery is possible in polynomial time above the postulated thresh-
old, not only in the sparse regime considered in Chin et al. (2025), but also in moderately sparse
regimes, by counting occurrences of some specific motifs inspired by the LDP analysis.

In particular, counting self-avoiding paths of length log(n)—which is closely related to spectral
algorithms based on the Non-Backtracking operator—is optimal only in the sparse regime. More
complex motifs based on the blow-up of a cycle must be considered in denser regimes.
Keywords: Stochastic Block Model, Low Degree Polynomials, Computational Barrier

1. Introduction

Network analysis investigates random interactions among individuals or objects. A typical net-
work over n individuals can be represented as an undirected graph with n nodes, where edges
encode the observed binary interactions between individuals. Examples of such networks include
social networks (interactions being e.g., friendships, links, or followers), biological networks (e.g.,
gene—gene or gene—protein interactions), and information networks (e.g., email communication
networks, internet, or citation networks). The Stochastic Block Model (SBM), introduced by Hol-
land, Laskey, and Leinhardt Holland et al. (1983) is a popular statistical model for network analysis.
In the SBM, the set of nodes is partitioned into K < n disjoint groups, or communities, according
to a random assignment. Then, conditional on the (unobserved) community assignments, edges are
generated independently, with probabilities determined solely by the community memberships of
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the nodes they connect. In its simplest version, the probability of connection is p if both nodes be-
long to the same community, and g otherwise. When p > ¢, nodes within the same community tend
to exhibit stronger connectivity among themselves than with nodes outside their community. Be-
cause of its simple analytic structure, its ability to capture community formation, and its interesting
theoretical properties, the SBM has become an iconic model for network data, and it has received
significant attention from theoreticians in statistics, computer science and probability Abbe (2018).

The central task in SBM analysis is to recover the latent community memberships of the nodes
from a single observed network. For a fixed number of communities K, a community assignment
uniformly at random, a diverging population size n, and probabilities of connection p and ¢ scaling
as 1/n, the seminal paper of Decelle, Krzakala, Moore and Zdeborové Decelle et al. (2011) conjec-
tured with the replica heuristic from statistical physics, that, while non-trivial community recovery
is possible above the information threshold

nA? log(K)
KAt Kq~ K where A = p — g ; (1)

community recovery is possible in polynomial time only above the Kesten—Stigum (KS) threshold

2
NS

A > Ags, with Agg defined as the solution to m =

1. 2)

This conjecture then suggests that, for K > 5, there is an information-computation gap for com-
munity recovery in SBM in this sparse regime, which means that the minimal separation A required
for community recovery in polynomial-time is larger than the minimal separation required without
algorithmic constraints. This conjecture has raised a high interest among theoreticians, and a lot of
efforts have been devoted to confirm this conjecture.

On the one hand, non-trivial recovery in polynomial time above the KS threshold was estab-
lished in this setting in Massoulié (2014); Mossel et al. (2018); Bordenave et al. (2015); Abbe and
Sandon (2015); Chin et al. (2025), see Abbe (2018) for a more exhaustive review. On the other
hand, a strong effort was devoted to prove the impossibility to recover the communities in poly-time
below the KS threshold. Due to the random nature of the observed graph in the SBM, the classical
notions of worst-case hardness, such as P, NP, etc are not suitable for proving computational hard-
ness in this framework. In such random settings, other notions are considered, such as reduction to
other hard statistical problems, like planted clique Brennan and Bresler (2020); Berthet and Rigollet
(2013); Brennan et al. (2018), or computational hardness in some specific models of computations,
such as SoS Hopkins et al. (2017); Barak et al. (2019), overlap gap property Gamarnik (2021), sta-
tistical query Kearns (1998); Brennan et al. (2021), and low-degree polynomials (LDP) Hopkins
(2018); Kunisky et al. (2019); Schramm and Wein (2022); Sohn and Wein (2025). Among these,
LDP bounds have gained attention for establishing state-of-the-art lower bounds in tasks like com-
munity detection Hopkins and Steurer (2017), spiked tensor models Hopkins and Steurer (2017);
Kunisky et al. (2019), sparse PCA Ding et al. (2024), Gaussian clustering Even et al. (2025), and
many other models Wein (2025). In this model of computation, only estimators that are multivariate
polynomials of degree at most D are considered. It is conjectured that, for many problems, failure
of degree D = O(logn) polynomials enforces failure of any polynomial-time algorithm Kunisky
etal. (2019) (LDP conjecture). The first LDP hardness results for SBM were for the detection prob-
lem Hopkins and Steurer (2017); Bandeira et al. (2021); Kunisky (2024), which is the problem of
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testing A = 0 against A > 0. LDP hardness below the KS threshold (2) for community recovery
was proven in Luo and Gao (2024); Sohn and Wein (2025); Ding et al. (2025).

The setting where the number K of communities grows with n has attracted much less atten-
tion until recently. A polynomial time algorithm performing non-trivial recovery close to the KS
threshold was already proposed in Chen and Xu (2016). Yet, for growing K, non-trivial community
recovery in poly-time just above the KS threshold was only obtained recently in Stephan and Zhu
(2024); Chin et al. (2025). Lower bounds for growing K have been derived in Luo and Gao (2024);
Ding et al. (2025); Chin et al. (2025), proving failure of LDP below the KS threshold (2) when
K = o(y/n), both in the sparse case discussed here (g scaling like 1/n), and in the denser case
where probabilities of connection grow faster than 1/n. In particular, Chin et al. (2025) proves that,
conditional on the LDP conjecture, the prediction from Decelle et al. (2011) holds in the sparse case
as long as K = o(y/n). Indeed, in addition to proving failure of LDP below the KS threshold in any
regime, they also prove the existence of a poly-time algorithm based on non-backtracking statistics
which succeeds to partially recover the communities above the KS threshold in the sparse regime
(where ¢ scales like 1/n).

The regime with a higher number of communities, K > /n remains mostly not understood.
Chin, Mossel, Sohn and Wein Chin et al. (2025) made an important breakthrough by proving that
when K >> /n, a poly-time algorithm based on non-backtracking statistics succeeds to partially
recover the communities below the KS threshold in the sparse regime (where ¢ scales like 1/n).
A similar phenomenon had already been observed in Even et al. (2024) for the related problem
of clustering in Gaussian mixture: When K > +/n, a simple hierarchical clustering algorithm
succeeds to recover the clusters below the KS threshold (of Gaussian mixture models), and it has
been proved to be optimal up to possible log factors Even et al. (2024, 2025). For the SBM in the
sparse regime (g scaling like 1/n), Chin et al. (2025) prove that, when K > /n, partial recovery
of the communities is possible in polynomial time when

)\ 1710gn (K)
> ; 3)

A Zlog <q + E

where log,, is the logarithm in base n (i.e. K = nlogn (K )) and where 2o hides a poly-log factor,
which is proportional to the square of the natural logarithm of the average density. The Condition (3)
can be simplified as

A Zlog ql—logn(K) ) (4)

for ¢ > 1/n. This upper-bound for the sparse regime led them to pose the following open questions
(Question 1.9 in Chin et al. (2025), that we transpose with our notation)

Let log,, (K) = % + Q(1). Does the phase transition for efficient weak recovery occur at

1-1 K . .
A Zlog (q + %) o8n( ), where 210 hides poly-log factors? Moreover, is there a sharp or coarse
transition in the recovery accuracy as \ varies as a function of the average density?

Let us (partially) rephrase these two questions for convenience of the discussion. When K > /n:

Q1: Does the phase transition occur at (4) in the sparse regime (g scaling like 1/n)?

Q2: Where does the phase transition occur in denser regimes?
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For the first question Q1, one may guess that the answer should be positive. Indeed, non-backtracking
statistics are tightly related to Belief-Propagation and the Bethe free-energy, the latter being known
to be a valid approximation of the log-likelihood in the sparse regime, while the former is expected
to be optimal again in the sparse regime Krzakala et al. (2013); Moore (2017). Hence, as far as
the analysis of Chin et al. (2025) is tight, we can expect that (4) is the threshold where the phase
transition occurs in the sparse regime.

The answer to the second question Q2 seems much more open. First, the upper-bound of Chin
et al. (2025) is for the sparse regime, and we are not aware of any result proving non-trivial recovery
below the KS threshold in a denser regime. Second, even if the upper-bound of Chin et al. (2025)
were to hold in a denser regime, there is no strong indication that non-backtracking statistics should
be optimal in this denser regime. In particular, in the light of the results for the Gaussian clustering
problem Even et al. (2024), we may guess that some other algorithms could be more powerful in
denser regimes.

1.1. Main contributions
In this paper, we provide an answer to these two questions. We prove that, when K > \/n

1-log,, (K)

1. LDP fail for partial recovery when A Sjoq ¢ , for all density regimes;

2. Community recovery in poly-time is possible in moderately sparse regimes when (4) holds.

These two results provide evidence that, when K > /n, the phase transition for community recov-
ery in poly-time holds around the Threshold (4) conjectured by Chin et al. (2025). Let us present
our two main contributions with more details.

Contribution 1: Low degree polynomial lower bound. Our first main result is a LDP lower
bound for community recovery for any K < n. Low-degree polynomials are not well-suited
for directly outputting a partition of the nodes, which is combinatorial by nature. Instead, as
standard for clustering or community recovery Luo and Gao (2024); Even et al. (2024); Sohn
and Wein (2025); Chin et al. (2025); Even et al. (2025), we focus on the problem of estimating
xi; = 1{i,j are in the same community} — 1/K, which can be directly related to the problem
of clustering Even et al. (2024, 2025). Theorem 6, Appendix A, states a precise version of the
following.

Theorem 1 (Informal) When
nAZ"

A Stog Ay With . solution to 312111) m =1, &)

any O(log(n))-degree polynomial f fails to estimate x;; significantly better than f = E[x;;] = 0.

At first sight, the Condition (5) looks unrelated to the Threshold (4) identified by Chin et al.
(2025). Next lemma, proved in Appendix J, highlights that the Condition (5) is closely related both
to the Kesten-Stigum threshold (2) when K < y/n and the Threshold (4) when K > /n.

Lemma 2 Assume that ¢ = n=** with o, € (0,400), and K = n P e log, (K) =
(14 6,)/2— with §,, € (—1,1). Define 7, as the value r > 1 achieving the maximum in (5). Then,
for any small € > 0, and n large
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1 IfK < (1—€)/n, thent, = land Ao = Axs = & (1+ /T + 2nq).
2. If(1+¢e)y/n < K < nl~¢ then

R 1-62  1-0(1)
Ifq < 52 X T

n

,then 7, = land \. = \gs;

lo 1_2'2‘

146, on/2
)\c ~ q(l_(sn)/Q (1 + 6n) i . (6)
(1 _ 677,)1_6” (2677,)25"

1-42
12 <

1—o(1)

e q> , then T, ~ o,

When K < /n, we have A\, = Agg, and we recover that low-degree polynomials fail to
estimate x;; better than 0 below the Kesten-Stigum threshold, as already proved in Chin et al.
(2025). When K > y/n and ¢ 2, n~!, then the threshold value (6) matches the Threshold (4) since
(1—6,)/2 =1~ log, (K).

Theorem 1 establishes that the Threshold (4) identified by Chin et al. (2025) is correct, up to
a poly-logarithmic factor, in the sparse regime ¢ =< 1/n with K > \/n. Moreover, it serves as a
lower bound on the minimal separation required for polynomial-time recovery in denser regimes.
Our second main contribution is to leverage our LDP analysis for deriving novel optimal motif
counts. These counts enable polynomial-time community recovery in the intermediate dense regime
g =n~% (fora € (0,1) N Q), provided that K > /n and (4) are satisfied.

Contribution 2: Successful recovery above threshold ). with motif counts. Chin et al. (2025)
prove that, in the sparse regime (g scaling like 1/n), partial recovery of the communities is possible
above the threshold (4) with non-backtracking statistics, when K >> /n. Our second contribution
— Corollaries 10 ; 13 and 17 Appendix B — is to prove that partial recovery of the communities is
possible above the Threshold (6), with an algorithm based on (weighted) motif counting.

Theorem 3 (Informal) Assume that ¢ < n= with a € (0,1) N Q. When X Z1og Ac, With A given
in (6), community recovery is possible in polynomial time with an algorithm based on counting a
motif, whose shape depends on «.

Combining Theorem 1 with Theorem 3 —and the result of Chin et al. (2025) for the case a =
1—, we get that for ¢ < n~® with « € (0, 1]NQ, the phase transition for weak recovery in poly-time
occurs at level A, up to possible log factors. When « is irrational, it follows from our results that
community recovery is possible either above the threshold A. with a polynomial of degree log(n)
—but with O(nlog(”)) algorithmic complexity—, or in polynomial time if A > n\., where ¢ > 0
can be arbitrarily small. See the discussion after Corollary 17 (page 27) for details.

As mentioned in Theorem 3, the motifs involved in the log-optimal algorithm depends on the
power « of the between group probability of connection ¢ = n~. For some very specific values of
a, some log-optimal motifs are very simple. Indeed, we prove in Corollaries 10 and 13, Appendix B,
the following.

Corollary 4 (Informal) Assume that K > \/n and X 2165 Ac.

2
1. When q < n~ =1, withm € {3,4,5, ...}, community recovery is possible in polynomial time
with an algorithm based on counting cliques of size m.
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m—2
2. When q < n~ m=1, withm € {3,4,5,...}, community recovery is possible in polynomial time
with an algorithm based on counting self-avoiding paths of length m — 1.

. X 2 X m-2
cliques: @ g=-——_ paths: o=
m+1

0 0.5 1

Figure 1: Values of o € {mi+1 Tm o= 3,4,...} U {% m o= 3,4,...} corresponding to
densities ¢ < n~® for which m-cliques counting (blue solid markers) and (m — 1)-self-avoiding
paths counting (red circles) succeed at the (log-)optimal threshold A 216g Ac.

We notice that taking m slowly diverging! with n, we recover the success of self-avoiding paths
1

counting above the threshold (4) when g < -, as already proved in Chin et al. (2025). We underline
yet, that counting length-log(n) self-avoiding paths —which is closely related to spectral algorithms
based on the Non-Backtracking operator— is optimal only in the sparse regime q =< % Other motifs
counts should be considered in Theorem 3 in denser regimes.

For general values of o, our LDP analysis dictates a more complex family of (log-)optimal
motifs. Writing ! = v 4 a, where v > 1 is an integer and a is a rational in (0, 1), the motif is
constructed by considering a y-blow-up of a cycle of length x, which is then linked evenly to the
reference nodes 7 and j with ax~y edges —referred to as fasteners in the following. The length «
of the cycle is chosen in such a way that ax+y is a sufficiently large even integer. We refer to the
discussion Section 1.2.2 for some intuition on the choice of this motif, and to Section 1.2.3 page 12
for the formal description.

It is worth mentioning that counting self-avoiding paths of length 2 or cliques of size m = 3 is
closely related to the hierarchical clustering algorithm in Even et al. (2024), which is log-optimal
for Gaussian mixture when K > /n. Yet, counting 3-cliques is only log-optimal for SBM in a
narrow regime of density where ¢ =< n~'/2. Indeed, contrary to the Gaussian case, the minimal
separation A remains bounded, and in denser regimes, better results can be obtained by averaging
the observations over a wider m-clique, to reduce the variance.

Open questions. While our results, combined with those of Chin et al. (2025), provide a better
understanding of the phase transition for community recovery when K > /n, some questions
remain open. A first question is relative to the exact location of the phase transition when K > \/n.
Indeed, while Chin et al. (2025) prove that the phase transition occurs exactly at A\. = Axs when
K < /n (and ¢ < 1/n for the upper bound), the upper and lower bounds for X' > /n involve
(un-matching) poly-log factors.

Question 1 Is the threshold ). defined in (5) —equivalently (6)— the exact threshold above which
weak recovery is possible in polynomial time?

A second question is relative to optimal motifs for successful recovery. Indeed, while we show
that, when A 21,5 Ac, we can recover the communities with the family of blow-up motifs introduced
in Section 1.2.3, the question of sharp optimality (in terms of log factors) remains open.

1. When m diverges with n, counting length-(m — 1) self-avoiding paths has a complexity super-polynomial in 7. This
issue can be overcome by counting non-backtracking paths instead Chin et al. (2025), which can be done efficiently.
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Question 2 What are the optimal poly-time algorithms for weakly recovering the communities
above the computational barrier (with sharp constants)?

1.2. Proof technique, insights, and limitation

Let us denote by Y* € R™*" the adjacency matrix of the observed graph on n vertices. The graph
being undirected and with no self-loops, the matrix Y* is symmetric with zero on the diagonal. We
assume that Y* has been generated according to the stochastic block model: Each node ¢ is assigned
uniformly at random to one among K communities, and then nodes within a same community are
connected with probability p, and those between different communities with probability q.

More formally, let K be an integer in [2, n], and p, ¢ € (0,1), with p > ¢. We assume that Y*
is sampled according to the following distribution:

1. 21,...,2n i Uniform {1,...,K};

2. Conditionally on 21, ..., z,, the entries (Yl’]‘)K ; are sampled independently, with Y} distributed
as a Bernoulli random variable with parameter ¢ + A1 {2; = z;}, where A = p — q.

To get simpler formulas, in the remaining of the paper, we will work with the (almost)-recentered
adjacency matrix
Y;j:Yij-—q,foranylgi<j§n. @)

We will also recurrently use the notation
g=q(l—q), and p=q+A(1-2q). ®)

1.2.1. LOW-DEGREE LOWER BOUND

Let P, denote the distribution of the SBM with a prescribed separation A. Let us consider the
problem of estimating 12 = 1 {21 = 20} —1/K. We say that degree-D polynomials fail to estimate
x12 in L?(IPy)-norm, when no degree-D polynomial can estimate x5 significantly better than the
constant estimate £y [z12] = 0. In mathematical language, proving failure of degree-D polynomials
for estimating x15 amounts to prove that

MMSEp = inf E,[(f —212)*] =E\[z]]— sup M:(lJro(l))MMSEO,

f:deg(f)<D fdeg(f)<D  EA[f?]
)

where the inf and sup are over all the polynomials of the observation (the adjacency matrix in our
case) with degree at most D. Since MM SEy = Ey[z2,] — Ex[x12]> = Ea[22,], the problem
reduces to proving that

Cort2p, :=  sup w <o (IEA [m%Q]) =0 (1> . (10)
=7 pdes(psp Ealf?] K

Low-degree polynomials theory has emerged in a sequence of works Hopkins et al. (2017);
Hopkins and Steurer (2017); Hopkins (2018); Kunisky et al. (2019) focusing on detection problems,
where the goal is to perform a test with a simple null distribution (typically with independent en-
tries). For SBM, the detection problem amounts to test A = 0 against A > 0. In practice, it reduces
to proving CorrZ ;, = o(1), with A = 0 and 12 replaced by the likelihood ratio between Py and Py.
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The core strategy for detection problems is to expand the polynomials f on a L? (Py)-orthonormal
basis of low-degree polynomials, and then to solve the resulting optimization problem explicitly.
This approach has been successfully implemented for SBM in Hopkins and Steurer (2017). A sim-
ilar approach cannot be implemented for estimation (i.e. recovery) problems, as no simple explicit
L? (Py)-orthonormal basis of low-degree polynomials is known for A > 0. Three strategies have
been proposed to circumvent this issue:

1. Schramm and Wein Schramm and Wein (2022) schematically apply a partial Jensen inequality
with respect to the latent variables (the community assignment in SBM), and expand the polynomi-
als f on a L? (Py)-orthonormal basis. Then, the optimization problem (10) can be upper-bounded
recursively. This approach has been implemented by Luo and Gao Luo and Gao (2024) for SBM.

2. To get tighter bounds, Sohn and Wein Sohn and Wein (2025) expand the polynomials f over a
basis which is orthonormal in an enlarged probability space including the latent variables. While
the analysis is much more delicate, it leads to sharp results. It has been implemented for SBM
in Sohn and Wein (2025); Chin et al. (2025) to prove failure of low-degree polynomials below the
KS threshold (2) when K = o(y/n).

3. To provide a simple and more direct analysis, Carpentier, Giancola, Giraud and Verzelen Car-
pentier et al. (2025a) build a basis for permutation invariant polynomials which is almost L2 (IPy)-
orthonormal when the signal is low, i.e. typically when recovery is impossible. Compared to Sohn
and Wein (2025), a counterpart of the simplicity of the analysis, is the derivation of less tight lower
bounds. Indeed, similarly as for the Schramm and Wein Schramm and Wein (2022) approach,
bounds derived from the approach of Carpentier et al. (2025a) are typically tight only up to poly-
logarithmic factors.

To prove Theorem 1, we leverage the ideas introduced in Carpentier et al. (2025a), that we
adapt to our setting. We adjust the basis proposed in Carpentier et al. (2025a) by using a better
renormalisation. On top of the proof strategy of Carpentier et al. (2025a), the main technical result
is Proposition 22, which controls the correlation between two basis elements. We highlight below
the main steps and ideas. All the details are provided in the appendices. We recall that we consider
the problem of estimating z12 = 1 {21 = 22} — %

Almost orthonormal basis for permutation-invariant polynomials. A first key idea is to notice
that, since the distribution of z;2 and Y is invariant by permutation of the indices — except 1,2—
the maximizer of Corr2 p —defined by (10)— must be a polynomial invariant by permutation of
the indices, except 1,2. Hence, we only need to focus on such polynomials, we call invariant
polynomials.

We can build a simple family spanning the set of degree-D invariant polynomials. Let G =
(V,E) be a graph on a node set V' = {vy,...,vp}, and ITy be the set of injections 7 : V —
{1,...,n} fulfilling 7(v1) = 1 and 7(v2) = 2. Then, any degree-D invariant polynomials can be
decomposed on the family (Pg)g where

Po= Y Pon with Po (V)= [[ Ya@nri)
melly (i,J)EE

We observe that, when applied to the vanilla adjacency matrix Y*, the polynomial P (Y ™) merely
counts the number of occurrence of the motif G “attached” at 1,2. The family (Pg )¢ itself is not an
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almost-orthonormal basis of degree-D invariant polynomials. First, it is overcomplete, so we need
to extract a maximal free subfamily (Pg)ceg. ,- Second, (Pg)ceg. , is neither almost-orthogonal,
nor almost-normalized. To get almost-orthogonality, we apply some correction as in Carpentier et al.
(2025a) (see Appendix C), and to get normality, we rescale the resulting basis by some normalizing
factor, providing an almost-orthonormal basis (V)geg. ,,- Improving the normalization process
compared to Carpentier et al. (2025a) is decisive for deriving our results, as explained below.

Normalization of the polynomials. For simplicity, let us drop the correction applied to Pg to
achieve approximate orthogonality. Our goal is then to normalize the polynomial Py by its standard
deviation \/var(Pg). The second moment of P can be expanded as

E[R]= Y E|Pg.nPemm). (i

() ()l

Assume that the dominating terms in this sum are those for which 7()(G) = 7#()(G), where
m(G) = (n(V),{(7m(u), 7 (v)) : (u,v) € E}) represents the graph G with nodes labeled by 7. This
yields the simpliﬁcation

= > |Aut(G)|E [PE,] < nlV|Aut(G)|E [PE,] (12)

melly

where |Aut(G)| denotes the number of automorphisms of G. While Carpentier et al. (2025a) uses
¢'"! as a simple proxy for the second moment E[PZ ] to greatly simplify their analysis, this choice
is not precise enough to derive tight bounds in our context.

To understand why the proxy ¢!?! is insufficient, let us consider a clique G' = (V, E), for which
approximate computations can be performed explicitly. Let \Eﬂ denote the number of edges in
7(G) between nodes of distinct communities, and let £(G) denote the number of distinct communi-
ties in 7(G). Direct computation yields P[/(G) = ¢] =< K*~ VI for1 < ¢ < |V| and

|4

|E ;ﬁ| )\|E‘ ‘E¢|
(7] <47 | ()] < X e | (5) o=
~ |4 A E g\ (t=D)(|V[—£/2)
S ()

where the last equivalence follows because ¢ < ), and, conditioned on £(G)) = ¢, the exponent | E7 |
is minimized when all but ¢ — 1 vertices belong to the same community. Since the overall exponent
in the sum is quadratic in ¢, the sum is typically dominated by its first (¢ = 1) or last (¢ = |V|)
terms, leading to
2 1 AE Bl

E[Plx] < 207 +4 (13)
Hence, for a clique G, we observe an additional term A\ | /K IVI=1 compared to the proxy ¢
which cannot be neglected in our setting.

Consequently, instead of normalizing the polynomials Pg by the proxy n!V1/2|Aut(G))|
as in Carpentier et al. (2025a), we apply an implicit normalization by n!V1/2|Aut(G)|'/2E[PZ ]'/2.
The price to pay for this nearly exact normalization is a significantly more involved analysis toyprove
the approximate orthonormality of the basis (¥ )geg. . particularly when controlling the correla-
tion terms.

|2
b

1/2 q|E|/2
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Controlling correlation terms. Since the polynomials are now normalized by E[Pc%m]l/ 2 acen-

tral challenge in proving the approximate orthonormality of the basis (V) geg <p 1s to tightly upper-
bound the absolute value of the correlation

E [PGu),ﬂ(l)PGm)m(z)]

[P B [P o]

between P) 1) (Y) and Pg2) ,(2) () for two given motifs G, G and two injections 71, 7(2) e
IIy. This correlation is upper-bounded in Proposition 22, which forms the cornerstone of our anal-
ysis. With this bound in hand, the proof of the approximate orthonormality of (¥)geg. , follows
a path similar to that in Carpentier et al. (2025a). R

It is worth noticing that for proving success of counting a motif G, like e.g. a clique of size
m, a key feature is to upper-bound a variant of the correlation IE[PGJ(DPGJT(Q)] / IE[PGJT(U]Q, see
Appendix F. So, understanding the scalar product terms E[PG(l)m(l) Pe2) 77T(2)] appears to be crucial
for understanding the nature of the phase transition in SBM.

Identifying the optimal polynomials. Once we have proven that (V¢)geg <p is almost-orthonormal,
we have

CoerSDm Z E[z12Pg)°.
GeG<p

Furthermore, setting ¢ = ¢(1 — ¢), we prove in Appendix D that

n)\2T(G) Vi-1

1
n | (KAN(@) v (K2q(G)) ’

with 7(G) := |£]

Elz,U a2 < —
[12¥¢]” < V-1

14

when G is connected, and E[z12¥ ] = 0 otherwise. Hence Corr%D = O(1/n) when A <p A,
with \. defined in (5).

1.2.2. OPTIMAL COMMUNITY RECOVERY WITH MOTIF COUNTS.

In addition to provide a simple and direct proof of the lower-bound, the construction of the almost
orthonormal basis allows to get insights on the best degree-D polynomials, and hence on the optimal
poly-time procedures. We underline that, schematically,

1. the Bound (14) is valid only when the bracket in the right-hand side is small compared to 1;
2. non-trivial recovery becomes possible when this bracket becomes larger than 1 for some G.
The bound (14) then provides some interesting information on the optimal motifs GG. Indeed, taking

for granted that (14) is quite tight below the Threshold (4) — it should be so—, we observe that the
motifs G maximizing E[z1o¥]? are those being connected and maximizing

- 320(G) Vi-1 with (@) e 1
EX@) v (K@) W1

If this remains true at the phase transition, where this quantity is close to 1, it provides insights on
the choice of the motif G for optimal recovery.
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When K > /n and ¢ < n~%, Lemma 2 ensures that the value 7 achieving the maximum in (5)
fulfills 7 ~ (a1 Vv 1). Accordingly, let us focus on the density regime q < n~Y" with r > 1, and
with signal condition A >4 A¢ < gt 1og.(K) 1p particular,

K
A" Zlog QTK = —. (15)
n

Equation (14) suggests to count the occurrence of a connected motif G fulfilling » = |E|/(|V|—1),
where 7 is such that ¢ =< n~/". In fact, since our objective is to test whether 1 and 2 belong
to the same community rather than to estimate xpo, this ratio must be slightly adjusted to (see
Equation (18) below)
r= 2l .
V-2

Introducing the notation Py := P[-|21 = 22] and Py := P [-|21 # 22|, a direct computation gives
Eyo [Pg] = 0. So, for testing z; = z3 against z; # zo with a small error, we seek for a connected
motif G fulfilling

(16)

E1g [Pg)? > varia(Pg) V vary (Pg). (17)
The expectation can be simply evaluated (see Equations (72) and (65))

[V]-2 _
RAE/(VI-2) N
ElQ [PG] = (K = ( K > s (18)

when G is connected and (16) holds. So, according to (15), we have E15 [Pg] 2 1. For analyzing
the variance terms, we proceed as in (12). We recall that | 7| denotes the number of edges in 7(G)
between nodes of distinct communities, § = ¢(1 — ¢) and p = q + A\(1 — 2q), with p ~ X since
A Zlog K /7 ¢ according to (15). A direct computation gives (see Equation (71))

T » ] q] = ANEI g, [(i)'Eﬂ]. (19)

(g)en(E)  (ij)er(E)
Zi=Zj z2iFz;

Eio [Pém] = K19

We expect that the leading terms in the variance decomposition varis(Pg) = Z covia(Pr.q, Pr.c),
7,7’

are those for which 7(G) = 7/(G). Writing |Aut(G)| < [V|V] for the number of automorphisms
of G, and recalling (19) and |E| = r(|V| — 2), we then expect to have

varia(Po) Vvar(Pe) § 3 [Aut(@)|vara(Pes) S (mA)V12 By [(a/0)E] L 20)

melly

where < hides some factors depending on |E/| and |V| only.
We recall that /(G) denotes the number of distinct communities in 7(G). Combining (20)
with (15) and Py5[¢(G) = £] < K~(VI=19 we then get

N VI=2 V-1
varia(Pg) V varp(Pg) < (n2 > Z K 'Eqy {K7|E¢|/r UG) = 4 . @2D
{=1
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Taking for granted that the upper-bound in (21) is valid up to constants or log factors, comparing (21)
and (18), a test based on Py will fulfill (17), as soon as the sum in (21) remains small. This will
occur in particular if the motif G fulfills

\EF| >r(—1), (22)

for any partition of the nodes of GG into £ communities, with vy, v2 in the same community.

Cliques (after removing the edge (v1, v2)) and self-avoiding paths (SAP) between v, and v9, are
two families of motifs fulfilling the Condition (22). To prove Corollary 4, we provide a rigorous
proof of the heuristic sketched above, and we combine cliques/SAP counting with a Median-of-
Means (MoM) post-processing step. The benefit of the MoM post-processing step is that we only
need to control the expectation and the variance of the clique/SAP counting — see Lemma 8 and 14
— in order to get good enough concentration inequalities. The main drawback is that we lose a
constant factor in the variance, so we cannot expect our analysis to provide upper bounds with sharp
constants.

Cliques and SAP counting only cover a small subset of the exponents o € (0, 1) N Q. To prove
Theorem 3 for any rational » > 1:

* we construct in Section 1.2.3 a connected motif G —based on the blow-up of a cycle— fulfilling
the Conditions (22) and (16);

* we prove that when ¢ =< n~ Y7 and Zlog Ac hold, we can recover the communities in the SBM
with an algorithm based on Fg.

1.2.3. CONSTRUCTION OF THE CYCLE BLOW-UP WITH FASTENERS

Consider any rational number a € (0,1), any positive integer . Fix £ > 3 V (2a~!) an integer
such that ax~y is an even integer. In the following, we construct the cycle blow-up with fasteners
GK/777U‘ = (V: E)‘

Let C,; be a simple cycle on vertices [x|. For each vertex w € ||, define a layer

L, :={vys:t=1,...,7},

consisting of ~ vertices that represent the “blow-up” of the cycle node w. The collection of all
such vertices forms the cycle nodes of the graph: Viye := |J_; Lw, with |Vye| = k7. Between
every two consecutive layers L, and L1 (with the convention L,; = L), we insert a complete
bipartite graph: Ecyc := ! _ 1 {(Vw t, Vwt1) : 1 < t, ¢ < v}, so that every vertex in a layer Ly, is
connected to all v vertices in L1 and all y vertices in L, 1. This produces a total of | E¢yc| = K2
edges and the graph induced by Geye = (Voye, Eeyc) is 27y-regular. We refer to Gy as the cycle
part of the graph G.

We then introduce the two additional distinguished vertices v; and vy, and define the set of
nodes V' := Vi U {v1,v2}. We connect vy, v to Vi in such a way that |[E| = r(|V]| — 2) =
(v + a)(|V] — 2). Accordingly, we connect vy or v to each node in Vy. with frequency a. We
denote by Vit © Veyc the cyclic vertices to be connected to v1 or va, which we call the fastener
nodes. Informally, the set Vi whose cardinality is equal to ax+y is defined such that the nodes Vi
are as evenly spread as possible. More formally, for each layer w = 1, ..., k, we define the integers
Sw by

so =0, Sw = lawy] — (so+ ... + Sw—1) - (23)

12
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Note, that s,, € {|av], [ay]}. In layer L, exactly s, vertices are selected into Viy;. By enumer-
ating Vi in the lexicographic order and alternatively assigning these nodes to two sets Vi 1 or to
Vist,2, We partition Vi into two subsets of size axy/2 —which is an integer, as we have assumed
aky to be an even integer.

Finally, we introduce the collection Ei of fastener edges by

Eigp == { (v1,v) :v € Vg1 } U {(v2,0) 10 € Vie2 }

The complete edge set of the graph is then £ := E.yc U Ejg. This construction is illustrated in
Figure 2.

Figure 2: Blow-up graph with fasteners Gy, 4, in the case where v = 2,k = 8,a = 0.25. The
distinguished nodes v1, vo are in orange, the fastener nodes (in Vi) are in red, the other cycle nodes
are in blue. The fastener edges (in Exy) are in red, while the other edges are in gray.

Interestingly, we observe that |V| = kv + 2 and |E| = ky? + ak7, so that the graph Gy - 4
satisfies I‘LJIE—|2 = v + a. The following proposition, proved in Appendix H, ensures that the motif
G, ~,q fulfills the Condition (22) we are looking for. We recall that k > (3 2/a) is such ax~y is an
even integer.

Proposition 5 Fix any positive integer I < |Veyc| and consider any partition of V into I + 1
communities such that both vy and vo are in the same community. Define E* C E as the set of
|E]

Vi3 -

edges between nodes of distinct communities. Then, we have |E7| > T |

1.3. Organisation and notation.

In Appendix A, we describe more precisely the statistical setting, and the low-degree lower bound
is precisely stated in Appendix A.2. Appendix B gathers the results on community recovery above
the threshold A.: cliques counting is analyzed in Appendix B.1, self-avoiding paths counting in
Appendix B.2, and cycle blow-up counting in Appendix B.3. Proofs are deferred to the last Appen-
dices.

We denote by log(+) the natural logarithm, and by log,,(-) the logarithm in base n, i.e. K =
n'°8n(K) We write 1 { A} for the indicator function 1 4 of the set A and [D] for the set {1,..., D}.
In the discussion of the results, we use the symbol a Sp b (respectively a Siog ) to state that a is
smaller than b up to a possible polynomial factor in D (resp. up to a poly-log factor), and we use
a =< bto state thata < b < a.

13
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Appendix A. Low-degree lower bound
A.1. Setting

Community recovery. Let C* = {Cf,...,Cj}} be the partition of {1,...,n} induced by the
community assignment 21, . . ., Zy, 1.€.

Cr:={ienl:zi=k}, k=1,...,K.

Let C be a partition estimating C*. Exact recovery corresponds to the event C = C*. Non-trivial
recovery corresponds to a recovery of C* better than random guessing. More precisely, let us define
the clustering error as

K
~ 1 ~
67‘7"(6, ¢ ) ﬂEPerm(%Ill,.,.,K}) 2n —1 ‘Ck Cﬂ(k)|7

where A is the symmetric difference, and where the permutation 7 accounts for the non-identifiability
of the labels k of the partitions elements C;.. A zero clustering error err(C,C*) = 0 corresponds to

perfect recovery, while non trivial recovery holds when err(CA ,C*) =o(1).

Membership matrix estimation. Low degree polynomials cannot directly output a partition C.
For this reason, the usual alternative objective to clustering or community recovery Luo and Gao
(2024); Even et al. (2024); Sohn and Wein (2025); Chin et al. (2025); Even et al. (2025), is to
estimate the (centered) membership matrix

[%ij]1<i<j<n = [1 {4, j are in the same community} — 1/K1<icj<n

in L?-norm. As explained in Even et al. (2024, 2025), this estimation problem can be directly related
to the problem of clustering / community recovery.

17


https://projecteuclid.org/journals/annals-of-statistics/volume-50/issue-3/Computational-barriers-to-estimation-from-low-degree-polynomials/10.1214/22-AOS2179.short
https://projecteuclid.org/journals/annals-of-statistics/volume-50/issue-3/Computational-barriers-to-estimation-from-low-degree-polynomials/10.1214/22-AOS2179.short
https://projecteuclid.org/journals/annals-of-statistics/volume-50/issue-3/Computational-barriers-to-estimation-from-low-degree-polynomials/10.1214/22-AOS2179.short
https://projecteuclid.org/journals/annals-of-statistics/volume-50/issue-3/Computational-barriers-to-estimation-from-low-degree-polynomials/10.1214/22-AOS2179.short
https://projecteuclid.org/journals/annals-of-statistics/volume-50/issue-3/Computational-barriers-to-estimation-from-low-degree-polynomials/10.1214/22-AOS2179.short
https://arxiv.org/abs/2502.14407
https://arxiv.org/abs/2506.10748
https://arxiv.org/abs/2506.10748

CARPENTIER GIRAUD VERZELEN

The distribution of Y being invariant by permutation of the indices, we have

2
inf E|— (YY) —3)? | = inf E Y) — 219)?
e SR e ng;n(fx J—ay)?| = it E[(fu) - )]
E[f12(Y)z12)?
= E[z?,] — sup —_—
[ 12] f12:deg(f12)<D E[f12(Y)2]

Hence, to prove that degree-D polynomials cannot perform significantly better than degree-0 poly-
nomials, all we need is to prove that the supremum is o(E[z,]) = o(1/K). To simplify the notation,
in the remaining of the paper we write z := x12 and

ELf(Y)z]?
Corr%, :=  sup . 24)
= fdeg(f)<D E[f(Y)?]
Proving that Cor1r2S p = o(1/K) for D on the order of log(n) provides strong evidence of compu-
tational hardness, as it is conjectured to imply that no polynomial-time algorithm in n and K can
estimate the membership matrix significantly better than the trivial estimator £ = 0.

A.2. Low-degree lower bound

Our first main result is a low-degree lower bound for the problem of estimating the membership
matrix x. We recall that § = ¢(1 — q).

Theorem 6 Letc> 14, D >2,q¢<1/2, q¢+2\ <1, and K < n. Let A\ = 2D\, Assume that

)\27”
A < 2D16) ith A, solution to sup ——2¢__ —1 | 25
< ¢, Wwith X solution to ilzllil) KN+ K7 (25)

Then, CoerS p defined by (24) fulfills
2 4 —15¢
CorrZp < %D

As mentioned in the proof sketch Section 1.2, the strategy to prove Theorem (6) is to build an
almost-orthonormal basis of degree-D polynomials, and then to essentially “solve” the optimization
problem (24). We refer to Appendix D for all the details.

Since, we “solve” almost exactly the optimization problem (24), we can provide some interpre-
tation of the Condition (25) in terms of algorithms. Let us consider a connected graph G made of
e edges and v nodes. As sketch in Section 1.2, schematically, the term with » ~ ¢/v in Condi-
tion (25) ensures the failure of an algorithm based on counting — within the observed graph ¥ —
the occurrence of motifs GG involving the nodes 1 and 2. For example, the term r ~ 1 is related to
counting self-avoiding paths, while the term r ~ m/2 is related to counting m-cliques. We refer to
Section 1.2 for a more detailed discussion of this point.
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Remarks:
. Condition (25) with » = 1 is the KS condition \? < %)\ + KTQq, or equivalently A2 <
n2 + &= 4. The “first condition” namely

K
ASD )
n

corresponds to the Information-Theoretic barrier for diverging X' —see Theorem 1.7 in Chin
et al. (2025). All the other terms (including the second one for » = 1) correspond to an
additional computational barrier.

* When K < /n, according to Lemma 2, (i) the maximum in (25) is achieved for » = 1, which
suggests that counting self-avoiding walks is optimal, which is already known from Chin et al.
(2025), (ii) our Condition (25) is merely the KS threshold (2) — up to a poly-D factor. Our
result is yet not as tight as the lower bound from Chin et al. (2025), which proves failure with
sharp constants, while we are loosing a poly-D factor.

* When K > /n, according to Lemma 2, (i) the supremum in Condition (25) can be achieved
for r > 1, leading to a phase transition below the KS threshold, (ii) for ¢ = 1/n the threshold
A fulfills A\, < ql_logn(K ) as conjectured by Chin et al. (2025) for the sparse case g < 1/n.

Appendix B. Community recovery above the Threshold ).
B.1. Community recovery above the threshold )\, with clique-counting

The proof of Theorem 6 suggests that counting cliques of size m might be optimal in some regimes,
where the supremum in (25) is achieved for r ~ m/2. In this subsection, we confirm this insight

by proving that, for ¢ < nm+1 we can recover the communities above the threshold A 21,5 Ac by
counting m-cliques.

Counting m-cliques. We want to determine if ¢ and j are in the same community, i.e. to estimate
xij = 1{z; = 2;} — 1/K. Let us modify the observed graph Y* by adding an edge between the
nodes 7 and j, if there is no such an edge in the initial graph. Schematically, our strategy consists in
counting the number of m-cliques involving the nodes ¢ and j in the modified graph.

More precisely, let V' = {v1,..., v, } be a node set, and G = (V, E) be a clique on V', where

we remove the edge (v1,vz). For i < j, we define II; ; as the set of injections 7 : V' — {1...,n}
such that 7(v1) = ¢ and w(vy) = 7, and we set
Si= Y Par(Y), with Pe (V)= ][ Yewrw) (26)
WGHi,]’ (’U,’U/)GE

where Y is the “centered” adjacency matrix (7). Should Pg . be applied to the initial adjacency
matrix Y* instead of the “centered” one Y, the sum S;; would be equal to (m — 2)! times the
number of m-cliques involving the nodes ¢ and j in the modified graph (where we have enforced
an edge between i and j). The time complexity to compute S;; is O(m?(en/m)™), so it can be
computed in polynomial time, as long as m is considered as a constant.

Our strategy to estimate whether 7 and j are in the same community is, essentially, to compare
S;; to a threshold to be determined. To analyse this strategy, we need to compute some concentration
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bounds on S;; conditionally on z; = z; and z; # z;. A first step in this direction is to compute
the conditional means and variances of S;; given these two events. It will be convenient to use the
notation ¢ = ¢(1 — q),

]P)ij =P HZZ = Zj] s and Pﬁ =P HZ”L 7& Zj] . (27)

Proposition 7 Assume that ¢ < 1/2, ¢+ 2X < 1, and 3 < m < K. Leti < j and let Sij be
defined by (26). We have

By 15y = 02 (A - (28)
IR (= m)! K ’
By [Si;] = 0. (29)
In addition, if for some p > 0
(n— 22" ol 0\
> _ 2z

= plm—2)? (1+1) (30)

n—2 [\ &
and % <q> > p(m —2), @31

then, we have

2 m=2 F\ m+1 1 m—2 =\ 1/2
w2z s [(2) (e (0 D) () ] o0

s <zt | (3 ()

Proof [Proof of Proposition 7] The core of the proof is to provide some unconditional upper-bounds
on the variance, the proof of which is deferred to Appendix F.

(33)

Lemma 8 Assume that ¢ < 1/2, ¢+ 2X < 1,3 <m < K, and set p = ¢+ A(1 — 2q). Then, for
any 1 <1 < j < n, we have

m+1 m—2
=2 (A2

Eys [54) = G9)

var;; (SU) <

JF
—2)I(m —2)! _(miv(m-2) -2 7\ 2
(n = 2)!(m = 2)!_cntnns (m +<q>

(n —m)! K b >
m—2
n—2)(m-—2 !p(m-i-l)(m—z) e )
( <n)—(m>! e (o o | P (36)
ar (S)<(n_2)!(m—2)!_w m—2+<q>2+1 m2<q>le+(q>W
V .y i, < m-— 2 t i t
o (n=m)t K p p p
(37)
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Let us upper-bound var;;(S;;) and var;(S;;) under the conditions (30) and (31). Since p < A + ¢,

we have
m+1 m—2
=2\ (m=2\"2 [ mam—2 w2 i1 —m P 3 By
(G ) <
Varl](sl)_((n—m)! — D 2 % +q 2 + D 7 + e p
m+1 2(m_2) m—2 — m—2 —
(n—2)1\% [ A" 2 gyt 1 a2 1)
< - —2)(1+ - 1+ =
_((n—m)! K P +((m )<+>\> s <+>\> A
92 m—2 q m41 m—2 q 2
<. 1[G .12 _ 1 hl /2]
E;; [Si;] [(p) + <(m 2) (1+ A) + ) (1+ A) A
Similarly, since p > ¢,

2

vary (Sij) < <((:—_:z))!!>2 <”_
_ <(n_2)!>2 (A;l>2<m—2)

(n—m)! 2 mf o

< Ey; [Si;]? Kp) * <P> ] 7

which concludes the proof of Proposition 7. |

m—1
_(m+1)(m=2)
+

3
|
DO po
S~
3
b
| —— |
— /‘l\
m‘+
3
|
)
+
S|
Ik
S~
3
[\V)
7 N
hSTRES
S~
(V]
S

Adding a Median-of-Means post-processing step. In Proposition 7, we control the mean and
the variance of the clique count S;;. A concentration inequality based on a second moment Markov
inequality would not be tight enough to ensure meaningful results. Indeed, with a second moment
inequality, we can ensure a correct result only with a probability approximately 1 — v/\, which is
worse than the probability 1 — K~ of correctness of the trivial estimator #{; = —K ~'. So we need
a better concentration inequality. To avoid computing higher moments, we add a “Median-of-Means
post-processing step” to get concentration bounds good enough for our purpose.

Assume that m < n/(24log(n)) and 1 < i < j < n. Let A = 24log(n) and assume for
simplicity? that (n — 2)/A is a positive integer larger than m — 2. We define N = (n — 2)/A + 2,
and we partition the set of nodes {1, ...,n}\{i, j} into L disjoint parts J(1), ... J(N) with the same
cardinality N — 2. For ¢ = 1,..., A, we define HZ(? has the set of injections 7 : V — {i, j} U J©),
such that 7(v1) = 7 and w(v2) = j, and we introduce the partial clique count

S = 3 Paaly) . (38)

WEHE?

2. when (n — 2)/A is not an integer, we partition {1,...,n} \ {4,5} into A disjoint sets of cardinality |(n — 2)/A]
and [(n — 2)/A]. The only change in Theorem 9 is that (n — 2) /(24 log(n)) is replaced by | (n — 2)/(241log(n))].
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Finally, we define M;; as a median of the set {Sf?, cees Si(]/-\)} and we estimate x;; = 1;,—,, — %
by

No2t A=\ p
— . 2 i
By =14 My; > ( ) ( ) — . with N=_""% 419 (39

We can now state our second main result.

Theorem 9 Assume that q < 1/2, N = 2+(n—2)/(241og(n)) is an integer, and 3 < m < KAN.

When
m+1 _  m+l
n—2)\"2 1 T2
(n=2)A"> Kloi(n) > 48(32) 72 (m — 2)? (1 + %) : (40)
n—2 A2\ "2 1
7\ —2(m+1)(m—2)—1
A< 3272 (1 n %) (2m — 4)~Cm=1) (42)

we have for ;; defined by (39)
P (CIAJ” = SCZ'j) Z 1-— n_3.

Before proving Theorem 9, let us comment this result. We recall that m is a fixed integer. Since
q < A, the Condition (42) merely requires A to be smaller than the constant

—(2m—4
- 9—11 (2(m+2) (m — 2)) ( ) ’ 43)

that depends only on m. As for Conditions (40) and (41), they roughly correspond to the opposite of
Condition (70) (which is another formulation of Condition (25)) in Theorem 21 for r = (m +1)/2.
Let us relate these two conditions to the threshold A.. First, in light of Theorem 6 and Condi-
tions (40)-(41), we emphasize that m-cliques counting can only be optimal if the maximum in Con-

dition (25) is achieved for » = (m + 1)/2. According to Lemma 2, this happens when ¢ =< n
The next (immediate) corollary of Theorem 9 confirms that m-cliques counting is successful above
the threshold ). in this density regime. We omit the proof, which is a straightforward check that
Conditions (40) and (41) hold under (44).

Corollary 10 Assume that N = 2 + (n — 2)/(24log(n)) is an integer, m € {3,4,...,K AN},
—2
q =nmt, and \ < 1y, with n,, defined in (43). When

_2

2
A 2wy log(n) m51g 700, with w,, = 2 (96(m - 2)%(3272)) " (44)
the estimator &;; defined by (39) fulfills
P (25 = xi5) > 1 — n=3.
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We now turn to the proof of Theorem 9.
Proof [Proof of Theorem 9] Without loss of generality, we focus on the case (i,7) = (1,2) to
reduce the number of indetermined indices. We recall that L = 241og(n) and N = (n — 2)/A + 2.
We observe that the statistic S%? is simply the statistic (26) applied to the graph Y restricted to the
node set {1,2} U J (&), whose cardinality is N. Since the graph Y restricted to this node set follows
a SBM with the same parameters K, ¢, A, the results proven for S12 hold for 5] (¢ ) with n replaced
by N. From Proposition 7, when (40), (41), and(42) hold, we have forall £ = 1,... A,

m41\ m—2

(é)}: [ (>} BNl V=2 A 45
K [512 0, Ei2 | S 12[N] == (N—m) \ K ; (45)

and )

E9|N
varu(Sg)) \/Varyg(Sg)) < V|[N]:= 121[6]
As a consequence, we have from Markov inequality
1 () 1

[ > 9 } o and Pio [S{) < BN -2V ] <7 @0
A key feature of the partial clique counts Sg), . S§2) is that they are independent both under
P12 and Pyy. Indeed, conditionally on z; = 23 (resp. z1 # z2), the random variables W1,..., Wy

defined by Wy = {Y1;,Y2;},c ;0 U{Yij}, je o are independent, and S{g) is o(WWy)-measurable.

Hence, the number of S%) smaller than E12[N] — 2,/V[N] under P12 (resp. exceeding 2,/V[N]
under [Py») is stochastically dominated by a binomial distribution with parameter (A, 1/4), and so

M5 being a median of the {SS), cee Sg) } we get

1 1
Py [Mm > 2\/V[N]} <e M= S and Pr [Mm < Eps[N] - 2\/V[N]} <e Mo

47)
Since V[N] = (E12[N]/4)%, we conclude that
Elg[N} 1 Elg[N} 1
P]/Z[M12<2 Zl—fg, and P9 M12>T Zl_ﬁ' 48)
The estimator
Eq3[N] 1
—1{M - —
T12=1 { 12 > 5 K
with E15[N] defined in (45), then fulfills 215 = x12 with probability at least 1 — n =3, [ |

Remark: for the simplicity of the exposition, we have assumed that (n — 2)/(24log(n)) is an
integer. In general, we can set N = LWS()J + 2 and splits the set {1,...,n} \ {4,j} into

A = 24log(n) subsets with cardinality N or N + 1. Then, all the results hold with

241 g(n)
replaced by N — 2.
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Successful recovery. Theorem 9 readily gives a non-trivial bound for the estimation of x;; by

m-cliques couting. We recall that M M SEy = E[xfj] = K~!(1— K~1). Corollary 10 ensures that

-3
E|(d5 — 25)°] < 7% = o(K~1), when g = n7+T and (44) holds.
Once we have estimated x;;, we still need a last step to output communities. Let us define the
matrix X € {0,1}"*" by X;; = 0fori=1,...,n, and

s R 1
Xij :in :.Tij‘"*

, fori < j.
K tsJ

Seeing X as the adjacency matrix of a graph X, we estimate the communities by the connected
_ —2

components of X. The overall complexity is O(n?m?(en/m)™). When g < nm+1 and (44) holds,

Corollary 10 ensures that we recover the communities with probability at least 1 — 1/n.

B.2. Counting self-avoiding paths

Our analysis suggests that counting self-avoiding paths of length m — 1 should be optimal for the

density ¢ < n m- 1 In this subsection, we confirm this prediction. Our analysis follows the same
lines as the one for m-cliques counting. We expose it more succinctly.

LetV = {vy,...,v,} beanode setand G = (V, E) be the self-avoiding path vy, v3, v4, . . ., Uy, V2
on V. Define

Y Pax(Y), with Po (V)= [] Yrmw) - (49)

well; ; (vu")EE

Should Fg - be applied to the initial adjacency matrix Y* instead of the “centered” one Y, the sum
T;; would be equal to the number of self-avoiding path of length 7 — 1 with end nodes 7 and j. The
time complexity to compute T;; is O(m(en/m)™), so it can be computed in polynomial time, as
long as m is considered as a constant.

As for the clique counting, our strategy to estimate whether ¢ and j are in the same community
is, essentially, to compare 7T;; to a threshold to be determined. To analyse it, we first compute the
conditional means and variances of T;; given the two events z; = z; and 2; # z;. We remind the
Definition (27) of IP;; and PPy, as well as the notation ¢ = ¢(1 — q).

Proposition 11 Assume that ¢ < 1/2, ¢+2X <1, and 3 < m < (K An/2). Let i < j and let T;;
be defined by (49). We have

B (n —2)! Am—l B
Ei; T3] = (n—m)! =k Ey [Tij] =0.
In addition, if for some p > 1, we have n > 6pKm?,

_ 3f¢ K 1-1/(m—1)

A>8 [1 + %} 2me + Sm2pl/m=D <n> (50)

2 3 2 1-1/(m-1)

2> 4pK7m + 4p"/ (M=) 3?2 <K> ’
n n

q
then we have var;;(T;;) V vary (T;;) < 6p_1EZ2j (T3]
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As for the clique counting problem, relying on T;; alone together with a Markov type bound is not

sufficient. For this reason, we rely again on a Median-of-Means post-processing step and we use the

same notation as in that section. As in the previous subsection, fix A = 241og(n) and we assume

for simplicity that (n — 2)/A is an integer. Recall the definition of N = (n — 2)/A + 2 and let

JW .., J@) be a partition of {1,...,n} \ {i,;} into L disjoint parts. Then, as in (38) for clique

counts, we introduce the partial self-avoiding path count ﬂ(f) = ZW en® Pg (YY), and we define
3y

M;; as a median of the set {Ti(jl), .

(A) - _ 1
Y > } We estimate x;; = 1,,=., — 1 by

(N —=2)! amt
2(N —m)! Km—2

1 n—2
- — h N=—+—-+2. 51
} Knere 241log(n) + b

i’ij =1 {Mij >
We can now state our second main result.

Theorem 12 Assume that ¢ < 1/2, ¢+ 2\ <1, N = 2+ (n — 2)/(241og(n)) is an integer, and
3<m < KAN/2. Whenn > coKm?log(n),

nA\L+1/(m=2) 3 q 1+1/(m—2)
> 142 .
Klog(n) — am < * )\) ’
n 22 1+1/(m—2) . )
K?log(n) \ ¢ =

we have for 3;; defined by (51) that P (&;; = x;;) > 1 —n~3.

Proof [Proof of Theorem 12] The proof follows exactly the same lines as that of Theorem 9 to the
difference that we build upon Proposition 11 instead of Proposition 7. We skip the details. |

N

m—

Corollary 13 Let ¢ = n~ m-1 for some m € {3,4,..., K A N/2}. When n > coKm?3log(n),
A<1-—2q, and

m—2
1

A > w) log(n)m-1 g g (K) (52)

with w],, depending only on m, then the estimator & based on the number of self-avoiding path
recovers the communities with probability at least 1 — 1/n.

Proof [Proof of Corollary 13] Define » = (m — 1)/(m — 2). In this corollary, we consider the
regime § = n~ /", It follows from Theorem 12 that & recovers the communities with probability at
least 1 — 1/n as long as ¢ + 2A < 1 and

K

1/r
A> n;n log(n)l/r (n) — ﬁ;n log(n)l/rglflogn(f() :

where 7], depends only on m. The result follows. |

Proof [Proof of Proposition 11] Similarly as for the proof of Proposition 7, the proof of Proposi-
tion 11 is a direct consequence of the following lemma proved in Appendix G.
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Lemma 14 Assume that ¢ < 1/2, ¢+ 2X < 1,3 <m < K, and set p = §+ A(1 — 2q). Then, for
any 1 <1 < j <n, we have
(n—2)! [ Am-t
El] [ﬂ]] ( ) Km 2 (53)
By [Ti5] = 0, (54)

var; ( j

| A

(n—2)1 |2 A2(m=1) 0 a0 K (MK me
( !) Fam—a " (n—m)/\2+(n—m))\2+ (i <n—m>

(n —2)! )2 A2m=1)

Var%(Tij) < ((TL — m)‘ K2m—4

B.3. Counting Blow-up Motifs

Consider a cycle blow-up with fasteners G' = G/ 4,4, as defined in Section 1.2.3. For 7 < j, we
remind that IT; ; is the set of injections 77 : V' — {1...,n} such that 7(v1) = i and 7(v2) = j, and
we set
Rij= Y Por(Y), with Por(Y)= [ Yawmw) (57)
well; ; (v )eE

where Y is the “centered” adjacency matrix (7).
In the following proposition, we control the mean and the variance of R;; both when z; = z;
and when z; # z;. We recall that the conditional probabilities P;; and P;; are defined in (27).

Proposition 15 Assume that ¢ < 1/4, ¢ + 2)\ < 1, and n > 2k + 4. We also assume that ar-y is
an even integer and that k > 3V 2/a. Let i < j and let R;; be defined by (57). We have

(n—2)! \vta
Eij [Rij] = o \ K ,  EylRyl=0. (58)
In addition, if for some p > 1,
2\ Vta 2 5 5
<A> 5 2K7(5)°p N 2K (k7)°p (59)
2q n n

then, we have

B2 [Riy] - (60)

v

Val“ij (Rl]) \/ Val“% (Rl]) S

|
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As for the clique counting or self-avoiding path counting, relying on R;; alone together with a
Markov type bound is not sufficient. For this reason, we add again a Median-of-Means post-
processing and we use the same notation as before. In particular, we fix A = 241log(n) and we
assume for simplicity that (n — 2)/A is an integer. Recall the definition of N = (n — 2)/A + 2
and let J) ... J) be a partition of [n] \ {4, 5} into A disjoint parts. For £ = 1,..., A, we define
Hg? has the set of injections 7 : V — {7, j} U J©, such that w(v;) = i and 7(vs) = j. Then, we

- 0 ._ :
introduce the blow-up count R;;* := Zwengf’; Pg (YY), and we define M;; as a median of the set
i B Y]

) (N—2)  /x+a\" 1 n—2
=14 M —— where N=_——“_+92 (6l
i { TN -2\ K K Satog(n) T2 O

{R(l.), .. R(A)}. We estimate z;; = 1,,—.;, — % by

‘We can now state our main result.

Theorem 16 There exists a numerical constant c such that the following holds. Assume that ¢ <
1/4, g+ 2X < 1, that N := 2+ (n—2)/(241og(n)) is an integer, and N > 2k~ + 4, and that kya
is an an even integer. Provided that

2\ 7ta 2 5 5
(A > > SO log(n) o4 > J(#7)” log(n)

Y

2q n ’ n
we have for &;; defined by (61) that P (Z;; = x;5) > 1 — n=s.

Proof [Proof of Theorem 16] The proof follows exactly the same lines as that of Theorem 9 to the
difference that we build upon Proposition 15 instead of Proposition 7. We skip the details. |

Corollary 17 Let ¢ = n~ V" for some r = ~ + 0/ where ~y, 0, and (3 are positive integers with

8 < B. Consider the blow-up graph with fasteners Gy o with & = 203~ and a = 6/5. When
n > coBy?log(n), A <1 — 2q, and

A > w! log!/"(n) gt 1o8n(K) (62)

with w!. depending only on r, then the estimator & based on the number of blow-up motifs recovers
the communities with probability at least 1 — 1/n.

Ifqg = n~Y/", with r a rational number, recovering the communities above the threshold (4)

is feasible with a polynomial of fixed degree, only depending on . When r > 1 is not a rational
number, we can still count blow-up motifs for some rational number 7 close to r. Indeed, consider
any € < 1. There exists an integer 8 < 2/[er?] V 1 and a rational number 7 = % + @/ such that
|7 — r| < er?/2. Here, we have ¥ = |r]|. Choosing & = 2/37, we deduce from Theorem 16, that
the estimator & based on counting occurrence of blow-up motifs G 5 5,3 recovers the communities
with probability at least 1 — 1/n as long as

A > w;/€—5 logl/r(n) ql—logn(K)ne )

The corresponding polynomial has a degree of the order e 'r. In particular, if we take ¢ =

log(log(n))/log(n), we establish that, for any irrational r, it is possible to recover the commu-
nities above the threshold (4) with a polynomial of degree O(log(n)/log(log(n))). Whether this
polynomial can be computed (or well-approximated) in polynomial-time remains an open question.
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Appendix C. Construction of the almost orthonormal basis and preliminary results

C.1. Construction of the permutation-invariant basis

In this section, we closely follow the construction of the polynomial basis in Section 3 of Carpentier
et al. (2025a) up to a few (but important) changes.

Definition of invariant polynomials. Given a permutation o : [n] — [n], we define the matrix
Yo by (Yo)ij = Yo(i)o(s)- A function f is said to invariant by permutation of [n] up to 1 and 2, if
for any permutation o : [n] — [n] such that 0(1) = 1 and 0(2) = 2, we have f(Y) = f(Y5).

Lemma 18 Fix any any degree D > 0. Then, the minimum low-degree risk Corr<p is achieved
by a function f that is invariant by permutation up to individuals 1 and 2.

Proof This result is established is the proof of Lemma 3.5 in Carpentier et al. (2025a). It is a
consequence of the permutation invariance of the distribution P. |

As a consequence, we need to build a suitable basis of invariant polynomials. We follow the
same approach as in Section 3.2 of Carpentier et al. (2025a). In what follows, we consider simple
undirected graphs G = (V, E') where V' = {vy, ... v, } is the set of nodes and where E is the set of
edges.

Let G = (V) EWY) and G®) = (V) E®?) be two graphs. We say G(1) and G are
equivalent if there exist a bijection o : V(1) — V2 such that that o(v{") = 0¥, o(o{") = 02,
and o preserves the edges. In other words, the graphs G!) and G(?) are isomorphic with the
additional constraint that the corresponding bijection maps the two first nodes.

Definition 19 (Collection G<p) Let G<p be any maximum collection of graphs G = (V, E) such
that (i) |V| > 2, (ii) G does not contain any isolated node to the possible exceptions of v1,vs, (iii)
1 < |E| < D, and (iv) no graphs in G<p are equivalent.

The collection G<p corresponds to the collections of equivalence classes of all graphs with at
most D edges and at least 2 nodes, and without isolated nodes (except maybe the first two nodes),
if we keep the first two nodes fixed. Henceforth, we refer to G<p as the collection of templates. In

fact, G<p corresponds to g(<1b2 ) in Section 3.2 Carpentier et al. (2025a)— here we drop the exponent
(1,2) in the notation of the templates and of the polynomials because we only consider a basis for
estimation.

Consider a template G = (V, E) € G<p. We define ITy the set of injective mappings from
V' — [n] that satisfy m(v1) = 1,7(v2) = 2. An element w € Iy corresponds to a labeling of the
generic nodes in V' by elements in [n]. For 7 € IIy,, we define the polynomials

Por(Y)= [] Ye@my and Po= > Por (63)
(i7j)EE TFEHV

For short, we sometimes write Pg for P;(Y') when there is no ambiguity. For the invariant polyno-
mials Pg, we say that G is the template (graph) that indexes the polynomial.

Consider a template G € G<p with ¢ connected components (G1,Gs, ..., G.) that contain at
least one edge. To improve the orthogonality of the family (Pg)g.,,, we apply a correction as in
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Carpentier et al. (2025a)
C
Pg:= Y Pgr; Pox:=]]Pox—EPaxl .
melly =1
Define Aut(G) is group of automorphisms of the graph G that let v; and v fixed. Then, given
7 € Ily, we will normalize Pg with the variance proxy

(n—2)!

Y= v
where, by permutation invariance, E[Pg | does not depend on the specific choice of 7. Impor-
tantly, the definition of V(&) in (64) is the only difference with the original construction in Sect.3.5
of Carpentier et al. (2025a). In the latter work, we used a smaller variance proxy which turns out
to be a lose lower bound of E[Fé] The rationale with this new choice (64) of V(G) is that ]E[PQG]
turns out to be of the same order as E[P2] = > rimo ElPGm Pa i, The largest E[Pg r, PG x,] are
achieved for labelings (71, 72) such that Pg , = Pg r,. As there are

|Aut(G)|E[PE ] , (64)

my]jAut(@)] = 2= 2 jau(@) (©5)
1% u = u
(n—[V])!
such labelings, we arrive at (64).
. . . _ Pa . .
Finally, we introduce the polynomial ¥ by ¥ = T Since the (1, (Vg)geg.p) is a

basis of permutation-invariant (up to 1 and 2) polynomials —see Carpentier et al. (2025a) for details.
We readily deduce from Lemma 18 the following result.

Lemma 20 We have

2
9 E |:‘T (Oé@ + ZGGQ<D aG\DG)}
CorrZp = sup =

2
a@,(OéG)G(EggD E |:[OZ(B + ZGEQ<D OZG‘IJG}

C.2. Some central notation and definition

The crux of the proof is to establish that, in relevant regimes, the basis (1, U(;) is almost orthogonal.
For that purpose, we need to introduce some notation. Those are similar to those in Section 5
in Carpentier et al. (2025a).

Labeled graph. For a template G = (V| E) and a labeling = € Iy, we define the labeled graph
7(G) as the graph with node set {7(v) : v € V'} and edge set {(7(v), 7 (V")) : (v,v") € E}.

Matching of nodes. Consider two templates G(1) = (V1) EM) and G?) = (V®) | E?)). Given
labelings (1) and 7(?), we say that two nodes v(!) and v(?) are matched if 7! (v(1)) = () (v(2)),
More generally, a matching M stands for a set of pairs of nodes (v(l), v(z)) e V) x V2 where no
node in V(1) or V(2) appears twice. We denote M for the collection of all possible node matchings.
For M € M, we define the collection of labelings that are compatible with M by

(M) = {Wm € My, 7@ € Mo < VoW, 0@) e VI x v,

(7O (D) = 7@ ()} = {(vD, @) e M}} .
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Importantly, as P is permutation invariant, E[Pg) ;1) Pg) ;] is the same for all (7, 72 in
II(M). Given a matching M, we write that two edges ¢ € E") and ¢’ € E®) are matched if the
corresponding incident nodes are matched.

Merged graph G, intersection graph G, and symmetric difference graph Ga. Consider
two templates GM and G ¢ G<p and two labelings (D and 7(2). Then, the merged graph
Gy = (W, Ey) is defined as the union of 7()(G(M) and 7(?)(G?)), with the convention that
two same edges are merged into a single edge. Similarly, we define the intersection graph G =
(VA, En) and the symmetric difference graph Gao = (Va, Ea) so that En = Ey \ En. Here,
VA (resp. V) is the set of nodes induced by the edges Fn (resp. Ea) so that G (resp. Ga)
does not contain any isolated node. We also have |Ey| = |EW| + |E®)| — |Eq| and [V| =
V| +|v@| — M| for (z(M), 7(2)) € TI(M). Note that, for a fixed matching M, all graphs G,
(resp. G, G ) are isomorphic for (7™, 7(2)) € TI(M) and, we shall refer to quantities such as
|EAl, |VAl,...associated to a matching M. Finally, we write #CCa for the number of connected
components in GA.

Sets of unmatched nodes and of semi-matched nodes. Write U, resp. U for the set of
nodes in 7(V(GM), resp. 7(?)(G(?)) that are not matched, namely the unmatched nodes, that is

UM = 7Oy 2@y @)y, U = z@w @)\ 7Oy M)y

Again, [UMD)| and |U?)| only depend on (7(1), 7(?)) through the matching M. We have, for i €
{1,2},

VO = M|+ U], (66)

Write also Mgy = Mgy (M) € M, for the set of node matches of (G, G(?)) that are matched,
and yet that are not pruned when creating the symmetric difference graph Ga. This is the set of
semi-matched nodes - i.e. at least one of their incident edges is not matched. The remaining pairs
of nodes M \ Mgy are said to be perfectly matched as all the edges incident to them are matched.
We write Mpyr = Mpy (M) for the set of perfect matches in M. Note that

VO] V3| = |Va| + [Msm| + 2|Mpu| - (67)

Definition of some relevant sets of nodes matchings. Given (G(!), G(?)) and a matching M,

we define the pruned matching M~ as the matching M to which we remove (v%l),vf)) (resp.

(vél), v£2))) if either vil) (resp. vél)) is isolated in G or v§2) (resp. véz)) is isolated in G(?). This
definition accounts for the fact that, when isolated, the nodes vZ(J ), fori = 1,20r 5 = 1,2 do not
play a role in the corresponding polynomials. Then, we define M* C M for the collection of
matchings M such that all connected components of G (1) and of G® intersect with M. Finally,
we introduce Mpy; C M for the collection of perfect matchings, that is matchings M such that
all the nodes in V(1) and V() are perfectly matched. Note that, if M € Mpyy, then G is the
empty graph (with Ex = ). Besides, Mpy; # 0 if and only GV and G2 are isomorphic, which
is equivalent to G = G when GV, G? € G p.
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Shadow matchings. Given two sets W) ¢ V) W < V() and a set of node matches
M C M, we define Mshadow(W(l), W@, M) as the collection of matchings M satisfying

MgyM) =M, (@) OM)y=w®  and (7P U®)=w® (68)

for any (71, 7(2)) € II(M). Note that, as long as (68) is satisfied for one labeling (7(1), 7(2)) ¢
IT(M), it it satisfied for all such (71, 7(2)). In fact, Mgpagow (WD), W) M) is the collection
of all matchings that lead to the set M of semi-matched nodes and such that W(l), W@ corre-
spond to unmatched nodes in resp. G(1), G(). We say that these matchings satisfy a given shadow
(W(l), w®@, M). The only thing that can vary between two elements of /\/lshadow(W(l), w®), M)
is the matching of the nodes that are not in W(l), W(z), or part of a pair of nodes in M. This match-
ing must however ensure that all of these nodes are perfectly matched.

Edit Distance between graphs. For any two templates G() and G(?), we define the so-called
edit-distance

AW, G .= min [Eal - (69)

Note that d(GM), G = 0 if and only if G") and G are isomorphic. As a consequence, if G'!)
and G® are in G<p, the edit distance is equal to 0 if and only if GV =G®,

Appendix D. Proof of Theorem 6

We actually prove a slightly stronger version (in terms of log factors) of Theorem 6.

Theorem 21 Letcs > 14, D > 2,q <1/2, ¢+ 2\ <1, and K < n. Assume that

8csr \/ﬁ AN noyr/2
1SE£D{D XKK (x@))A(\/K/\ D}Sl' 70
Then, Corr% p defined by (24) fulfills

4
Corrip < —D71%%
= n

Theorem 6 readily follows from Theorem 21 since Condition (25) implies Condition (70).

Let us prove Theorem 21. We first prove that the family (1, (¥)geg. ) is almost-orthonormal
- see Proposition 25. In turn, this allows us bound Corr< p by simply controlling H (E[¥ez])ceg p H2
- see Equation (76).

Step 1: Proving that (U¢)gep is almost-orthonormal. By definion of ¥ and Pg, we have
E[1- Ug] = 0 for any G € G<p. As a consequence, we only have to prove that (¥q)gep is
almost-orthonormal.

It is convenient to use the short notation X;; = 1 {z; = z;}. We observe that E [Y;| X] = AX};

and E [Yj]X} = G+ AX;;(1 — 2q). Consider two templates G(1), G(?), some node matching
M € M and two injections (71, 7(2)) € TI(M). Since the Y;; are conditionally independent
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given X, we have

E[Pcu),ﬂ(l)PGe)m(z)}ZE H Y H
[ (B.5)€EA  (i,))€En

Il
&=

II oxy II @+ x50 -29)] . (71)

KISIN (i,J)€En

In particular

1
KIVOI=#CCa)

E [PG<1>,7T<1>} — \EW (72)

where #CC 1) is the number of connected components of GW,

Given T' C [n], write Y7 = (Yj;)ier jer. By independence of the z; as well as the conditional
independence of the Y;; given X, it follows that for any set 77,75 C [n] such that T3 N 15 = 0, for
any functions f(1), f(2)

E[f0n) @ (vn)| =E [fOm)| E[190m)]. 73

As a consequence, when the vertex sets 7() (V1)) and 7(2)(V(2)) are disjoint, the expectation
factorizes in (71). When the vertex sets overlap, we have the following upper-bound.

Proposition 22  For any templates (G, G®?)), any node matching M € M*, and any labeling
(7r(1),7r(2)) € II(M), we have

PG“) ﬂ'(l)PG(Q) 7r(2)i| 1 A |[Ea| )\lEAV2
VEIE = \ KO <x/§) M xworwepz | - 09

G ¢ (1) G(2) 7r(2)]

Besides, for any connected template G, and any labeling w, we have

E [PGJT] 1 pY |E] AEI/2
E[PZ ] §<K'V"1 <¢§) MrvEoe ) (75)

A first key observation is that the Gram matrix (E |:FG(1) ’ﬂ(l)FG(z) J(z)} )

G ,G(2> EggDJT(l) EHV(I) ,7T(l> GHV(2>
associated to (P r)Geg- . rell, 1S quite sparse - unlike the one associated to (Pg x)Geg- . relly
- and that the non-zero entries are quite close of those associated to (Pg «)Geg. p,relly -

Proposition 23 We have
1. if M ¢ M* we have E [FG(1)77T(1)FG(2)77T(2):| = 0;
2. if M € M* we have
E [FGu),W(l)FGm),W(z)} —-E [PGu),W(l)PG(z),W(z)}

E [Pg(n,ﬂu)f’gmxﬂ@)}

M —4cs M
< oMl pdes 4 g oMl
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We then consider the family of invariant polynomials (V)geg.,- We prove that the associated

Gram matrix (FG(1)7G(2)> = (E[¥Ys0) \I’G@)])G(l),G@)egSD’ is close to the identity.

G G@eGop
Proposition 24 Let D > 2. Consider two templates GV, G2 e G<p. We have
’FG(U,G@) —1|= ‘IE Ve Vo] — 1{@(1) = G(Q)} < 3p—csd(GM,GAV1

In turn, we deduce from the above bound that I' is close to the identity matrix in operator norm
[-llop-
Proposition 25 Let D > 2. We have

ID —1d||,p < 6D7%/2

From there, we can easily conclude on the bound on Corr<p. Note first that the previous
proposition together with Lemma 20 and E[z] = 0 implies

2
E |:fB (OCQ) + ZGEQSD aG\PG>i| < ZGGQSD E[.’E\I/G]Q

1—6D—¢/2 (76)

Corr2§D = sup 2
ap(ag)aesep | Ha@ + ZGE(J<D OzG\IfG} ]

So, we just need to bound E[z V] for each G € G<p.

Step 2: Bounding E[z¥|. For any G € G<p, write ¢ its number of connected components with a
least one edge and write (G, ..., G.) its decomposition in such connected components. It follows
from (73) that, for any = € Ily,, we have

EzVg] = E

n—2)! 1 &
( ) 121222 H PGi,W
i=1

CN\Trs. | =2t 1
(n— VD! /(@) <1“:Z2 K>UPG] CRIV N =
(77)

Case 1: GG contains at least one connected component that does not contain v; or ve. By Equation (73),
we have

E[zVUg] = 0.

So that we restrict to G € G<p such that each connected component contains v; or va.

Case 2: v and v9 are not in the same connected component. Then we know that the graph contains
exactly two connected components G1 = (V1, E1) and Gy = (Va, E»), one of them being possibly
an isolated node. Fix m € IIy. If Gy (resp. G2 is an isolated node), we use the convention Pg, » = 1
(resp. Pg, .~ = 1). Developing the ¥« and using Equation (72) we obtain:

VTGl

= ]E[1Z1=22PG1,7FPG2,7F] + E[121=22]E[PG1,W]E[PGQJT]
- E[PG1,7T]E[1Z1=22PG2,7T] - E[121=22PG1,7I’]E[PG2,TF}
1 1 1 1 1 1 1 1
K1 T K KWL KVGT . KL K1 KV K

— )\ Bl

=0 .
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Case 3: vy, v are in the same connected component. Then, this implies that E[x¥ ]| = 0 unless G
is connected. It then follows that, for any 7 € Ily,

n— |V|)! _
o VT GEYG] = Bl -y Pas] ~ ElLy-wlB[Ps] = [~ K B[P
where the last equality stems from
E[1.,—.,Pox] = APIP [ all equal on V] = E[Pg ).

Combining the definition of V(&) and (75) in Proposition 22, we get

Elee]|| < || =rmg 2
E[PZ_J(n— [V])Au(G)]

: \/ (n— ﬁnﬂﬁtm <K|§|1 <§§>|E|> : (%)]
As a consequence, we get
<G ()" G (R )
(4 () (o]
where r = r(G) = |E|/(|V| = 1). Recall, that G is a connected graph. Hence, |E| > |V/| — 1 and

we have 1 < r(G) < D, since |E| < D. Under our signal condition in Equation (70), we conclude
that

B[P ]|

1
ElzUg]|| < ——D5eIEl,
| ['T G]H = \/ﬁ

Conclusion. Combining the above, we arrive at
1 1
E2[20q] < = p—16es|El — — D—16c|E|
>, Blvel< s ) . 2 >
GeG<p GeG<p:|E|>1 vE[2D],e€[D] GeG<p:|V|=v,|E|=e

l Z erD—lﬁcse < gl)—15cS
n n
vE[2D],e€[D]

IN

since cs > 8 and D > 2. Together with (76), we conclude that

4
Corr2, < —D~1%¢
= n
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Proof [Proof of Proposition 23]

Proof of 1): Consider any matching M ¢ M*. As a consequence, there exists a connected compo-
nent G’ of G or in G(®) such that no nodes in G’ belongs to M~ —recall the definition of M~ in
Section C.2. Without loss of generality, we assume that G’ is a connected component of G(1). By
definition, we have P(;(l) L = PG, W(1)P (1) where GW is the complement of G in GV, So
that by Equation (73), we get

E[Pcw ) Pee ] = E[Pg0) x0 Pa@ @ ]E[Pg 0] =0,

as E[FG/ ~]=0.

Proof of 2): Write c; (resp. c2) for the number of connected component of Gt (resp G2 ))
that contain at least one edge. Besides, we write (Ggl), e ,Gg)) and (GSQ), ceey G(Q)) for the
decomposition of G(V), G into these connected components. Then, we have

D D S S
E PG(l),ﬁ(l)PG(Q),ﬂ(2>:| = (—1)| 1+ 2‘E H (1) H PG(Q)’W(2>
S1Cle1], S2C[ea] i€[c1]\S1 JE[CQ}\Sz !
<& | T1 £ | | T P
i€Si i€S,

The following lemma holds.

Lemma 26 For any (7)), 7(?)) € TI(M) and any S1 C [c1] and any Sy C [c3], we have

0<E| [[ Poo,e II Py n | B HPG§1>,< 11> )

i€lc1]\S1 ’ je [c2]\S2 i€851 1€S52

(s L S2)
M 2
<\ 2R [P(;u)ﬂ(npga)m(z)

51:52) C Mpy is the set of pairs of (v,v") perfectly matched nodes (to the possible

where M(
exception of v1 and vy in the case where they are isolated) such that either v belongs to any (Ggl))

with i € Sy or v belongs to any (Ggl)) with i € So.

Note that choosing any set of connected components .S7, S2 amounts to choosing some specific
subsets of node matches in M = Mpy U Mgy. Since M € M™, this subset of M is therefore non
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empty. This leads us to:

‘E [Pg<1>,ﬂ<1)Pg<2>,ﬂ<2>} —E [P(;(l),,,(l)PG(Q),W@J ‘

S1,S:
< 3 AIMEEE) /2

E [Pg(l),w(l)Pg(Q)m(?)} S1CJea], S2Clea)
S1US2#0

< Z /\\ﬁPM\/Q

MpyuCEMpy Mg EMg

MpnUMgy #0
M Mpu|/2 M 2
< 1|Msml>02| sMm| Z AMpml/2 1 Mgy <0 Z A Mpuml/
MpmCEMPp PSMpyCMp iy
M 2 2
< 1|MSM|>02| sm| Z ‘MPMV/\T/ + 1\MSMI=O Z |MPM’T)\T/
r>0 r>1

M —4cg M
SQ\ sm| p—de +1|MSM|>02| SM|’

where we used that [Mpy| < [VV| < 2D, D > 2,and vA < D% with ¢, > 1 by Condition 70.
|

Proof [Proof of Lemma 26] Define the matching M C M where we have removed all the nodes
(v,v') such that either v belongs to any connected component Ggl) with ¢ € Sy or v’ belongs to
any connected component G§-2) with j € So. Itis possible to choose labelings (7?(1),7?(2)) € II(M)

such that 7() = 7(1) and 75 (i) = (i) for i € U?), that is unmatched nodes of G(?). We have

8 [P P ] =B | T Paonsor T Pogo | B | TT Poso | B | T P
i j i

iE[Cﬂ\Sl jE[CQ}\SQ €S 1€S2
(78)

Write GA = (Va, EA),Gn = (Vi, ER), Gy = (W, Ey) for the resp. symmetric difference,
intersection and union graphs corresponding to (7? @) 7 ) So by Eq. (71)

E PG(1)77—|-(1)PG(2)77T((2):| =E H (/\ng) H [(j + )\Xij(l — 2(])] . (79)
(i,J)EEA (i,5)€En

We have chosen 7#(1) = 7(1), Hence, we have En C Ep. Since G+ (1 —2¢)\ > ), we again deduce
from (71) that

E Pg(l),ﬁu)PG(z)m(z)} =E| [ Oxy) [ l@+rx;01-29)
L(6.7)EEA (4,5)€En
>E| [ Xy [ l@+rax;0-291 . @80
| (i,5) EEL\En (i,5)€En
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Lemma 27 We have

E| [T xs [[ l@a+xxs0-291| <E| [] Xy ][] [a+AX;01—29)
i,j)EE

(1,5)€EEA (4,5)€En (4,9)€EU\En (i,5)€En

By Equation (79) and Equation (80), we then deduce that

E [PGu)J—r(l)PG(Q)J—r(z)] < N Bal-IENEn IR PGu)J(l)PGm,W(z)} = MEn\Enlg [PGu)m(l)Pc,«z)m@) ;
' (81)

because | EG\ En| = |Ea|+|En\ En|and |[Ea| = |Ea|+2|En\ En|. The cardinality M} (51,52) | is,

by definition, smaller than the number of nodes in Sy or in Ss that are not isolated and are perfectly

matched. By definition, any such perfectly matched node in .S; and in .S is incident to at least an
edge in En \ En. We deduce that

S1,52) =
M| < 2|Bn \ Br|
Coming back to (81), we obtain
(S1,52)
E [PG(U,TTU)PG(Q),%(Q) < AMenE2E | Py o) Poe) 2o |
which, combined with (78), concludes the proof.

Proof [Proof of Lemma 27]
Let us start by developing the products of ¢ + AX;;(1 — 2¢).

E| J] xXu JI @+ xx50-291 =E{ > ] X Enl-1S] IT »xu—29)]| ;
(i,5)€EEA (i,5)€En i | SCEn (i,5)€EA (i,5)€s
E T x [ @+ rxs0-201 =Y [ xud®¥ [T X0 - 29)
(4,5)EEUN\EA (3,5)€En | _SgEn (i,9)EEL\En (1,5)€S

Hence, it order to conclude, if suffices to prove that, for any S C E~, we have
E H Xi| >E H Xi| - (82)
(4,5)€SU(EU\En) (i,j)ESUEA

To show (82), we fix such a subset S C Ep. Define the graphs H and H respectively induced
by the set of edges S U (Ey \ En) and S U Ea. Then denoting |V (H)|, |V (H)| their number of
nodes and #CCp and #CC g their number of connected components; we have

E H X, | = K- VE#C0n E H Xl = KIVHE)+#CCq
(i,§)€SU(BU\En) (i,7)ESUEA
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so that (82) is equivalent to
[V(H)| - #CCp < |V(H)| - #CCjg . (83)

Thus, we only have to establish this last inequality.
Observe that H is the subgraph of G, where we have removed the edges £\ S and have pruned
the isolated nodes. Similarly, H is the subgraph of G, where we have removed the edges En \ S
and have pruned the isolated nodes. By definition of G, at the beginning of the proof of Lemma 26,
G\, is obtained from G, by merging/identifying couples of nodes. If a node has been pruned in the
construction of H or H, then this implies that this node was only incident to edges in E \ S. As
a consequence, pruned nodes in H are in correspondence with those in H. Hence, to go from H to
H, we merge/identify s > 0 couples of nodes in H. The operation of merging two nodes decreases
the number of nodes of the graph by one and decreases its number of connected components by at
most one. Iterating the arguments s times, we conclude that |V (H)|—-#CCy < |V(H)|—#CCpg,
which concludes the proof.
|

Proof [Proof of Proposition 24] By definition of ¥, we have

1 _ _
B0 Toe]l= Y > E |Pat) 0 Pz
MEM (£() £ eTi(M) VV(GD)V(GD) [ ]

E [P(;m,ﬂm Pg(2>,7r<2)] )

1
2 2 VV(GED)V(GD)

MeM* (71'(1) 771'(2) )GH(M)
where the second line follows by Proposition 23.

Step 1: Decomposition of the scalar product over M* \ Mpy; and Mpy;. The collection Mpy
is non-empty only if G = G 1f G = G@), we have

(n — 2)!|Aut(GW)|E [ﬁé%}

1 — —
2 e V@G ot o | =y,

MeMpn (7D 7(2))II(M)

_ E[Piw ]
N E[Pé(l)ﬂr]’
since we have
Mend| = [Aut(GD)] and  [TI(V)| = n —2) (34)
(n = (VO] + VA — M)

Then, it follows from the second part of Proposition 23 that

‘E Wew Vo] —1{GY = G(Q)}’

: Z - E|P P - (ORI
: c) v Poe @ || +D des[d(GHY, )
MeM\Mpy (1) 7(2))eTT(M) VV(GW)V(G?) [ ]

::A+D74cs[d(G(1),G(2))vl] ' (85)
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Step 2: Making A explicit as a sum of A(M). Observe that, forany M € M, E |:PG(1)77T(1) Pe@) 2
is identical for any (7(1), 7(2)) € II(M). So that by Proposition 23 and Equation (84)

A\/V(G(l))V(G(Q)) = > > E [PG(l)m(l)PG(?),n@)}
MeM\Mpwy (7(D) 7(2)ell(M)
< St rr g oo Pone| QM 4 D 41)
n— — ! ’ ’
MEM*\MPM
(n —2)! Mg
<2 3 v s e e Pa [ 27
MEM*\MPM
since D > 2.
(n—2)! V= [V (n— [V |U<1>\+|U<2>\
Observe that (n—(]V(1)|Z—\V(2)|—|M\))! =2)! <n . Then, by Proposi-

tion 22, we get

Ay/|Aut(GW)] [Aur(G)|

N S | TR 0 e DY LR | PV
< KIUOHU®] \ /7 K(UO+U@))/2

MeM\Mpm
r r/2 v
S Iy e
MEM*\MPM K \/a K/n
where U = U(M) = |[UW| + |U®)| and r = (M) = |Ea|/U. Write A(M) for the summand in

the last line.

Step 3: Bounding of A by summing over shadows. Recall the definition of shadows and of
Mghadow in Section C.2. We now regroup the sum inside A by enumerating all possible matching
that are compatible with a shadow. We get

2
\/|Aut D)|[Aut(G 2 2 AM) -

(2)
)‘ W(1>CV(1>7W(2)CV(2) MeMsha(low(W(1)7W<2) 7M)
MeM\Mpu

Remark that A(M) is the same for all M € Mgpadow(W®, W) M) and only depends on U =
|UD| 4+ U@ | = [WD| 4+ W )|, and M. Besides, we have Mgy = M. We have the following
control for the cardinality of Mghadow-

Lemma 28 For any W(l), W(Q), and M, we have
|Mshadow(W(1) W )| < mln(|AUt(G(1 )| |Aut( ( ))’) .

Observe that two matchings M and M’ that belong Mshadow(W( ) W(2) M) have isomorphic
symmetric difference graph G A and have a common value of [Mgy|. Hence

A<2 > AM) (86)
WO cv@) w@cv @ MeM\Mpy
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where M is any matching in Mgpadow (W, W), M)

Step 4: Bounding A(M). Recall that [Mgyg| + [UD| + |U®?)| = |VA]. For M € M*, we have
Mg | > #CCa. Since |[Ea| > |Va|—#CCa, we deduce that | Ea| > |U| which, in turn, implies
that (M) > 1. Also, by definition of the edit distance, we have |Ea| > d(G™M), G?)) v 1. Finally,
we have |Fa| > |Mgym|/2 as any semi-matched node is connected to an edge in Ga. Gathering
these three lower bounds, we get

AM) < 9|Msnm| p—8¢cs|Eal « 2‘MSM|D*2CS[|U|+|MSN[H»d(G<1)7G(2))\/1] .

Step 5: Final bound on A. Plugging this bound on A(M) back in Equation (86) we get

A<2 > 9IMsnt] py=2¢ [IW O+ ) [+ Msn| +d( GO, G2V (g7
W(l)CV(l),W<2)CV(2>,MEM\MPM
since for M € Mgpadow (WD, W2 M), we have [UD| = [WD)| and [UP)] = . So when

we enumerate over all possible sets W), W (2) M that have respective cardlnahty u1, Uz, and m,
and since these sets have bounded cardinalities resp. by (2D)%!, (2D)%2 and (2D)?™, we have

A<9 Z 2m(2D)u1+u2+2mD7205 [A(GD,GD)WVitui+uz+m| 2D—csd(G<1>,G(2))\/1
u1,u2,m=>0
since ¢s > 5 and D > 2. Together with (85), this concludes the proof. [ |

Proof [Proof of Proposition 25] Since the operator norm of a symmetric matrix is bounded by the
maximum L norm of its rows, we have

T —1d|op < rg(zgi Few o — 1’ + Z ‘Fg(l)g@)
GG p G2 £GM)

To bound the latter sum, we use that for a fixed template G (1) , the number of templates G®) E G<p
such that d(GM, G(?)) = 4 is bounded by (u + D)?*. We also use that if G®) # GO, then
d(GMW,G?)) > 1 as they are not isomorphic. It then follows from Proposition 24 that

Z ‘Fg(l)’g(m < Z 3D_Csd(G<1),G(2))
G E€G<p, GEIAGM GG p,GR#AGM)
< ¥ HGD . aGW,GD) = u}jzpen
2D>u>1
< Z u+D 2upy—csu < Z 3D~ (cs—6)u SSD—CS/Q’
2D>u>1 2D>u>1

since D > 2 provided we have ¢ > 14. Using again Proposition 24, to bound ‘I‘G(1>7G(1) -1
concludes the proof.

Proof [Proof of Lemma 28] The proof is a straighforward variation of that of Lemma A.5 in Car-
pentier et al. (2025a), the twist being that [Aut(G)| is restrict to automorphisms that let v; and v

fixed, whereas all matchings M of (G(1), G(?)) contain (v%l),vf)) and (vgl), vgz)). [
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Appendix E. Proof of Proposition 22

Consider two templates G, G(?), some node matching M € M* and two injections (7(1), 7(?)) ¢
II(M). The expectation E |:PG(1),7T(1) PG(z)m(g)} only depends on the graphs G(!) [71(1)] and G [71(2)] .

To avoid clumsy notations, and since the injections (71, 7(2)) € TI(M) are fixed, we directly work
in this proof with the graphs G [x(] =: (V) E()), with i = 1,2. Also, we shall introduce new
notations to account for the case where v or vy are isolated in GW orin G?. Fori = 1,2, we de-
fine G*() = (V*( E()) by removing isolated nodes. We recall the notation E = E() N E®?) and
Ea = EWAE®) . we partition A according to these connected components Ea = UfZCICA Eny.
Since we work with the pruned graph, we shall redefine the node set. In particular, we define
Va3 = V1) 0 v+ we partition V3 into the sets V5, and V¢, of perfectly and semi-matched
nodes. Besides we define U*(1) = v+ \ g+ y*) = y*@)\ y*) and U* = UV U U3,
Obviously, we have |U| = |U*| when neither v; nor v is isolated in both G") and G(?). In general,
we have |U*| € [|U],|U]| + 2]. Given a subset W of V¥, we define En[IV] as the subset of edges in
FE/A that connects nodes in W. We first focus on proving (74).
We have E [Y;;|X] = A\X;; = A\1,,—,, and

N P
_ _ (D v
E [Y;|X] :fJ—f-/\Xij(l_QQ)ZQ(q) ,

with p = ¢+ A(1 — 2¢) > g for ¢ < 1/2. Since the Y;; are conditionally independent given X,
and since for M € M*, no connected component of G A is only composed of nodes from U*0), we
have

E[Pgu),ﬂ(upgmmm]ZE T v II v
L(.)€EEA  (i4)EEN

= 1zi:z]-
“E| [ 0t I q<z> (88)
_(ivj)eEA (ivj)EEﬁ
#CCa K 5
g0 T e 0T T (2)
(=1 (i,j)GEA’g k=1 (’L,j)EEr]; q
zi=zj=

9

STk

> |Bn [e5a (kDU ((RD]|

K
Pa€[K]#CCA ppre[K]VPM k=1
where, for a given @ : [#CCa] — [K], the assignment @gys : V&), — [K] is defined by
psm (i) = pa(l) fori e Vi, nV3,, (89)

and where

Pz ~ (on,opm)] =P [zi = pa(f),foralli € VX , and z = @pa(i), foralli € Vi ]
= K IWVAIEIVEM| — g—IV3I
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So

S | Enlegr (kDU (K]

Y

A EalglEnl

q
E [Pg(nm(l)PGw),w(z)] = el > >

PAE[K]#OCA o e[k VM

/N
STk~
~_

(90)
We have in particular for j = 1,2

, B! p Sre1 [E@D [ H{ED]|
E |:PG(j),7r(j):| = KV » q>
pi €]

oD

To lower bound E[P? G, 71'(3)] we consider two different subfamilies of assignments ¢; : Vo) -

[K] in the sum of (91). For some given pa : [#CCa] — [K] and some ¢pys : V3, — [K], we
consider

1. j defined by ;(i) = @a(€), foralli € VX 5 (i) = wpm(i), foralli € V5,

2. pj defined by ¢;(i) = pa(l), foralli € VX, N Vs ¢;(i) = opuml(i), foralli € Vg,
and ; (i) = @) (1) for i € U*9), where @) € [K]U*U).

First lower bound. Let us consider some pa : [#CCa] — [K] and ppys : V5, — [K]. Let us
restrict to assignments o; : V') — [K] defined by (i) = pa(f), foralli € VA and @;(i) =

wpm (i), forall i € V5,,. We observe that gaj_l({k}) N (Ve UVEL) = ear 1k Uepr,({kD),
SO

B9 (672 (k)] | = B [osn (16D U emn (D] + | (Ba 0 BD) [o5 (kD 0 (Vi v @)

(92)
with
K #CCaA K
> |(Ban D) [ @ (Ve v @) = 30 3T |(Baen BY) [ (k) 0 (Vi v ) |
k=1 #C:é k=1 .
> ((EMmE )‘ )EAmE
(93)

since ¢; is constant on each VX ,. So, we can lower-bound (91) by

ED| |EanED| Skt [Bn[esa ((kHUepy, (R
2 q
E [PG(]'),W(J?} KIVO] <> Z Z

PAEKT#OCA o k) VM

/N
3
S~
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Since |Ea| = |[EANEW|+|EANE®| and 2|Er| = |[EW| 4 |E@)| —|[EANEW| —|EANE®),
we get a first lower-bound

Bl plEal/2 iz [ Enlesa (kHuepy, (kD]

] (3)
H E [PG(])J(J)} > K(‘V*(1)|+|V*(2)\)/2 @AG[K%&CC Z q

= v
=12 A opu€E[K] PM

B0l plEal/2 Skt [Enlesa (tkhue iy, (kD]

T VIO T@)) /2 2 2

eAE[K]#CCn epMmE[K] Vim

/N
STk
S~

(94)

Second lower bound. Let us consider again some ¢a : [#CCa| = [K], ppur : Vi — [K] and
ou+0) : U0 — [K]. We now restrict to assignments ¢, : V*0) — [K] defined by ¢; (i) = pa(f),
foralli € VX , NVgys ¢i(i) = ppum(i), foralli € Vi, and ¢;(i) = @y (i) fori € U@,
We still have the decomposition (92), but we do not have the identity (93) anymore. Yet, we have
‘E(j) [cpj_l({k})} ‘ > |En [0, ({kH) U pi ({k})]|- Since M € M*, no connected component
of G A is only composed of nodes from U*(). Since p > g when ¢ < 1/2, we can lower-bound (91)
by
S BO)| 5\ k=1 [Bnlesa ((BHuepy (kD]

2 q p
E [Pouw.n} 2 VO] > > > <q>
)G[K}U*m Pa€[KIFOCA by e [K]VPM

BV ) S 1En[egn (IkhUeps, (kD]

K\V*(J')I—IU*U)\ Z Z (Z

PAE[KI#CCA o e[k VPM

‘PU*(]’

)

and get a second lower bound
|E|+E®)))/2

1/2 g
E [P2 | } >
l_i[g G 7 (3) = K(\V*(l)|+|V*(2)\7|U*(1)|7\U*(2)|)/2
j:7

N\ T |En[esa (R DUe i ({ED)]]
p
s 2 (q)
PaClKI#O0A opy e (K] VEM

B0+ Eal/2 SSACs | Bn [esns ({R) e ph, (1K) |

= KIS0 u=@)] Z Z

VA E[K]#CCA @PAJG[K}VISJ\/I

7 N
STkl
N———

95)
Conclusion. Combining (90), (94) and (95), we then conclude that

E [P(;u),,r(l)PG@),wm)} A Eal A Eal
< A
]1/2 = \ pBEal2 KU OHT-C]);2 G1BAl 2 10O [+]T-D)

2
[j-12E [P2o) .0
A Eal/2 A Eal
S U*(1) U*2))/2 A —E 2 U*(1) U*(2) ’
KU/ glEal/2 KIUX D+ U]
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where the last line follows from 5 = A + ¢(1 — ¢ — 2\) > X when ¢ + 2\ < 1. Since |U*(D| +
|U*@)| > |UM]| + U )|, this concludes the proof of (74).

Let us turn to (75). Since G is connected, neither v1 nor vy are isolated. We know that

Then, we lower bound the second moment E[Pém] by relying on (91) and considering two subfam-
ilies of assignments as previously: one subfamily where the z;’s are identical on the vertices of G
and one where the z;’s are let arbitrary. This respectively leads us to IE[PC%JT] > plEIK=IVI+1 and

E[Pém] > g”l. Hence

0< E [Pg .| _ AlE N AlE
- 9 }1/2— plEI2K(VI-1)/2 giEI2KIVI-1

E|PZ,
A El/2 AE
=\ gz ) M gErEvVED |

where we used again that p > A. This concludes the proof of Proposition 22.

Appendix F. Expectation and variance of m-clique counting: proof of Lemma 8

Let us prove Lemma 8. Without loss of generality, we assume henceforth that (7, j) = (1,2). We
recall that G = (V, E) isaclique on V' = {wy,..., v}, where we have removed the edge (vy, v2),
and

Si2= > Pox(Y),

welly 2
where II; 7 is the set of injections 7 from V to {1...,n} such that 7(v;) = 1 and 7(v2) = 2. We
will repeatedly use the identity
B = m(m2— 1) 1— (m+1)2(m—2).

We first compute the mean and upper bound the variance under P19 = P[-|z; = 23], and then
under Py = P [-|21 # 22].

Mean under P15. We have

Ei2 [PGJT(Y)] - ME' Eq9 H 12’1':,2]-

(i.7)em(E)

(m41)(m—2) e e 2
=22z Pplk=2n :i:i’a,...,m]:W

Hence ,

m+1 m—

(n—2)! (A2
Eq2[S12] =
12 [S12] A
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Variance under Py5. Let (), 7(2) € II}, such that |range(7(")) N range(7(?)| = 2 4 u, with
u € {0,...,m — 2}. Following (88), we have

- D
Eqo PG’W(DPGJF(Q)] = )\|EA‘q‘Em|E12 H 121':2]' H =
(i,)EEA (ij)eBn 1

Zi=z;

Case u = 0. For u = 0, we have En = (). We also have |VA| = [V;| = 2m — 2 and |Ea| = 2|E| =
(m+1)(m — 2), so, when u = 0,

E1s |Pg o Pgper | = APy [ = 20 10 =3, 2m — 2]
A(m+1)(m—2)
= TR ma K12 [Pgm(n] K12 [Pgm(z)} : (96)

Case 1 <u <m — 3. Wenow have |Va| = |V,| =2m — 2 —u, |En| = (u + 3)u/2, and |Ea| =
2(|E| — |En]) = (m 4+ 1)(m — 2) — (u + 3)u. Hence

(u+3)u
(u+3)u D 2
E12 |:PG,7T(1>PG,7T(2) — )\(m+1)(m—2)_(u+3)uq +2 (g) ]P)12 [zi =21 1 = 3’ e 2m — 2 — u]
AmAD(m=2) 5\ Lt ) (m—2)— L2
= T gIma (p) K" < Kam i K", 97)

sincep =g+ A(1 —2¢q) > Awhen 2\ + ¢ < 1.
Case u = m — 2. When u = m — 2 then range(n())) = range(7(®) and En = (. We define
Vi(z) :={ie{l,...,m}: z = k}. We have

K ~ K )
= I [ H p _(m+1)(m=2) H H D
ElZ |:PG,7T(1>PG,7T(2) = qlE‘]E12 Sl =g ) ]E12 p
k=1 (i,j)ex ™ (E) 1 k=1 1<i<j<m
zi=zj=k (6:5)#(1,2)
zi=zj=k

Il
2

N 2R V() (Vi(2)|-1) -1

m m— 2

(m+1)( 2)E12 [(13)
q

(m+1)(m=2) p 1K V()2 —mg2
e (G) '

Let £(z) := |{k : Vk(2) # 0} |. We have £(z) < m — 1 under Py, since z; = z3 a.s. For £(z) = ¢*,
the sum Z,[f:l |Vk(2)|? is maximized when £* — 1 groups have 1 node and the remaining group has
— (¢* — 1) nodes, so

Z\Vk )P < l(z) =1+ (m— (Uz) = 1))? = m® — (((z) = 1)(2m — {()).
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Since p > ¢ (since ¢ < 1/2), we deduce
(m+1)(m—2) (L(z)=1)(2m—L(2))
2 2
K12 <

_(m+1)(m 2) p
E1o Po,ﬂu)PGJr(z)} <q <q

1) (m— N\ (0(z)—1) )
< ﬁw Ei2 (?) ’
p
m—1 , _\ (¢—1){mf
(m+1)(m=2) 2
S DY <({> P1o [b(2) = 1]. (98)
= \P
We observe that, for/ <m — 1 < K,
Piy [0(2) = 4] < m—-2\K(K-1)---(K—-{(+1) o’ m—2—({—1) g m—2\ (m—2 —o—(¢-1)

(m+1)
2

so plugging in (98), we get

(1) m=3) mi( > <m§2)m_2_“—1) <q)<f Y
p

1
m+1 m—2
) : 99)

Eq2 [PG,WmPG,ﬂ@)} <p
(=
(mt1)im=2) ( 7\ 2

(VAN
’Ul

Combining the three terms. Combining (96),(97), and (99)

B>

(Eu [PG Wu)PGm(z)} —Eio [Pgmm} Eq2 [PG,W@)])

varip(S12)
u=0 71(1)’7|—(2)€H12
[range (7 (1)) Nrange (7 (2 )| =2+u
m—2 2
m—2 (n —2)lu!
< E [P P }
N uz::l < u > (n—2m+u+2)! 2 [7erWtan®
. mtly\ m—2
<( —2)l(m — 2)pw m—2+ q\ ?
- (n-m)! K p
ply 2 (n — 2)lu! plmA1)(m=2)— (et
+u:1 ( > (n—2m+u+2)! K?2m—4-u ’
SO
(n —2)!(m — 2)! 2 SR
n—2)(m—2) _(mtHm=-2 [m — q\ 2
S < 2 2
varja(Siz2) < (n—m) ( =+ <]§) )
N (n — 2)!(m — 2)! pm+D(m=2) T3 7y o (n— m)! u
(n —m)! K2m—4 t u (m—2—-u)l(n—2m+u+2)! \pz )
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‘We have

3] iy I LS ) S e P (e

u=1

So,
m 72
arya(Sha) < (n—2)l(m —2)! _minm=2 (m—2 L (e =\
v = ke
12(P12) = (n—m)! p K P
-2
| (n=2)!(m — 2! D2 KN
n—m .
(n—m)! K2m—4 ﬁmTH P
We have proved (36).

Mean under Py;. We have

Ey [Po(Y)] = AP Ey, H 1,— | =0,
(i,§) e (E)

since 21 # 22 a.s. under Pyp.

Variance under Py,. Let 7(1), 7(2) € TI;5 such that [range(7™")) N range(n?))| = 2 + u, with
u € {0,...,m — 2}. Following (88), we have

Eyp PG,ﬂu)PG,W(z)]=>\|EA‘(Y‘E“|EJ/2 I = ]I

(1,5)€EEA (1,5)€EEN
Z2i=Zj

Q3

Case 0 <u <m —3. We have 1,2 € Va and |Ea| = (m + 1)(m — 2) — (u + 3)u > 4, so
H(i,j)EEA 1.,=.;, = 0 as. under Py, since 21 # z2. Hence Epp [PG,W(I)PG’T‘.(Q)] = 0 in this case.

Case u = m — 2. When u = m — 2 then range(7(!)) = range(7(?)) and Ex = (). Following the
same lines as for deriving (98), we get
P 2 Dk )P =5 (m+1)(m-2) q
DR [
q p

We have 2 < /(z) < m a.s. under Py, since z; # 23 a.s. Hence

(U(x)=-1)(@m=t(z)) 4
_(m+1)(m=2) 2

Eyp [Pc,w(DPG,ﬂ@)} =q 2 Eyo

(m+1) —1

m—1 (£-1)
7(m+1)(m 2)
Eyo | Pt P et | < < ) Py [0(2) = ]

=2
(m+1)(m 2) ( )
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Arguing as in the previous variance bound, we observe that, for £ < m < K, we have

Py [0(z) = 1] < @_—22) <mI;2 >m—2—(£—2) |

so we get

Ey [Pc,ﬂwpa,ﬂ@)}

(mt1)(m=2) mg_:l m—2\ (m—2\""2 2 q
-2 K D

(m—2)(m+1)
2

IN
]

(=2
9 . m+tl m—2 . m=1 . (m=2)(m+1)
(m+1)(m=2) [ M — 2 2 (m+1)(m—2) 2
o (g () 7)) )
K p D p
Final bound on the variance.
vary(S12) = > (Em [PG,W(UPG,W(?)} —Eyp [PG,M} Eyo [PG,MD

(1) 771—(2) o
range(7(1))=range(w(2))

m+1 m—2 m—1
— 2 (m —2)! _(m+1)(m-2) -2 g\ 2 T2
K D

(n—m)!

(m—2)(m+1)
2

N
h=IESY
hSTRESY
~_

We have proved (37).

Appendix G. Counting self-avoiding paths: Proof of Lemma 14
G.1. Results under the distribution P
Mean under P15. We have

1

—\JE| = ——
E12 [Pox(Y)] = A E1o H Li=z | = KIVI-2
(i,5)em(E)

ANE— =

since 21 = z9 a.s. under Pys.

Variance under P;5. As for the proof of Lemma 8, we consider 7r(1), 72 ¢ II;5 such that
[range(7() N range(7(?))| = 2 4 u, with u € {0, ..., m — 2}. Following (88), we have

ST ]

E12 PG,ﬂ'(l)PGﬂT(Q)] = )\'EA‘CY‘EMElQ H ]-zizz]' H

2i=2j
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Case u = 0. Foru = 0, we have En, = (). We also have |[VA| = |VU| = 2m—2and |Ea| = 2(m—1),
so, when u = 0,

Elg PG,T((l)PG,ﬂ'(2):| = )\Z(mfl)Plg [Zi = Z1: 1= 3, ey 2m — 2]

)\2(m—1)
= Zam—1 — B2 [Pa,ﬂu)} Eio [Pg,ﬂ@)} : (100)

Case 1 < u < m — 3. We now have |V;| = 2m — 2 — u. By definition of u, there are m — u — 2
unmatched nodes in 7(?) (V) \ 7()) (V). Note that all the nodes in 7(2) (V) \ 7)) (V) belong to G a.
Since the line graph G is connected, all the nodes in 7() (V') \ 7)) (V') are connected through G a
to a node in 7((V) N 7 (V). Define E(AQ) C En as the subset of edges (i,7) such that either
i e m@WV)\ 7D (V) orjen@V)\ 7D (V). Then, we have

1
Eq9 H 1zi=Zj|Z7r(1)(V) < W ’
(i.5)€ER

almost surely. It then follows that

i} 1 p
Ei [PG,W<1>PG,W<2> < APalgltnl II - 11 q
(1))€BA\ED) ()N

Then, we consider E(Al) = EAN(@OWV) x 7M(V)) € Ea\ E(Ag) as the subset of edges that only
arise through the labeling 7(") of G. We have

1
Ei2 | Popin Pase | NP5 B | T 1amsy, I (101

Km—u—Q
(ij)eEY) (i-7)€ By

Zi=Zj

ESTR S]]

Note that E(Al) and E form a partition of the edges of the labelled line graph on (1) (V). If E = 0),

we arrive at
1 _ \2m-ny_ 1

E
B2 [PG,MPGM)] <A A‘W Ko

If En # (), then the graph G is a collection of ¢ > 1 connected components with |V| = |Eq|+t >
2 nodes in total. The term [ | (ij)eEY 1,,—.; is not equal to O if and only if some constraints on the
communities z; of the nodes are satisfied. Namely, this sets the constraint that the nodes from each
connected component of G(Al) must belong to the same community. Also, by definition of P15, we
have z; = zo. Furthermore, by invariance of the choice of the communities, we can assume that z;
is fixed. By considering separately the cases where Vn N {1,2} = 0, {1}, {2}, {1, 2}, we deduce
that m —2—|Vh|+t4+1 = m—1—|En| nodes in G have their communities fixed by the constraints,
and only |En| — 1 can still be assigned freely - namely their label can still be chosen freely without
setting the term [] (i) EW 1= to0. This set of nodes - that we write V,, - is composed of (i)
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exactly one node pro connected component in the graph Gg) that one can choose freely and (ii) of

all perfectly matched nodes, i.e. the nodes that are not in G(Al), except v1 and v. This yields

25 1 m—1— ‘Em | ﬁ
E12 H 1zi:zj H 5 S <K> EIQ H 5 ’ H 1zi=z]- =1
Goer)  G9E gk ” aen)

Write E5 = {(i,j) € En : z; = z;}. Now we consider the labels of the |En| — 1 nodes in
V., that have their labels unconstrained. We order them as (vf,... ,v|’ Em|—1) according to their
order in the path vy, vs, ..., vm, V2 so that either (i) node v; is connected to a connected component
of G(Al) to which v_; belongs, or (ii) v is connected to v,_; (with the convention v, = wv1).
The communities of these nodes are sampled independently which leads to the set E5 of identical
edges. If the community of v/ is the same as that of v,_; (resp. of v; for ¢ = 1) - which happens
with probability 1/K - then one edge is added in ES - namely the edge connecting v; with either
the neighboring connected component represented by v;_,, or with v_ itself. Finally, the last edge
in En belongs to £, if v" Fnl-1 and vy (and therefore v;) belong to the same community. As a
consequence, we can decompose E5 as E5 = N + N where N; ~ Bin(|Eq| — 1,1/K) and
Ny € {0,1} = 1{zv|/Em_1 = 2y }. One easily checks that P1a[No = 1[N} = |[En| —1] = 1
and that P13[N2 = 1|N; = |En| — 2] = 0. Next, forany a € {1,...,|En| — 3}, conditionally to
Ni = a, we have P13[Ny = 1|N; = |Eq| —2] < 1/(K —1). Indeed, if the community of second-to
last node is the same as that of vy, then this probability is equal to 0, whereas, if the community of
second-to last node differs from that of v, this probability is equal to 1 /(K —1). As a consequence,

we get
<p> N1+N2
q

We have to bound the exponential moment of N7 + N,. With probability at most (K — 1)_(‘E”|_1),
Ny + Ny is equal to | En|. Conditionally to N7 < |En|—1, N1+ N, is stochastically upper bounded
by a Binomial distribution with parameters |En| and 1/(K — 1). For b € R, we therefore derive
that E[e?(N1+N2)] < E[ebNs] 4 (K — 1)~ (Enl=DeblEnl where N3 ~ Bin(|Eq|,1/(K —1)). Asa

consequence, we obtain
[En| =
P 1
Eq|l 1—
) e (e (g 41 )

K.l H ‘ H T [(;{)IEmll(

i,j)EE - (1)
( Z]i):z]-m (ZJ)EEA

|ER|
Ei2 H ‘ H 1=, =1| =E1n2 (Z) ’ H l,—, =1| <E

. o 1 . 1
Gk = (eBy (i5)eEy

Q3

Q3
Q3

Coming back to (101), we get

1z {P Gm<1>Pa,W<z)} < A EalplEn]

p
K?2m—u—4 q
A2m=1) [ p B 1 P B 2K g] !
S Fomt [K () +E 7 (432) [2 ]
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Next, we observe that, if u < m — 3, we have |En| € [1, u], whereas, for u = m — 2, we have
|En| € [1, m — 1]. This yields

A2(m=1) A" 1 [2K%G\" .
E1s [PGJ(DPGJ@J < St [2 <4Kﬁ> + </\2> +3K } . (102)

foru < m — 3 and

A2m=1) o AR\ 1 (2K7%
K2

m—1
Eio |:PG,7T(1)PG,TI’<2):| < Joem—1 | g\ e )\2> —|—3Km2] . (103)

foru=m — 2.
Combining the three terms. Combining (100), (102), and (103), we obtain

m—2
varip(Rig) = ) > (Elz [PGJF(l)PGJ@)} —Eqpo [Pg,ﬂm} Eqo [PGJ<2>D
u=0 w(l),w(2)€H12

[range (7 (1) )Nrange(7(2))|=2+u

m—2 2
m—2 (n — 2)lu!
: 1 ( > (n—2m+u-+ 2)!El2 {PG’W“)PG,W@)]

u=1

= < f—_ff) )ni@” =2 B [P P

u

i (2n—m AKp \™' n—m [ 2K2G \"' K
2m—4
m ( K ((n—m))\2> + K? ((n—m))\2 3 n—m

< (n—2)1\* A2m=1) SKm?p 2m?Kq 43 m2K 43 m2K \"
~— \(n—m)! Kam—a" (n—m)A2  (n—m)A2  n-—-m n—m
2nm? [ AKm?p el m? 2m2K2q m-t
K \(n—m)\? K2 \ (n—m)\?

This concludes the proof of (55).

G.2. Results under the distribution Py,

Mean under Py;. We have

Ew [PGJF(Y)] = )\IEl ]E]Q H ].ziZZj = 07
(i.g)en(E)

since 21 # 22 a.s. under Pyp.
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Variance under Py,. Let 7(Y), 7(2) € TIj5 such that [range(7™")) N range(n?))| = 2 + u, with
u € {0,...,m — 2}. Following (88), we again have

EJ/? PGﬂr(l)PG,Tr(Q)] = )\IEA‘Q‘EHIIE]{Q H 1z¢:zj H Z;
(i,J)EEA (i,’zj)—ezEm q
1=%j

If u = 0, we have Er = () and since 21 # 22, we deduce that Eyy [PG’W(I)PG’W(Q)} =0.

Case 1 < u < m — 2. First, if En = (), we easily derive as above that Ey [PG <0 Pg ﬂ.(2):| = 0.
Hence, we assume henceforth that |Ey| > 1. Arguing as for Ei in the previous subsection, we

derive from (101) that

Q3

_ 1
Ew PG,’]T(I)PG77r(2):| S A'EAIQ‘EPJWEW H 122':2]' H
(i) €EY (i-7)€En

Zi=2Zj

and we also have in a similar way as for [E12 in the previous subsection

b 1\ M1l Enl b N{+N},
E 1, .. - <= E|l=
el At 11 G) < (K) (q> ’

Y i J)EE,
(1.4)EEN (lzji):zj "

where N| ~ Bin(|En| — 1,1/K) and N} satisfies P[N;, = 1|N; = |En| — 1] = 0 (as now v1
and vy do not have the same labels) and P[N} = 1|N{ < |En| — 1] < 71+, so that N{ + N} is
stochastically dominated by Binomial distribution Bin(|En|, 1/(K — 1)). This yields

1 p |Eﬁ|
E —| E
Ey | P r) Pz | < Al A|7K2miu73q‘ l <2q_ + K)

A\2(m—1) . 5\ Enl 2Kq |Enl
< KU i
K (1) +{ﬂ}

A2
Recall that |En| € [1,u] if u < m — 3 and |En| € [1,u + 1] for w = m — 2. This yields

2(m—1) 1 _— 1 2K2_ u
A [ @Kp)4<Af>%2K“ﬂ S (104)

B [Po Pomn| < o | (H53) +

foru < m — 3 and

)\2(m71) 1 4K p m—1 1 2K2q_ m—1 L
EH%M%MFKMAKJv> m(v) 2R 1)

foru=m — 2.
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Final bound on the variance. Combining (104) and (105), we obtain

m—2

vary (Th2) = Z Z (]Eyg |:PG77|_(1)PG7W(2):| —Ep [PG,W(U} Eo [PG7W(2):|)

u=0 7D 72 elly,
[range (7 (1)) range (72 )| =24-u

m—2 2
m— 2 n — 2)lu!
< ( ) ( ( ) ),EJQ |:PG’7r(1)PG7ﬂ.(2):|

U n—2m+u-+2

() e | (oo tine) 2 () 2 (7525))

)7

u=1
_ m—1 2 - m—1
om—d [ T 4Kp n 2K-q K
B (Nt AN A el 2
tm <K2 <(nm))\2> + K? <(nm))\2 + n—m
< (n —2)!\? A2(m=1) 4m?p 2m2Kq
~— \(n—m)! Kom—a " (n—m)A2  (n—m)\2
mK \™% nm? [ 4Km2p mh e m? 2m2K2q m-l
2m? 2 :
e <n—m> TR <(n—m))\2) e ((n—m))\2>
We have proved (56).

Appendix H. Proof of Proposition 5

In this proof, we need additional notation. Let V.. ¢ denote the set of cycle nodes having the same
community as v1 and ve. For k = 1,..., I let Viy x be the set of cycle nodes of community k. For
short, we write Vye 20 = Uizlvcycjk.

We consider separately cycle edges and fastener edges. For kK = 0, ..., I, we write ECTyC e C
E¢y. for the collection of cycle edges that are incident to a node in V. 5 and a node from a different
community — these edges will be called boundary edges. For k = 0,...,I, we define Vi :=

Veye,k N Vist, the subset of fastener nodes within community k. Note that |Vist k| also corresponds
to the number of fastener edges within community %. For short, we also write Vi 40 = Ui::l‘/fst»” k-

First, we consider the specific and trivial case where I = 1 and Viyc1 = Viye. Then, we
obviously have

|E7| = |Vist| =ary > v+ 1> (y+a)l

since £ > 2/a. We assume henceforth Voy. 1, # Viyc for any k.

The proof mainly divides into the two following lemmas. The first one states that the boundary
edges of any community that does not contain v; or vo — namely the sets of edges Egyc,k for
ke{l,...,1} —is of size at least 2.

Lemma 29 If |Voye 1| < K7, i.e. Veyeky # Veye, we have
Bl il =27

C
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The second lemma lower bounds the sum of twice the number of fasteners Vi o that do not belong
to the same community as v; or v, plus the number of boundary edges for the community of vy, vo,
namely Ezyc,o- If the nodes V. 2o were sampled uniformly, then |V 0| would be of the order
of a|VCyC7¢0|. However, the number of fasteners in Vi o can be much smaller for unfavorable
configurations such that fastener nodes are in the same community as v; or va. Nevertheless, if this
happens, then the number of boundary edges in Eiyqo must be high accordingly to compensate this

drop in the number of fasteners in Vi 0.

Lemma 30 We have
|EL e ol + 2 Vise, 20| > 2| Veye, 0| > 2al . (106)

Let us explain how Proposition 5 follows from Lemmas 5 and 29. First, we observe that an edge
between two communities is either a fastener edge and is therefore incident to Vi 4o or is a cycle

edge and therefore both arises in Ezyc . and Egyc . for k # k' being the two communities to which

the nodes of the edge belong. Hence, we have the following decomposition

I
21E7| > > B | + 2 Vist 20l
k=0

and Lemmas 29 and 30 ensure that
2|E7| > 2yI + 2al ,

which concludes the proof of the Proposition 5.

Proof [Proof of Lemma 29] We consider three cases, (i) at least a layer does not intersect Vy. ; (i)
each layer intersects Veyc r and |Veye k| < (5 — 1)7; (iii) each layer intersects Vg, and |Vye i | >
(k=1)7.

Case (i): at least a layer does not intersect V.. ;. In this case there exist two layers 71 and i3 (not
necessarily distinct) such that

Liy "WWeyer 03 Liy-1 N Vegery =05 Liy, NV Veyer # 03 Ligt1 N Veger = 0,

with the convention that Lo = L, and L,,1 = L;. There are v edges between L;, _; and one node
of Viye o in L;, . Similarly, there are v edges between L;, 1 and one node of Veycy in L;,. Since
k > 3, these edges are distinct and we deduce |ECTyc el = 2.

Case (ii): each layer intersects V. 1., With [Voyc 1| < (k — 1)7. Since in this case each layer in-

tersects Veyc k., it follows from the definition of the graph that each node v in Veyc \ Veye,k 18 con-
nected to Vi i by at least two edges corresponding to nodes of Vi 1 in the previous layer and in
the following layer of that of v. As a consequence,

B,

cyc,k‘ > 2“/03’(? \ VCyC,k| = 2['%'7 - ’V;:yc,k

] >2y,

as soon as |Veye | < (5 —1)7.

Case (iii): each layer intersects V. 1, with [Voyc 1| > (k — 1)7. It remains to consider the case
where |Veye x| € [(k — 1)y + 1, Ky — 1] which is non empty only if v > 1. Then, we consider
the complementary set V/ = Viyc \ Veyer Which satisfies |[V'| < v —1 < k(y — 1). Since Veyc i
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and V' have a symmetric role for counting ]Ecyg i

, we can apply the same arguments as in Case (i)

and (ii), switching the role of Vey.  and V’. Accordingly, |E2yc ;.| = 27, and the proof of Lemma 29
is complete.
|

Proof [Proof of Lemma 30]

Write Lo = {w € [K] : Ly, N Veyeo # 0} the collection of layers that intersect Voye 0. To start
with, we consider three cases (a) Lo = 0, (b) Lo = [k], and (¢) | Lo| € [2;k — 1].
Case (a): Ly = (0. In this case no fastener node belongs to the community of vy, vo, therefore we
have

|‘/fst,7é0| = |vast| = a|‘/;yc| > a‘%yc,#O’ ’
and (106) holds.

Case (b): Lo = [x]. In this case we observe as in the proof of Lemma 29 (case (ii)), that any node v
in Viye \ Veye 0 is connected to two nodes in Ve o, one in the previous layer and one in the following
layer. Thus, we get

I
Eleol =23 Veyer] = 2l Veye, 20l > 2a[Veye ol |
k=1

and (106) holds.
Case (¢): |Lo| € [2; k — 1]. This is the intermediary case between cases (a) and (b). Consider [x] as

the nodes of a cycle graph and L as a subset of nodes of this graph. Write #CC(Ly) > 1 for the
number of connected components of the subgraph induced by L.

Step 1: lower bound of |EgyC70]. We partition Lg into Lo in, Lo bd» and Lo sg Where Lo ;, are internal

layers of Ly that is, they are not at the boundary of a connected component of Ly, Lo g correspond
to connected components that are singletons, and Lg 1,4 stands for all the the remaining boundary
layers.

Fix any w € Lo, and any node v € L, \ Veye,0- This node v is connected by at least two
edges to Veyc o (at least one node in the previous layer and one node in the following layer). Fix
any w € Lo pq. For any node v € L, \ Veye,0, We also observe that v is connected by at least one
edge to Viye 0. Also, for any v € L, N Viye 0, there are -y edges between v and nodes in a layer that
does not belong to L. Finally, we consider any w € Lggg and any v € Ly, N Viye 0. This node is
connected to 27 nodes outside the layers in Ly. Gathering these bounds, we get

Elcol 22 > Lo\ Veyeol + Y (1L \ Veyeol +91+2 D> 7

wELY,in w€Ly bd weLo,sg
>2 " |Luy \ Veyoo| + 2#CC(Lo) | (107)
wELy

where we used that, for any w € Lo, | Ly, \ Veyeo| < v — 1, and where we recall that #CC(Ly) is
the number of connected components of L.

Step 2: lower bound of |V 20|. We now focus on the set [] \ Lo of layers that do not intersect
Veye,0- We start from

Vistzol = D [Vise N L.
we[k\Lo
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Although |Vist N Ly,| € [|a7], [av]] for each w, we have to be slightly more careful to control
|Vist,20|- The set [x] \ Lo decomposes into #CC(Ly) connected components, since the set L
decomposes in #CC(Ly) connected components. We write 71, . . . s T4CC(L,) for their respective
number of layers. Into the i-th connected components, there are at least |ar;7y| fasteners. From this
and from ), r; > Kk — |Lg|, we deduce that

#CC(Lo)
Vistzol = D larsy] > als — |Lo]] v — #CC(Lo)
=1
—a Y |Lw\ Veyeol — #CC(Lo) - (108)
we[k\Lo

Combining (107) and (108), we obtain

Bl ol +2[Visez0l > 20 | D7 L\ Veyeol | =2a | > [Le N Viye 0]

we[k] we|[K]
> 2a|vcyc,7'$0| >

which concludes the proof of Lemma 30. |

Appendix I. Proof of Proposition 15

This proposition is a straightforward consequence of the following result.

Proposition 31 Assume that ¢ < 1/4, ¢+ 2\ < 1, n > 2ky + 4, and set p = ¢+ A(1 — 2q). We
also assume that ary is an even integer and k > 3V 2/a. Then, for any 1 < i < j < n, we have

ipq_  (n=2)! AYHa FY
Eij [Rij] = (= — 2] ( e : (109)
Ey [Rij] =0, (110)
2 3K2 a 7\ Ytae 92 3K _ vta
vary (Rij) V varij (Rij) < Efy[Rua] (wy)? [(M) ()?2 v ;) + (HZ) (% v 1)

n

- + [W (ﬁ v 1)7%} m].

I.1. Notation and preliminaries

To control the expectation and the variance of R;;, we need to introduce some graph notation
as in Appendix A of Carpentier et al. (2025b). For a motif G = (V, E) and a labeling 7 €
I1;;, we define the labeled graph 7(G) as the graph with node set {7 (v) : v € V'} and edge set
{(7(v),m(¥")) : (v,v") € E}. Given two labelings 7(!) and 7(?) € TI,, the labeled merged graph
Gu = (W, Ey) is defined as the union of 7()(G() and 7(2(G®?)), with the convention that
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two same edges are merged into a single edge. Similarly, we define the intersection graph G =
(VA, En) and the symmetric difference graph Ga = (Va, Ea) so that En = Ey \ En. Here, Vi
(resp. Va) is the set of nodes induced by the edges En (resp. Fa) so that G (resp. Ga) does not
contain any isolated node.

The two following expressions are the starting point of our analysis. They easily derive from
the definition (7) of Y':

E[Pg.] =E H Yewpren | =B | T Oley=2r) | - (112)
| (v )eE (vv')eE
N T
_(D v
E |:PG,7r(1)PG,7r(2):| =K H Y%j H Y;? =E H ()\]‘Zi:Zj) H q <Cj>

Without loss of generality, we assume in the following that (i, ) = (1,2).

1.2. Results under the distribution ;-

In what follows, we consider the graph G := Gy, = (V, E). We will study respectively the
expectation and variance of the associated polynomial, both under P15 and under Pys.

Mean under P15. Since the graph G is connected, we have from Equation (112)

1
K|V| 2)\\E| — ﬁ)\(ﬂ-a)fw’ (113)

Ei2[Po-(Y) =N B | [[ 1a=
(i.5)en(E)

since 21 = 29 a.s. under P15. The identity (109) follows.

Variance under P;5. Let us turn to proving (111), which is the main part of the proof. Fix
70 72 € 5. We start by controlling Ey5 [PGJ(UPG’M . Letu € {0,...,|Veye|} be the
integer so that

range(7™M) Nrange(7®)| = 2+ u .

Recall that Vi, VA, En, EA stand for the common and symmetric-difference vertex- and edge-sets.
Following (88), we have

Eio |:PG,7T(1)PG,7I’(2):| = )\|EA|q\En|E12 H i P— H

Zi=Zj

ESTR S]]

Case u = 0. Then, we have En = (), |Va| = |Vj| = 267y + 2 and |Ea| = 2k7(7y + a). Therefore

E1o |:PG,7T(1)PG,7T(2>:| = )\2:{7('y+a) P1o [Zz =z forz € VA]

— \2v(vta) gr—2ry

= Eus |Pgq0 | Biz [ Poqo] (114)
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by (113).
Case 1 < u < k7. In this case |V{;| = 2ky + 2 — u and there are Ky — u vertices that appear only in

7@ (V) \ 7D (V). All these vertices belong to G and each such vertex is connected (within G'a)

to at least one vertex in the intersection 7(1) (V) N 7(?) (V) because G is connected. Let E(A2) C Ea

be the set of edges of G that arise from (2 [G]. In particular, E(Az) contains all the edges that

have at least one endpoint in 7(2) (V) \ #())(V). Conditionally on the communities of the vertices

of 7(0(V), the product of indicators on E(AQ) enforces the community of the kv — u vertices in
7 (V) \ 7 (V). Hence, we have

1
Eqi2 H L= | Zzooy | < K a.s.
(i)eES)
Therefore (conditioning and removing E(AQ)), we get
_ 1 P
Y e b =0 I | QR P | -
()€ Ea\ES (i,5)€En

zi=2;

Now, define E(Al) = FEa '\ E(Az). Observe that E(Al) together with E form a partition of the edges
of the labeled copy of G' coming from 7(1). Given the community assignments (Zi)ieﬂ.(l)(v), denote

{(z) the number of distinct communities in 7(1)(V), and | E#| the number of edges in the graph
between distinct communities. We have

£
) 1 q |E7|
Elg PGJ(l)PGJ(Q)] < )\|EA‘p|Em|Kn77u Elg <}7> ]-z,b-:zj
i (i.)€EY
ol B 1 q (t(z)=1)(v+a)
< \Ealpl mlm[@m <p> 1= |, (115)
i (i,5)eEY

where, importantly, we apply Proposition 5 in the second line. Consider the graph E(Al) = (rW(V), E(Al)).

In Equation (115) above, the condition [] (i,j)e Y 1,,—.; = 1 enforces that the nodes of each of
) A

—(1 . .
the connected components of Q(A) are in the same community. Let cc denote the number of con-

nected components of E(Al) when we remove those containing 7(!) (v1) = 1 or 7 (vy) = 2. Then,

conditionally to H(ij)eE(1> 1,,=; = 1, we have ({(z) — 1) € [0,cc| and for any = € [0, cc], we
) A

have

Py [L(z) —1=a| [] 1azs=1] <cc®K ), (116)

.. 1
(i,)eEY)
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Since the condition | | (i j)erd ly=z, =1 enforces that the nodes of each of the connected compo-
A

7j)
—=(1 . )

nents of Q(A) are in the same community, we get

1 1

P12 H 1Zi:zj =1 = K ry+Hl—cc—1 = K ry—cc
(i)€By’

and, combining with (116)

2\ LD-D0+) L e (TYOFO
E12 1l(Z)*1=9C <p) 121’*23 < K sy—cc e K <p>
(ij)eEY
_\ 2(r+a)
_ L AnCCTIT Q
G (p)

Since G is connected, each connected component of ?g) must contain at least one node in (1) (V)N
7 (V). As a consequence, we have cc < u. Combining Equation (115) with the last equation, and

using |Ea| + 2|En| = 2|E

1 u q y+a\ *
EaAl|l =B
K19 PG77T(1)PG77T<2>:| < )‘l A|p‘ H|Wuu Z (K <]5> >

x=0

pIEAl 1 - 7\t
2|B| 2) u 4q
<X (BT > (x (p .

, we get

Lemma 32 We have

Proof [Proof of Lemma 32] This result is a consequence of Proposition 5. Indeed, consider a
community assignment such that the 2 + u nodes in 7(1) (V) N 7(?) (V') belong to same community,
whereas the #y — u other nodes in 7(1) (V) \ 7(2)(V) belong to distinct communities. Hence, for
that assignment, we have sy — u + 1 communities and |[E7| = |E| — |En|. Then, Proposition 5

states that
|E| = |En| > (v +a)[ry —u] .

Since |E| = (v + a)k7y, Lemma 32 holds. [
We deduce from the previous lemma that
b yHalu -\ e ”
s PG,W(DPGJ(Q)] < B2, [Po(Y)] [K (% v 1) ] u S (K <Z> )
=0
_ _\ ytal¥ = +a] ¥
qa 9 p K
< Ef [Poq(Y)]u"™! ”K2 (AQ v p) + [K (V1) } ]
(117)
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Combining the terms. Combining (114) and (117), we get

al
vary2(Ri2) = Z Z <E12 [PGJ(UPGJ@)} —Ei2 {Pg,ﬂ(l)} Eq9 [Pg,ﬂ@)])
u=0 20 (el

[range (7 (1) )Nrange(7(?))|=2+wu

At ) L SR
<
_;<U> (n —2ry +u — 2)! 12[ GV Gm<2>}
(n_2)‘ gl 2 1
<\ “__ — R [P P ]
- ((n—/vy—2)! ;(KV) (n — Ky —2)u 12| 5erWEGr®

n —2)1 2 il uu—i—l K 2u — —\ 7t+a
< (0 Lay) Flrent 1 G | [ (v )

u=1

7\/7 il
D n A2

2:7)°K2 (@ g\ 2(k)°K /D vta
A2 p + ( \/1>

< Efy[Rua] (k) [

7\/7
+ n AP A2

n

2(r7)* K? <q q>”*“

This concludes the bound on varys(Ry2) in Equation (111).

L.3. Results under the distribution P,
Mean under Py,. We have from Equation (112)

Ep [Por(Y)] =Bk | ] 1.2 =0,
(i.j)en(E)

since 21 # 22 a.s. under Py». Equation (110) follows.

Variance under Pjy. We follow the same approach as for Py2. Let 7(1), 7(2) € Ty, such that
[range(7(M)) Nrange(7(?))| = 2 + u, with u € {0,. .., ky}. Following (88), we again have

ESTR S]]

Eyp PGJO)PGN)]:A|EA\(;\EH|E]Q M e I
(4.5)€EA (4,5)€En

Z2i=Zj

If u = 0, we have E = () and since z; # 22, we deduce that Ey, |:PG,7T(1)PG,7T(2):| = 0. Then,
for u € [1, k], we argue as for Ej2. In particular, the counterpart of (115) still holds up to the
difference that under [Eys, the number of communities that are distinct of z1 or of 23 is (z) — 2.
Hence, we have

121':23'

) (€(2)-2)+ (v+a)
(ij)eEY)

1
EA|5|E
E]/Q PG,TF(I)PG,TF@)] S )\| A‘p‘ 0|W IE}/Z (

SHES]
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Write again cc as the number of connected components of the graph a(Al) = (zW(V), E(Al)) when
we remove those containing (1) (v;) = 1 or 7)) (vy) = 2. Then, conditionally to H(i e 1= =
) A

1, we have (¢(z) — 2) € [0, cc] and for any = € [0, cc]

]P)yg E(Z) —2=x H 1Zi:Zj =1| < CCCCKf(Ccfx) )

.. 1
(i,)eEY)

Hence, we arrive as previously at
_ — +a\ ¥
om (PPl 1 - 7\’
By [Foo Pan] <3 (35) " g 22 (K5 ’
and the counterpart of (117) holds:
u
P yHal®
+ {K (V1) } ]

Then, summing over all 7 and 73, we conclude as previously the bound on vary(Ri2) in
Equation (111).

a ., a\"
Ey» [PGm(l)PG,W@)] < Ef [Poa(Y)]u™ || K2 (>\2 v p)

Appendix J. Proof of Lemma 2

The signal condition showing up in the low-degree lower bound is of the form A < D™¢)\., where

n)\Qr
— =1, 11
iliﬁ’{KAHK?qr} e

Lemma 2, stated page 4, makes explicit the phase transition in the Condition (118).

Proof of Lemma 2
Let p := ¢/\ and

2\ )\27“
¢(T) = p = - o
1+ Kp A"+ Kq

Let 7* such that ¢/(r*) = 0. We have

1 log(1/A) u
U = — —_— = —. 119
K gV T K (1
We have . .
. A" A"
¢(T ) - 1 + Kpr* - 1 + u7
so if A, is such that ¢(r*) = K /n, then
x 1 K
N = (Jrn“) (120)
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Since ¢ = A.p, we then get

- u(l+w) : log(1/A4)
T= 7 th u = ———=. 121
! w0 T Tog(M2/g) (20
Below, we write A for A\, We have
_ r*log(1/A)  log(n/K) —log(1l+u)
r*log(A/p) — log(K?/n) +log(1+1/u)’
and hence
ulog(K?/n) +ulog(l + 1/u) + log(1 4+ u) = log(n/K). (122)

We seek for a solution u > 0 and r7* > 1 to (121) and (122). We denote K = n(1+0n)/2,

Case K < (1 —¢€)y/n. Thenlog(K?/n) < 2log(1 —¢) < 0 and
1 1
—2ulog T +ulog(1l+ 1/u) + log(1 + u) > 3 log(n)
—€

which has no positive solution in u for n large, since the left hand side is bounded from above. In
this case, the supremum in (118) is achieved for » = 1 and the critical value is the KS threshold

K
)\c:)\KS:%<1+ 1+2nq).

Case (1 +¢)y/n < K <n'"c. Hence QIEJgg((ZJ;G) < 8, <1 — ¢/2. Then, we have

u

_1-06 wlog(l+1/u)+log(l+u) 1-6 log(1/0)\ 1-9¢ 0log(1/9)
T2 log(n) 24 _O< log(n) > T2 (1_O< log(n) ))

We observe that 7* > 1iff ¢ > u(1 + u)/n, i.e.

dlog(1/4)
1 — 62 1-0 ( log(n) )
> .
42— X - (123)

Writing ¢ = n =" and solving ¢"" = u(1 + u)/n gives

o o ()

and

L (1 | log((1 - 62)/46%) _o<5log<1/5>/1og<n>>>-1
" log(n)

B log((1 — 6%)/462) dlog(1/9)
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From (120), ¢" = u(1 + u)/n and log(1 + u) = log(1/6) = loglog(n) we get
log(u(1+u)) log log(n) 2
Ae = (14 upn=0-0/2)™ (vt o ((h2a)’))

146\ @n/2
= et (LR o)

ul—s

~ g(1=9)/2 (1+6)49 an /2
(1—6)1-9(20)20 :
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