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ABSTRACT

We study the typical structure of a sparse Erdés—Rényi random graph conditioned on the lower tail subgraph count
event. We show that in certain regimes, a typical graph sampled from the conditional distribution resembles the
entropy minimizer of the mean field approximation in the sense of both subgraph counts and cut norm. The main
ingredients are an adaptation of an entropy increment scheme of Kozma and Samotij, and a new stability for the
solution of the associated entropy variational problem. The proof can be interpreted as a structural application of the
new probabilistic hypergraph container lemma for sparser than average sets, and suggests a more general framework
for establishing such typical behavior statements.

1 | Introduction

We study the Erdés-Rényi random graph conditioned on the large deviation event of a lower tail subgraph count. For
a fixed graph H, let N,(G) be the number of copies of H (as a subgraph) in a graph G. We write N(p) to denote the
random variable N, (G(n, p)), where G(n, p) is a graph drawn from the Erdés-Rényi distribution. The key question is:
Given that the lower tail event £,(H,n) :={G : Ny(G) <nE [N H(p)] } holds for some < 1, what does a typical sample
from the conditional distribution look like?

The study of this question was initiated by the seminal work of Chatterjee and Varadhan (2011), who proved a general
large deviations principle for the Erdés—Rényi random graph with constant density, that is, for fixed p € (0,1). Their
results imply the following two estimates, written below, which we first describe informally. The first statement (1.1) says
that the leading order in the exponent of the lower tail probability is determined by the way to induce few copies of H with
minimum entropic cost. The second statement (1.2) gives a more detailed description of the structure of the event, and
says that the probability that a random sample with few copies of H looks very different from these entropy minimizers
is exponentially small. They showed

—logP(L,(H,n)) = (1+0(1))®,(H,7n), (1.1)
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P(6,(G. M) > € | L,(H,n) < e™" (1.2)

where @ ,(H,n) is the value of a variational problem that minimizes the entropic cost over the lower tail event (see
Definition 8 for the precise formulation), M is the set of minimizers to the variational problem ®,(H,#) in the space
of graphons, and & is the cut distance. See (Chatterjee and Varadhan 2011) for a formal discussion of these expressions,
or Section 2 for the definitions and their role in this paper. Much finer questions have also been studied in the case of dense
graphs, determining the typical structure of large graphs with various fixed subgraph densities (i.e., Neeman et al. 2023;
Kenyon et al. 2018; Radin 2018 and references within).

There are two barriers that prevent the extension of (Chatterjee and Varadhan 2011) to the case of sparse random graphs.
First, their proof relies on Szemerédi’s regularity lemma, which is ineffective at handling graphs with vanishing edge
density. Second, and perhaps more significantly, the large deviation principle is formulated in terms of graphons, a natural
limit object for dense graphs. The space of graphons is a compact topological space which nicely encodes similarity and
distance between graphs, see (Lovasz 2012) for a comprehensive survey. Theories for the limit of sequences of sparse
graphs exist, for example, (Borgs et al. 2019), but there is no convenient limit object that captures all the same properties
as a graphon. Consequently, it is not clear how a corresponding large deviation principle should be formulated. Despite
these difficulties with generalizing the entire large deviations principle, it is possible to study these tail probabilities in a
more specific manner.

For Equation (1.1), a natural first step is to replace Szemerédi’s regularity lemma with the weak regularity lemma of
Frieze and Kannan (1999) which can handle slowly vanishing densities p > (logn)~¢. A breakthrough technique for com-
puting large deviation probabilities for nonlinear functions of independent Bernoulli random variables was introduced
by Chatterjee and Dembo (2016), which extends the range of densities to p > n~** for some explicit function a(H). This
inspired a line of work developing the technique for arbitrary graphs and even uniform hypergraphs (Eldan 2018; Cook
and Dembo 2020; Cook et al. 2021). Recently, a work of Kozma and Samotij (2023) showed (1.1) for p > n~1/"(D the full
range of densities for which this statement can be expected to hold, using an entropy increment technique. Here m,(H)
refers to the 2-density of a graph H defined in Section 2. For sparser graphs, the lower tail probability is determined by
a Poisson-type behavior, and Janson’s inequality gives a tight bound. Janson and Warnke (2016) showed that this is true
in a more general setting—see the references within for an overview of work in this even sparser regime. These lines of
work present a fairly complete picture of the lower tail probability.

Extending the structural statement (1.2) to the sparse setting has seen far less progress. One reason for this is that the
variational problem for lower tail subgraph counts has proven to be difficult to analyze. Very little is known about the set
of minimizers, so sparse analogs of (1.2) are more difficult to show explicitly. Zhao (2017) showed that for s sufficiently
close to 1 the constant function is the unique minimizer of ®,(H, ), whereas for » sufficiently close to 0, the constant
function is no longer a minimizer. He studied a sparse limit of the variational problem, leading his results to hold for
p — 0. This remains the best-known range of parameters for which a solution to the lower tail variational problem is
known. To the best of our knowledge, no analogs of (1.2) have been shown for the lower tail for any p = o(1).

1.1 | Main Results

We provide a framework for deducing sparse analogs to (1.2)—the typical structure of a conditioned random graph —from
a solution to the variational problem. We apply this argument in the setting of lower tail subgraph counts of G(n, p), where
all the ingredients are available to prove the complete result. We show that, conditioned on a random graph having few
copies of one graph H’, subgraph counts of another graph H are accurately predicted by the solution to the variational
problem with high probability.

We work in a regime known as the replica symmetric regime, where the solution to the variational problem is known.
We use n,, to refer to the constant from (Zhao 2017), above which the solution to the variational problem is known to be
constant. Numerically, 7, is defined as the solution to a fixed-point equation and can be approximated. For example, 77
is 0.1012... —see (Zhao 2017, Section 5) for more estimates.

Theorem 1.1.  Fix any graphs H' and H. Let G ~ G(n, p) conditioned on L ,(H',n), where n > .. Let g = nt/eHNp
where e(H') is the number of edges of H' and m = max{m,(H), m,(H')}. For any € > 0 there exists an L(e,n, H, H') such
thatif p > Ln~Y/™,

P.(INy(G,) — E[Ny (@]l > eE[Ny(9)]) < e.
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Remark 1. For p>> n~'/™ carefully tracking asymptotics through the argument of (Kozma and Samotij 2023) should
yield a decaying bound. However, as written, the proof only obtains a bound for an arbitrary fixed e.

Here, PP, refers to probability with respect to the conditional measure (see also Definition 3). As a consequence, we deduce
the typical structure of the graph in the sense of the cut norm as well. The cut norm is a natural notion of distance between
graphs that enjoys a set of nice properties when extended to the space of graphons (see Definition 4).

Corollary 1.2. Fixanygraph H.Let G ~ G(n, p) conditioned on L ,(H,n) wheren > ny. Let g = n'/*™)p. Forany e > 0
there exists an L(e, n, H) such that if p > Ln=Y/m(D

P.(|G: = 4|, > ep) <&

Our results extend (1.2) to the full range of densities for which the variational problem is relevant, and moreover estab-
lish typical structure in the stronger sense of subgraph counts. Indeed, for p < n~1/"(D the large deviation rate is no
longer controlled by the variational problem (see, e.g., Kozma and Samotij 2023, Theorem 2). In the sparse setting, it is
known that subgraph counts control the cut norm, but the converse fails. Given our results about the typical structure of
G(n, p) conditioned on a lower tail event, one might wonder if an even stronger structural relationship holds. One possible
formulation is the following:

Question 1. Fixanygraph H,n > n, andletq = n*/*")p.Let p > n~'/™ and G ~ G(n, p) conditioned on £ ,(H,, n).
For any € > 0, does there exist a coupling such that with high probability

Gn,(1—¢€)g) C G, C G(n, (1 +¢e)g)?

A first step to investigate the above question is to study various statistics of the lower tail event that would follow from
the existence of such a coupling.

Question 2. Let G, ~ G(n, p) conditioned on L,(H,n). What is the size of the largest clique in G,?

1.2 | Proof Overview

We combine a probabilistic version of the hypergraph container lemma with a new stability result to deduce the typical
structure. This is motivated by recent progress combining the hypergraph container lemma with stability statements to
obtain typical structure results for independent sets (see, e.g., Balogh et al. 2018).

Kozma and Samotij (2023) introduced a new entropy-based approach to estimating lower tail probabilities. They interpret
their work as a “weak, probabilistic version of the hypergraph container lemma for sparser-than-average sets.” The proof
relies on an entropy increment to obtain approximate independence within a random graph conditioned on having few
copies of H'. In particular, they iteratively decompose the lower tail measure as follows. Informally, at each step, either
there are few dependencies among edges in copies of H' or there exists a small subset of edges that captures a non-trivial
amount of entropy. Since the total entropy of the measure can be bounded, this can only be repeated a small number
of times before few dependencies remain, leading to a small subset of edges that captures almost all of the dependence
within copies of H’. This decomposes the lower tail measure into a mixture of measures that behave nicely with respect
to copies of H'.

‘We leverage this iteration scheme in a novel way to decompose the measure with respect to a different graph H. Namely, in
the lower tail measure for H’, we find at each step either a few dependencies among edges in copies of H or a small subset
of edges that captures a non-trivial amount of entropy. This decomposes the lower tail measure for H’ into measures that
behave nicely with respect to copies of any other graph H. Iterating this decomposition, we obtain approximate inde-
pendence with respect to multiple subgraphs simultaneously. This multiple independence will be crucial to estimating
subgraph counts later on.

We then extend the argument of Zhao (2017) for showing that the constant function is the unique entropy minimizer
when the lower tail parameter 7 is sufficiently close to 1. He first shows that the optimizer must satisfy a point-wise
Lagrange multiplier condition. Using this condition, he deduces that no entry of the optimizer can be too small. Finally,
via a convexity argument, he concludes that the optimizer must be constant. We run a robust variant of the argument,
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allowing a bit of slack at each of these steps. Specifically, we consider the effect of increasing the optimizer in a fixed
direction to show that the number of small entries must be small. Then, a convexity argument implies that nearly all the
entries must be close to one another. This gives a corresponding stability result stating that near minimizers must be close
to the constant function.

With these two ingredients in hand, our proof then proceeds as follows. Given the distribution of G(n, p) conditioned on
L,(H',n), condition on a small set of edges to obtain approximate independence for copies of both H and H'. Then, with
high probability, an independent sample from the marginal probabilities of each edge from this conditioned distribution
will also satisfy a lower tail event for H’. This is because the independent marginals and the joint conditional measure
behave similarly with respect to copies of H’. We then invoke our new stability result to deduce that the marginal edge
probabilities must be close to the minimizer of the variational problem. From this, we deduce that the expected number
of copies of H in this independent sample is close to the quantity predicted by the minimizer. Recalling our control on
copies of H as well, we deduce that the expected number of copies of H under the joint distribution of edges is close to the
independent sample from the marginals, and thus is also accurately predicted by the solution to the variational problem.
Finally, to boost this estimate on the expectation to obtain concentration, we leverage the fact that the variance can be
expressed in terms of subgraph counts and apply a second moment argument.

The bulk of this argument is, in fact, very general and easily allows for control over multiple subgraph counts as well as
conditioning on multiple lower tail events. Furthermore, the main ideas can be phrased in the language of counting edges
in hypergraphs, a flexible viewpoint exemplified in the transference principles of Conlon and Gowers (2016) and Schacht
(2016) and the hypergraph container theorems (Balogh et al. 2015; Saxton and Thomason 2015). This would allow one to
deduce a “typicality” statement for edge counts of two hypergraphs living on the same vertex set, provided we have the
necessary stability of the variational problem. The primary bottleneck to these types of results appears to be the analysis
of the entropy variational problem.

1.3 | Organization

The next section sets up the definitions and notation for the remaining arguments. In Section 3, we recall the main results
of the entropy increment scheme to obtain approximate independence. In Section 4, we prove the new stability of the
entropy variational problem. Section 5 combines the ingredients to complete the proof of the main theorem. We conclude
in Section 6 by discussing our argument in a more general setup.

2 | Preliminaries

In this section, we introduce the primary definitions and notation that will be used throughout the paper. Some notation
will be imported from (Kozma and Samotij 2023) and (Zhao 2017), and we will give a reference when this is the case.
From here until Section 6, we will restrict our attention to the setting of subgraphs of random graphs. The more general
setup will be introduced in the discussion in Section 6.

We let G = (V, E) denote a graph and define the following statistics of fixed graphs.

Definition 1 (Graphs). Let v(G) = |V| be the number of vertices and e(G) = | E| be the number of edges of G. We
use Ny (G) to denote the number of copies of H as a subgraph of G. A key statistic is the 2-density of G, which is defined
as the following

e(F)—1

m,(G) :=max{ o(F) =2 : FCG,e(F) 22}.

In this paper, we are interested in the behavior of random graphs, which will be notated according to the definition below.

Definition 2 (Random graphs). For a vector q € [0, 1]<;> let G(n, q) be the random graph with vertex set [n] where
each edge e = (i, j) is included independently with probability g; ; = g,. When q = p is a constant vector, we simply write
G(n, p), the well-known Erd6s-Rényi random graph. We use N (G) to represent the number of copies of H as a subgraph
of G. We use N (q) to represent N, (G(n, q)), the (random) number of copies of H in a sample from G(n, q).
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We are primarily interested in the lower tail subgraph count event, when the random graph has much fewer copies of a
subgraph H than expected.

Definition 3 (Lower tail event). Let £,(H,n) denote the event that N, (G) < nE[Ny(p)]. We write G, for a graph
drawn from G(n, p) conditioned on £ ,(H,n), and use P, and E, to refer specifically to probability and expectation with
respect to this conditional measure.

One notion of similarity we use to characterize the distance between instances of the random graphs is the cut norm. For
our purposes, the cut norm can be defined on the set of n X n matrices as follows:
Definition 4 (Cut norm). For A € R™",

1
1Allg = sup —|xTAy].
x,ye[0,1]" 1

We also use the cut norm on vectors q € [0, 1]<;>. In this case we interpret ||q||; = [|A(Q)||; where A(q);; = A(Q);; = g ;-

One should think of A as the difference of the adjacency matrices of two (weighted) graphs for this paper. In this case,
we obtain the cut norm on graphs alluded to earlier. For a detailed account of the full definition and properties of the cut
norm in relation to the theory of graph limits, see the monograph by Lovasz (2012).

Many of the ideas in the paper can also be conveniently phrased in the language of hypergraphs, as done in (Kozma and
Samotij 2023). A hypergraph will be represented by H = (V, £). We similarly use v(H) = | V| and e(H) = |£|.

Definition 5 (Hypergraph of copies of H). Let H(H) be the hypergraph with vertex set ¥V = ([Z]> and edge set

& = copies of H as a subgraph of the complete graph K,. We will use H(H) to refer to both the hypergraph and its
corresponding edge set.

The following vector representation of a vertex set will be convenient for us to work with.

Definition 6 (Vector representation). Let R, be a random subset of V where each vertex is included independently

[n]
with probability p. Let Y € {0, 1}( 2 ) be the indicator vector of this random subset conditioned on £,(H,#), so that Y

corresponds to the edges of G,. We write Y, = [],, Y, for the indicator that the subset A is included in R,

The relative entropy between random variables plays a key role, as it controls the probability of the lower tail event. Here
we define the relevant quantities and list a few useful properties. See (Kozma and Samotij 2023, Section 4) for a more in
depth introduction.

Definition 7 (Relative entropy). For a binary vector X define its p-divergence by
1,(X) = D (X || Ber(p)®)

where Ber(p)* is the k-dimensional product measure with Ber(p) marginals. We also define the conditional divergence
by I(X|Z)=E [I (X z )] where X# denotes the random variable X conditioned on Z. For any binary random vectors
X,, X, and any random variable Z, we have the following useful properties:

1. 1,(X;)>0.
2. 1,(X1. X5) = L(X,1X,) + 1,(X,) > (X)) + L(X,).
3. L(X1, X, 2) 2 L(X,|Z) + 1,(X,| Z).

We also use the following equality to access the logarithm of the large deviation probability, see, for example, (Kozma and
Samotij 2023, Proposition 10) for a proof.

Lemma 2.1 Let Y be the conditional vector from Definition 6. Then

1,(Y)=—logP(L,(H.n)).

50f15

85U8017 SUOWIWOD SA1I8.D 3 dedt dde au Aq peusenob afe safole YO ‘8Sh J0 Sa|nJ Joj Aeiq18UlIUO A8]IAA UO (SUOPUOD-PUE-SWB)LI0O"AB | 1M Afe.d 1[ou [UO//:SdNy) SUOIPUOD pue SWLe | 8U 89S *[GZ0Z/0T/TE] U0 ARiqiTauliuo A8]IA ‘0jouyds L Jo aimiisu| spesnudesse N AQ 8200 €S1/200T OT/I0pW00 A8 1M Aleiq 1 pul|uo//Stny wouy pepeojumod ‘T ‘SZ0Z ‘8TYz860T



In the case that X itselfis a Bernoulli variable, we recover the relative entropy function. Let i »(@) = qlog % + (1 —g)log EZ

be the relative entropy of g with respect to p. For a vector q, we will write i (q) := Zee (l”) i,(q,) for the total relative
2

entropy with respect to p.
The following variational problem encodes the relationship between entropy and the lower tail event.

Definition 8 (Variational problem). We define the variational problem associated with the lower tail event
L (H,n)as
p

®,(H,n) := min {i(@ : E[Ng(@)] <nE[Ny®@)]}.
qel0,1\2

We follow the notation used by Kozma and Samotij (2023), but note here that the relative entropy function is denoted by
I,(g) rather than i ,(¢) and the variational problem is denoted by LT ,(H, n) rather than ®,(H, ) in (Zhao 2017).

3 | EntropyIncrement

In this section, we collect a series of results from the work of Kozma and Samotij (2023) that controls the probability of
L,(H,n) via an entropy increment argument alluded to in the introduction.

The first lemma says that, conditioned on a lower tail event, the marginal probabilities that fixed sets of edges appear can
only decrease. The proof is an application of Harris’ inequality.

Lemma 3.1 (Kozma and Samotij 2023, Claim 16). Forevery W C V and A C V\ W, E[Y,|(Y,))pen | < P!

A key step in (Kozma and Samotij 2023) shows approximate conditional independence of copies of H under the lower tail
event by conditioning on a small subset of the edges. This translates to a conditional independence of the appearance of
edges of H(H) given the configuration on a small subset of V. The conditional independence is measured by the following
quantities.

Dy, (B,b) := [E[YBl(Yw)weW] - [E[YB\[b] I(Yw)weW][E[Yb|(Yw)weW]

measures the correlation of a single vertex b € V with a hyperedge B € £ conditioned on the configuration of W c V.
The weighted sum of these squared correlations is captured by the following quantity:

Dy, (B, b)*

E,W) :=E (3.1)

A€H(H)-W BCA,|B|>2 beB ( |1r3| ) | B|p Bl

Following (Kozma and Samotij 2023), we use H(H) — W denote the induced sub-hypergraph of H(H) on the vertex
set ¥V \ W. It turns out that this quantity controls the difference between a sample from the joint distribution of Y and
sampling each edge independently with the corresponding marginal. The proof is an application of inclusion-exclusion
and the Cauchy-Schwarz inequality, see (Kozma and Samotij 2023, p. 686) for the proof.

Lemma3.2. Lete(H)=rand W CV be a subset of the vertices of H(H ).

{ s

E[YAl(Y,)wew| — H[E[Ya|(Yw)wEw] H < P((r = De(H(H) — W)Y2E,(W)HY2.
AEH(H)-W

acA

Thus, to well-approximate the distribution of (hyper)edges in Y from its independent marginals, we need a W such that
both |W| and &, (W) are small. The following generalization of (Kozma and Samotij 2023, Lemma 18) finds this small
set, and follows from the same proof given in (Kozma and Samotij 2023) and the discussion in (Kozma and Samotij 2023,
Section 7).
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Lemma 3.3. Let H be a non-empty graph and H = H(H). For all positive a and f, there exists L and V}, such that the
following holds: If |V| > Vy and p > Ln=/™ ) and Y is a distribution on subsets of V such that E[Y,|(Y,,)uen | < p! for
all A c YV \ W, there exists a set W with at most av(H) elements such that £,;(W) < fe(H).

Lemmas 3.1, 3.2, and 3.3 can be combined to obtain the following theorem, showing that the probability of the lower tail
event is controlled to the leading term in the exponent by the associated variational problem.

Theorem 3.4 (Kozma and Samotij 2023, Theorem 2).  For every non-empty graph H, p, < 1, and every € > 0, there
exists a constant L such that for Ln~'/"() < p < p, and every n € [0,1],

(1—e)®,(H,n+¢) < —logP(L,(H,n) <A +e)®@,(H,n(1—¢)).

4 | Stability of the Variational Problem

In the previous section, we related the lower tail probability to an entropy variational problem. The goal of this section
is to give a quantitative description of the solution to the variational problem. Our main new technical ingredient is a
refinement of (Zhao 2017) that enhances the uniqueness of the solution to ®,(H, ) to a stability of the minimizer. In
this section, we work with the sparse limit of the variational problem, which is an appropriate substitute for ®,(H,#)
when n is sufficiently large and p = o(1). We define A(x) := xlogx — x + 1 so that lim,,_,, pli »(px) = h(x) uniformly for
x € [0, 1]. It follows that

})iggp_l%(H 1) =D(H,n)

where

n
e

qe[O,l](2

®(H,n) ;= min {Zh(qe) L E[Ny(@)] <7- NHu)}.

We know from (Zhao 2017) the following theorem:

Theorem 4.1. For every graph H there exists an n, < 1 such that for all n > n,, ©(H, n) is uniquely minimized by the
constant function, in this case q = /¢!,

We show that the constant function is stable as the minimizer to ®(H,#) in this regime in the following quantitative
sense.

Proposition 4.2. Let H be any graph and ny; be as in Theorem 4.1. Then for all n > ny there exists a C, ;; such that the
following holds. Let q = n'/¢™) and & > 0 be sufficiently small in terms of n and H. Then q = q is the unique minimizer of

®(H,n),and if ¥, h(g,) < ®(H,n) + elz<g ) then |lq —qll; < C, ye.

To begin, we first give a weak description of a near minimizer, showing that only a few of its entries can be very small. We

will use subgraph count density notation in this section, writing #;,;(H, q) = [E[]Z[V—”((l‘?]. This is also known as the injective
H

homomorphism density, closely related to the standard notion of homomorphism density (see Zhao 2023, Section 4.3 for

more on homomorphism densities). The following is the stability version of (Zhao 2017, Lemma 5.2).

Lemma4.3. Lety > ny asin Theorem 4.1. For all & sufficiently small in terms of n, H, if Y., h(q,) < <g>h(,71/e(ﬂ)) +

62<§> and t;,(H,q) <ntheng, > ¢ := n'/" for all bute( ) edges e.

n
- 2

Proof. The idea is to show that if the set of small entries is too large in a near minimizer, then a marginal boost of the
edge probabilities on this set leads to a configuration with few copies of H that has too small of an entropy.

1Bl
(1)

q’' :=q+ 1. Since & is convex and decreasing, for every e € B we have

Let B = {e : g, < c} denote the bad set of edges and let 6 = . Suppose we increase q on each of these edges to obtain

h(g, +7) — h(g,) < h(c +7) — h(c) = —y(1 — log(c + 7)) — ¢ log(1 — ﬁ) <0,
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Setting ¢ := 5'/¢), we can bound the new entropy by

D) = Y, + 1)+ Y h,)

eeB e€ B¢

< Xhta) +18 <—y(1 ~ log(c +7)) - clog(1 - #))

< (” ) <h(q) + €2~ 6y(1 - log(c + 7)) — 6 log(1 — L)).
2 c+vy
On the other hand, since ||q' — ql|, = |71, < 76, the counting lemma (see, e.g., Zhao 2023, Section 4.5) implies

tini(H, Q') = 1;i(H, q) < e(H)||q" — q|5 < vSe(H).

In particular,

tinj(H, Q') < 1+ ySe(H).

By Theorem 4.1 we know that the variational problem ®(H,# + yée(H)) is minimized by the constant function
(1 + ybe(H))' /¢ implying that

Zonal) = (5 )attn + yoe e > (3 Yta + ron™)

_(n 2 76 yon!
= (2)<h(q> - 7(1 —log(g + 7)) —qlog(1 - W))

Combining the two bounds on ), A(g’), we must have

5 5 sy
_r <1 —log(q + y—)) —qlog(1 - L) < & — 5y(1 - log(c + 7)) — ¢ log(1 — ——).
n n q+yon- c+y
By Taylor expansion, we know
selogl — ——y = =2 _ 0, (5% = —y5 - 0,57
c+y c+y K g
and similarly
yén~! yon! 2.2 -1 2.2
log(1 — = —0,(8%%) = —yén' - 0, (8%/2).
qlog( PR e ,(67y7) = —yon ,(6777)

Rearranging, we obtain

5
y5<1 —log(c +7) — % + %log(q+ %)— 1+ %) +0,(67%) < &

y5<—logc +1 log q> +0,(67%) < €.
n

Setting y = we deduce that for all ¢ sufficiently small in terms of # and H, the number of bad edges

2¢e
loggq 1 >
—— —logc
r 8

isSs("). m]
2

Before proving the stability, we record a useful fact that appears as (Zhao 2017, Fact 5.5).
Fact4.4. Letyy be the unique solution in the interval (0, 1) to the equation

h(n!") = h(n'/<0) + /<D log(n'/ ) log(n'/") — log(n'/ 1))

1/e(H)

o »1] the inequality h(x) > h(r) + rlog(r)(log x — log r) holds.

Then for all (x,r) € [ng””, 1] % [n
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Proof of Proposition 4.2.  The strategy is as follows. We use Lemma 4.3 and Fact 4.4 to give a lower bound on the average
value oflog ¢,. Then, a nearly matching upper bound follows by Jensen’s inequality. The combination of these two bounds
implies that each inequality must be nearly tight, from which we can extract term-by-term bounds on g,.

Applying Lemma 4.3 we know that B = {e : g, < #'/"} has size at most ° < ; ) We show that for most of the remaining

edges, g, must be close to g := n'/*®)_ Using Fact 4.4, we lower bound

Z’W > Y hg,) > Y (h(g)+qlogg(logq, —logq)) (4.1)
e€B¢ e€B¢
= |B*|h(q) + qlog q< Y (logg, —log Q)>- (4.2)
eeB¢

Combining this with the assumption that ¢, is a near minimizer, we obtain

Y (logg —logg,) < e :ggf ( 0 )
q

eeB¢ ql 2

so that

6 4+ g2
Z logg, > (1—¢%logq — £

1
(2)eEB‘ qug;

We now work out the upper bound. Recall that N, (1) is the total number of copies of H in K,. By symmetry, each edge is
in O N (1) copies of H. Thus, the number of copies of H that intersect B is at most e®e(H) N ;(1). Let X be a uniformly

(1)

random copy of H that is contained in B¢. Then

[Ellog<qu)] = NH(ILBC Z Y logg, = —— N (ILBC ZIque HH :e€ H}

eeX H ecH e€B¢
1 e(H)

2 NH(]lB“)eer <n>

2

=logq - O”yH(sﬁ). (4.3)

e(H) Z logg,.

NyMDlogg, > ————
<; )(1 — gbe(H))eeBe

On the other hand, Jensen’s inequality implies
E |lo q, <logE q.| <lo (—) = e(H)log g —log(1 — €%e(H)).

Combining these inequalities yields

_ .6
Z logg, < (1 — €%e(H))logq — 1-eelH) log(1 — €%(H)) =log g + O, ;(°). (4.4)

<2>eeBL e(H)

The lower and upper bounds (4.3) and (4.4) imply that the term-wise application of Fact 4.4 in Equation (4.1) must be
nearly tight. Quantitatively, the number of edges e for which

h(g,) > h(g) + qlog q(log q, — log q) + €’

is at most O, H(e3)(; ) One can check that the equation h(q,) = h(q) + qlog g(log g, — log g) has at most two solutions
on [0, 1], one of which is g, = q.

We analyze the order of vanishing of the function A(g,) — h(q) — qlog q(log g, — log g) at each of the roots. Taking two
derivatives, we get the expression ql + qlogq , which vanishes at ¢, = ¢ log On the other hand, the third derivative is

e

90f15
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1 2q logq
e
at every pomt g,. This implies that the order of vanishing at each of the roots is at most 3.

, which vanishes at g, = 2¢ log -. In particular, since 0 < g < 1, one of these two derivatives does not vanish

Thus, for e sufficiently small in terms of n and H, if h(q,) < h(q) + qlog q(log g, — log q) + € we must have that g, is within
O(e) of one of these solutions. Finally, since we know that the average value of log g, is within O(&°) of log g, all but an

O(e®) fraction of the g, must in fact be close to ¢ rather than the second root. This shows that at most O(e> (’; )) of the
edges g, have |q, — q| > €, which implies that ||q — ¢||; < C

5 | Proof of the Main Theorem

In this section, we prove the main results, Theorem 1.1 and Corollary 1.2. For the rest of the section, we retain the following
setup: Fix a graph H' and suppose 7 > #,. Let G ~ G(n, p) conditioned on £,(H',n). Let g = n'/«H "p be the unique
minimizer of ®,(H " 1). We will use the notation x < y to mean that there exists a constant C such that x < Cy.

The following lemma establishes a weak notion of typical structure by showing that the conditional distribution can
be decomposed into a mixture of a small number of measures, almost all of which have marginals that are close to the
optimizer of the variational problem.

Lemma 5.1. For any € > 0 there exists an L such that if p > Ln~'/"H" then the following holds. There exists a set of
edges W, such that forany W 2 W),

) we have
(H "

P(Ja -, > ) <<

where gV = E[Y,|(Y,,)en | for e € W and q!¥ = p otherwise.

Proof Throughout this proof, we may assume that ¢ is sufficiently small as a function of # and H’. Set a =

= (H’)
Eg (W) <

2(H’ and
’). We obtain a set W, such that |Wo| < (H,)< ) and
( )edges Note

( " )Whereé‘H,

E(H') v(H') e(H')

) as well. Applying Lemma 3.2, we

n

4
that £, is a decreasing function with respect to containment, so £,,(W') < @ < o)

obtain

E[YAl(Y)wew| — H[E[Ya|(Yw)weW] H < p" D (e(H e(H(H') = W))/2E,,,(W)/?

acA
< g2 pe(H ) " .
- v(H")

By Markov’s inequality, we have that with probability at least 1 — ¢,

E
AEH(HN-W

HIE [Ya|(Yw)weW] < 2 - [YA |(Yw)w€W] + Epe(H,) < U(ZI’) > .

AEH(H')-W a€A AEH(H")-W

Since Y is drawn from the lower tail distribution, it holds with probability 1 that

> EXAY)kew] < ”pe(H/)<u(Ir;’)>

AeH(H')-W

and so with probability 1 — £, we have

| CRARA R EITER A, < o ) |

AEH(H")-W a€A
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Define " :=E[Y,|(Y,)ew | for e ¢ W and ¢/ = p for e € W. The size of W along with symmetry of edges in H(H’)
implies that there are at most en"#") edges A € H(H') such that AN W # §. Lemma 3.1 implies that ¢" < p for every
vertex e. These two estimates combined ensure that

3, 1< )

AeH(H') a€EA
ANW £

and so altogether we have

o(H' n
D HqZVS(n+26)p(H)<U(H,)>-

A€H(H') acA
In particular, q" satisfies L,(H',n + 2¢) with probability at least 1 — .

We use this fact to argue that ¢ must be close to the constant vector g, where g = n*/*#") p. Since q"' satisfies £,(H',n +
2¢) with probability at least 1 — €, it must hold with probability at least 1 — ¢ that

i,(q") > @, (H' n+2e).

Let a(8) := P(ip(qw) >, (H',n)+ 5<Z>p> This gives a lower bound of

a(@)(@,(H'n)+8( ) )p) + (1 — € = a@)®,(H'. 1+ 2¢) < E[i(")].

From Theorem 3.4, we can deduce an upper bound on E [i p(qW)] via relative entropy manipulations. Using the properties
from Definition 7 and Lemma 2.1,

Eli,(@)] = Y LIV wen) < LV Derw | Fidwew) + LV wew)
eeV\W

<ILY)= —logIP(Ep(H’,n)) <A +e)®,(H n(l-¢)).
Combining the two inequalities and rearranging for a(6),

a(6) < A+e)®,(H',n(1—¢€)— (1 —e)®,(H',n+ 2€) <t

(I)P(H’,n)+5(;)p—(DP(H’,n+28) £+

Here we used the fact that each of the variational problems in the expression is minimized by the constant graphon, and
the optimal value is locally Lipschitz in #. By Proposition 4.2,

” s 12 .
o(fa -l o0) 2o () ) 5

Setting 6 = £!/13 finishes the proof. O

To boost this weak structure to a typical structure in terms of subgraph counts, we first estimate the expected count of
any other graph H. This is done by once again invoking the entropy increment to gain control over copies of H under the
conditional distribution.

Theorem 5.2. Fix a graph H and let m = max{m,(H), m,(H')}. Then for any € > 0 there exists an L such that if p >
Ll’l_l/m,
Ec[Ny(Go)l — E[N4(@)]] < eE[Ny(@)].

Proof.  Once again, we may assume that ¢ is sufficiently small as a function of #, H’, and H. Let L be large enough so
that the conditions of Lemma 3.3 are satisfied for both H and H’, and the conditions of Lemma 5.1 are satisfied for H’. Let

. £ . . — t3
W, be the set guaranteed by Lemma 5.1 with parameter S Invoking Lemma 3.3 on H(H) with a = el and
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_ i . £ n i n _
p= Ve obtain a set W] such that |W;| < —Ze(H)e(H’)<2> and £,(W)) < e(H)(U(H)>. Let W = W, U W, then |[W| <

(3 54 n .
el and £,(W) < — ( o) ) Moreover, by choice of W, and Lemma 5.1 we also have that

P(Ja =l > ) < o

Note that since ¢ < p pointwise by Lemma 3.1, the graphons % and 1% are bounded above by 1. Thus, the counting
lemma (Zhao 2023, Section 4.5) implies that
w
o[ (5] <l )
p p

Here we treat q" as fixed and the expectation is taken over the randomness of N, (G) where G is a random graph sampled
from G(n,q"). This implies that

¥ _q

[E[N @) - [Ny ()] = .

a

[P’<|[E[NH(qW)] — [E[NH(q)H > Ee(H)pe(H)n”(H)> < [P’(qu - q”EI > sp) <C,m &

Now we control the expected number of copies of H. We decompose

[E[NH(Y)]=E[ZYA]=[El D YA]+[El > YA].

A€EH(H) AEH(H)-W AEH(H),ANW #§

For the second expectation, note that the size of W along with symmetry of the edges in H(H ) implies that there are at
most en”™ terms in the sum. Moreover, Lemma 3.1 implies that E [YA] < pe) for every A, and thus the contribution of
this term is bounded by &p o),

For the first expectation, applying Lemma 3.2 and an analogous computation to the proof of Lemma 5.1 to the hypergraph
H(H), we have that with probability at least 1 — ¢,

)

AEH(H)-W

E [YAl(Yw)weW] - HQZV

acA

e(H) n
< ()

Moreover, recall that with probability at least 1 — C, ;& we have

Z <Hq§V - qe(H)) < ge(H)p*HpvtH),
AEH(H) \ a€A
Once again, since q" and g are both bounded by p and W is small, we have
> (Do) 2 (Me-om)le] 3 (o)
AEH(H)-W \a€A AEH(H) \a€A AEH(H),ANW #0 \ a€A
< 2ee(H)pH prt)
with probability at least 1 — C, ;.. Thus, with probability at least 1 — C, ¢,

> (EYAl Y wew] — a°)| < 3ee(H)pnt.
AEH(H)-W

Note that by Lemma 3.1 we know that the random variable E [z acrH)-w Ya |(Yw)w€W] is uniformly bounded above by
|H(H) — W |pH) < pot) pet) "Thys,
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E Y _< n >qe(H) = [El[El Y| (V) e ]_( n >qe(H)]
LEH(ZH:)_W A] o(H) AEH(ZH)—W A| v v(H)

Sy 0.

Combining the estimates together, we obtain that

[N ] = oy )5

which is the desired conclusion. ]

sn,H,H’ Epe(H)nU(H)

Finally, to prove Theorem 1.1, we further boost the estimate on the expected number of copies of H to a concentration
of the number of copies of H by a second moment argument. The key observation is that the variance can be written in
terms of expected subgraph counts, which are controlled by Theorem 5.2.

Proof of Theorem 1.1. We show that the subgraph count H concentrates well around its expectation, which by
Theorem 5.2 implies that it is close to E[N ;(¢)] as well.

Var(NH(Y))zVar< D YA>= D E[vyY,| —E[v,]E[Y)].

A€eH(H) AA'EH(H)

We partition this sum into cases based on the graph I induced by the edge set A U A’. Suppose first that A n A’ # §J. Denote
the graph of their intersection by I, and note that I is a subgraph of H. By Lemma 3.1 we can bound

E[Y,Y,] < p® = pUD-le],

Moreover, there are at most n*® = p20U)=v@) pajrs of A and A’ that induce this graph. Thus, the total contribution is
bounded by

p20CH) p2e(H)
P oD e
o) pe)
for the given regime of p. Thus, it only remains to consider A N A’ = @, in other words, I' = the disjoint union of two copies
of H. Note that m,(I") = m,(H) and thus by Theorem 5.2 we know that for L large enough |[E[NF(Y)] - [E[Nr(q)]| <

e3p?On'™ . By the symmetry of the copies of T, this implies that |[E[YA Y] - qe(r)| < £3p?D). In particular, for the pairs
AN A’ = ¢ the contribution is bounded by £3p*®). There are at most n>**) pairs in the sum, so

Var(NH(Y)) < 63p2€‘(H)n2U(H) < £S[E [NH(Y)] 2'
The result follows from Chebyshev’s inequality.

To deduce Corollary 1.2, we show that there exist finite graphs that certify pseudorandomness with 2-density arbitrarily
close to 1. As a consequence, typicality in the sense of cut norm follows from typicality in the sense of subgraph counts.

2k—1 k

Proof of Corollary 1.2. Choose k large enough such that kle < my(H). Since my(Cy) = 5= < 15 < my(H), we may

apply Theorem 1.1 to H and C,, and obtain some constant L such that for p > Ln=1/™U G has the correct C,, count
1 -

with probability at least 1 — e. We show that C,, is forcing for all p > Ln = > nr Forcing refers to the property that

having the correct C,, count relative to the density of a graph implies pseudorandomness (see Zhao 2023, Chapter 3 for

further discussion of forcing graphs). This implies that G, is close to the constant graphon with probability at least 1 — e.

Let A be the adjacency matrix of G,.. We know that with probability at least 1 — &,

N¢, (Gp) - <2nk )qz" < en**p*.
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Note that Tr(A%*) counts the number of closed walks of length 2k in the graph G,. Let H be any graph that can be a

closed walk of length 2k. By Harris’s inequality E[N (G )] < ( (’117 : ) p°_ This is much smaller than n*p? as soon as
_ 2k—u(H)

p > n *-eun This quantity is maximized when H is a tree with k edges (each of which is traversed twice to form a closed
walk). Since p > n - , for any such graph H the expected contribution is o(n?p?*), and thus with probability 1 — o(1)
Ny(G,) = o(n*p?*). It remains to show that || A — gJ ||, < ep where J is the all 1’s matrix. The above computation verifies
that |Tr((A — ¢J)*)| < 2en** p?* with probability 1 — 2¢ and on this event the eigenvalues of A — ¢J are all at most €'/ np.
For any vectors x, y € [0,1]", write x = )" a,0; and y = )" b,v; where {v,} is an orthonormal basis of eigenvectors of
A —qJ.Then

n n 1/2 1/2
‘xT(A - qJ)y‘ =D abA| < (max]| 4, |)Z|a,b,| < o(np) - <Z > <Zb2>
i=1 i=1
=& np- |IxlL Iy, < €/ np.
The conclusion follows since |G — ¢||, = sup, g1} %|xT(A —qJ)y| = £"/*p and £ > 0 was chosen arbitrarily. O
6 | Discussion: Extension to General Hypergraphs

To conclude, we discuss the applicability of this argument in the more general hypergraph setup of (Kozma and
Samotij 2023). We first introduce the notation that extends our study of lower tails in hypergraphs encoding
subgraphs—namely H(H )—to general hypergraphs. Recall that we denote a hypergraph by H = (V, £). First, we define
the corresponding lower tail event, which says that a random subset of the vertices contains fewer edges than expected.

Definition 9 (General lower tail event). For q € [0,1]” let ¥, be a random subset of V where each vertex v is
retained independently with probability g,. When g, = p for every v we write V,. The lower tail event £,(H,n) is the
event that e(H[U]) < yE [e(H[vp])]. Here H[U] denotes the restriction of the hypergraph H to the vertex subset U C V.

We can analogously define the variational problem associated with this lower tail event.

Definition 10 (General variational problem). The variational problem associated with the lower tail event
L,(H,n)is
®,(H.n) := qén[oi?]v{ip(q) L E[e(H[Vy))] < nE[e(H[V,])]}.

All of the results of (Kozma and Samotij 2023) that we recounted in Section 3 have analogs that hold for hypergraphs
satisfying the following uniformity of degrees condition. In particular, Kozma and Samotij show that Theorem 3.4 holds
for hypergraphs satisfying Condition 1—that the logarithm of the lower tail probability is controlled by the associated
variational problem.

Condition 1. For an r-uniform hypergraph H, v(H) = |V (H|, e(H) = | E(H)|, and deg,;,(B) = |{e € E(H) : B C e}|.
Let A, := max{deg;(B) : |B| = s} be the maximum degree of a set of s vertices. Then there exists 4 and K such that the
following holds for every s € [r]:

e(H)

A(H) < K(ap)'™' —=
(H) < K(4p) o)

The condition is closely related to that of the hypergraph container method, introduced independently by Balogh et al.
(2015) and Saxton and Thomason (2015), see (Balogh et al. 2018) for a survey of this powerful new technique. For further
discussion of this connection, see the introduction of (Kozma and Samotij 2023).

In this general setup, our argument extends in the following manner. Suppose we have two hypergraphs H and H’ that
live on the same vertex set and satisfy Condition 1 under the same parameters. We can apply the entropy increment to
decompose the lower tail measure with respect to both  and H’ simultaneously. If we know that @ (', ) has a stability
of the minimizing vector q, we can deduce that the expected number of edges of H in a random sample of vertices from V,
conditioned on L ,(H’, p) is close to the expectation under q (analogous to Theorem 5.2). To boost this to a concentration
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statement, we need to understand the pairwise interactions between edges H. Under the further assumption that pairs
of intersecting edges in H also satisfy the uniformity Condition 1, we obtain that the number of edges of H in a random
sample of vertices from the conditional measure is close to the expectation under q with high probability (analogous to
Theorem 1.1). This reduces the problem of counting edges sampled from a lower tail measure to analyzing the variational
problem and the uniformity of pairs of edges in the hypergraph.

The argument is also robust to conditioning on multiple lower tail events simultaneously, as well as counting edges of
multiple hypergraphs simultaneously. However, given the difficulty of resolving the variational problem already for a
single lower tail, applications of this form seem farther from fruition.
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