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FINITE SIZE SCALING FOR THE CORE OF LARGE
RANDOM HYPERGRAPHS

BY AMIR DEMBO! AND ANDREA MONTANARI?
Stanford University

The (two) core of a hypergraph is the maximal collection of hyperedges
within which no vertex appears only once. It is of importance in tasks such as
efficiently solving a large linear system over GF[2], or iterative decoding of
low-density parity-check codes used over the binary erasure channel. Similar
structures emerge in a variety of NP-hard combinatorial optimization and
decision problems, from vertex cover to satisfiability.

For a uniformly chosen random hypergraph of m = np vertices and n hy-
peredges, each consisting of the same fixed number / > 3 of vertices, the size
of the core exhibits for large n a first-order phase transition, changing from
o(n) for p > pc to a positive fraction of n for p < p¢, with a transition window
size ®(n~1/2) around p > 0. Analyzing the corresponding “leaf removal”
algorithm, we determine the associated finite-size scaling behavior. In partic-
ular, if p is inside the scaling window (more precisely, p = pc + rn— /2y,
the probability of having a core of size ®(n) has a limit strictly between 0
and 1, and a leading correction of order @(nil/ 6). The correction admits a
sharp characterization in terms of the distribution of a Brownian motion with
quadratic shift, from which it inherits the scaling with n. This behavior is
expected to be universal for a wide collection of combinatorial problems.

1. Introduction. The k-core of a nondirected graph G is the unique subgraph
obtained by recursively removing all vertices of degree less than k. In particular,
the 2-core, hereafter called the core of G, is the maximal collection of edges hav-
ing no vertex appearing in only one of them. With an abuse of language we shall
use the same term for the induced subgraph. The core of a hypergraph is analo-
gously defined and plays an important role in the analysis of many combinatorial
problems.

In the first of such applications, Karp and Sipser [24] (hereafter KS) considered
the problem of finding the largest possible matching (i.e., vertex disjoint set of
edges) in a graph G. They proposed an algorithm that recursively selects an edge
(i, j) € G for which the vertex i has degree 1. If no such edge exists, the algo-
rithm declares a failure. Otherwise it includes it in the matching and removes it
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from the graph together with all the edges incident on j (that cannot belong to the
matching). Whenever the algorithm successfully matches all vertices, the resulting
matching can be proved to have maximal size. KS analyze the performance of such
an algorithm on uniformly random graphs with N vertices and M = | Nc/2] edges
as N — 00, using the ODE asymptotic approximation for random processes, based
on [25] (cf. [2, 16] for recent contributions).

It is easy to realize that the algorithm is successful if and only if a properly
constructed hypergraph G does not contain a core. The hypergraph G includes a
node ¢ for each edge e in G, and a hyperedge i for each vertex i of degree 2 or
more in G. The hyperedge 7 is incident on & in G if and only if e is incident on i
in G.

A more recent application is related to the XOR-SAT problem, a simplified
version of satisfiability introduced in [11]. One is given a linear system over m
binary variables, composed of n equations modulo 2, each involving exactly [ > 3
variables. The authors of [12, 29] propose a simple “leaf removal” algorithm to
solve such a linear system. The algorithm recursively selects a variable that appears
in a single equation, and eliminates the corresponding equation from the system. In
fact, such an equation can be eventually satisfied by properly setting the selected
variable. If all the equations are removed by this procedure, a solution can be
constructed by running the process backward and fixing along the way the selected
variables.

A hypergraph G is associated to the linear system by including a vertex for each
variable, and a hyperedge for each equation. Hyperedge e is incident on vertex i
if and only if the corresponding equation involves the ith variable with nonzero
coefficient. It is easy to realize that the leaf removal algorithm is successful if and
only if the corresponding hypergraph G does not contain a core.

Uniformly random linear systems with n equations and m = pn variables are
considered in [12, 29]. It is proved there that the algorithm is successful with high
probability if p is larger than a critical value p., and fails with high probability if
p < pc. See Figure 1 for an illustration of this phenomenon. Further, it is shown
there that the structure of the set of solutions of the linear system changes dramat-
ically at p., exhibiting a “clustering effect” when p < pc.

The same “solution clustering” phenomenon has been conjectured for a variety
of random combinatorial decision problems, on the basis of nonrigorous statistical
mechanics calculations. The most studied among these problems is the random
K -satisfiability, for which some indication of clustering is rigorously proved in
[5, 15]. Several authors suggest that the solution clustering phenomenon is related
to the poor performance of search algorithms on properly chosen ensembles of
random instances. Still within random K -satisfiability, the performance of certain
standard solution heuristics (such as the “pure-literal” rule) is also related to the
appearance of properly defined cores (see [28]).

We conclude with the application to the analysis of low-density parity-check
code ensembles, used for communication over the binary erasure channel, which
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FI1G. 1. Probability that a random | = 3-hypergraph with m vertices and n = m/p hyperedges has
a nonempty 2-core estimated numerically for m = 100, ..., 600. The vertical line corresponds to the
asymptotic threshold pc ~ 1.2218.

is the most relevant motivation for our work. The decoding of a noisy message
amounts in this case to finding the unique solution of a linear system over GF [2]
(the solution exists by construction, but is not necessarily unique, in which case
decoding fails). If the linear system includes an equation with only one variable,
we thus determine the value of this variable, and substitute it throughout the sys-
tem. Repeated recursively, this procedure either determines all the variables, thus
yielding the unique solution of the system, or halts on a linear subsystem each of
whose equations involves at least two variables. While such an algorithm is not
optimal (when it halts, the resulting linear subsystem might still have a unique so-
lution), it is the simplest instance of the widely used belief propagation decoding
strategy, that has proved extremely successful. For example, on properly optimized
code ensembles, this algorithm has been shown to achieve the theoretical limits for
reliable communication, that is, Shannon’s channel capacity (see [26]).

Once again, one can construct a hypergraph G by associating a hyperedge to
each variable, and a vertex to each equation (notice that this representation is
“dual” with respect to the one used for XOR-SAT). Decoding is successful (it finds
the unique solution) if and only if this hypergraph does not contain a core. For a
“reasonable” code ensemble the probability of this event approaches 1 (resp. 0)
when the noise level is smaller (larger) than a certain critical value. See [26] for an
explicit characterization of the critical noise value via an application of the ODE
method (based again on [25, 31]). Though this result has been successfully used for
code design, it is often a poor approximation for the moderate code block-length
(say, n = 10% to 10%) that is relevant in practice.
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To overcome this problem, a finite-size scaling law is derived in [3], provid-
ing the probability of successfully decoding in the double limit of large size n,
and noise level approaching the critical value. In [3] the authors also conjecture
a “refined” law that describes how the finite-size scaling limit is approached, and
demonstrate empirically that this refined scaling formula is very accurate already
for short message lengths n &~ 100, opening the way to an efficient code design
procedure (cf. [4]).

In this paper we resolve the conjecture by rigorously proving the refined scaling
law. To simplify the exposition we focus on a specific choice of the random ensem-
ble of equations, but our proof generalizes without much difficulty to a large vari-
ety of other cases, and in particular to all those mentioned in the conjecture of [3].
(In the coding language, the example we consider corresponds to LDPC ensembles
with regular left and Poisson right degree; it also coincides with the random XOR-
SAT ensemble introduced in [11] and treated in [12, 29].) In graph-theoretical
terms, we determine the probability that a uniformly random?® [-hypergraph (i.e.,
a hypergraph with hyperedges of size /) with n hyperedges and m = np vertices
has a nonempty core as n grows and p = p(n) approaches p.. In the process of
establishing the refined scaling law we gain much insight about the core of such
random hypergraphs. For example, we determine the fluctuations in the size of
the core at criticality (see Remark 2.6), and show that if the hypergraph is built
one hyperedge at a time, then its core size jumps from zero to a positive fraction
of m at a random time 7., the distribution of which we explicitly determine (cf.
Remark 2.5).

Our proof strategy should apply without conceptual changes to other phase tran-
sitions within the same class, such as k-core percolation on random graphs (with
k > 3), or the pure-literal rule threshold in random k-SAT (with k > 3; cf. [17]).
Even beyond this family of closely related phenomena, the form of the refined
scaling law (in particular, the scaling with n of the scaling window and of the first
correction) are likely to be quite universal. For instance, in [3] it has been empir-
ically found to hold for iterative decoding of LDPC codes over general channels.
Within statistical physics, several core phase transitions have been studied as spe-
cial examples of “mean field dynamical glass transition” [33]. It is possible that
the refined finite-size scaling law generalizes to this (quite large) class as well.

Finite-size scaling has been the object of several investigations in statistical
physics and in combinatorics. Most of these studies estimate the size of the cor-
responding scaling window. That is, fixing a small value of ¢ > 0, they find the
amount of change in some control parameter which moves the probability of a rel-
evant event from ¢ to 1 — ¢. A remarkably general result in this direction is the
rigorous formulation of a “Harris criterion” in [10, 35]. Under mild assumptions,

3Indeed, we work with a properly defined “configurational” model (somewhat similar to the one
introduced in [8]) to be defined in the next section.
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this implies that the scaling window has to be at least 2 (n~'/?) for a properly de-
fined control parameter (e.g., the ratio p of the number of nodes to hyper-edges in
our problem). A more precise result has recently been obtained for the satisfiable-
unsatisfiable phase transition for the random 2-SAT problem, yielding a window
of size ®(n~1/3) [9]. Note, however, that statistical physics arguments suggest that
the phase transition we consider here is not from the same universality class as the
satisfiable-unsatisfiable transition for the random 2-SAT problem.

In contrast with the preceding, we provide a much sharper characterization,
yielding beyond the scaling window and the limiting scaling function, also the
asymptotic form of corrections to this limit. In this respect, our work is closer in
its level of precision to that for the scaling behavior in the emergence of the giant
component in Erd6s—Rényi random graphs (for more on the latter, see [22] and the
references therein).

At the level of degenerate (or zero—one) fluid-limits, the asymptotic size of
k-core of random graphs is determined by [31] via the ODE method. See also [28]
for a general approach for deriving such results without recourse to ODE approx-
imations (using instead a method analogous to the “density evolution” technique
from coding theory).

Darling and Norris determine in [14] the asymptotic size of the 2-core of a
random hypergraph which is the “dual” of the model we consider here. Indeed,
the hyperedges in their model are of random, Poisson distributed, sizes, which
allows for a particularly simple Markovian description of the recursive algorithm
that constructs the core. Dealing as we do with random hypergraphs at the critical
point, where the asymptotic core size exhibits a discontinuity, they describe the
fluctuations around the deterministic limit via a certain linear SDE. In doing so,
they heavily rely on the powerful theory of weak convergence, in particular in the
context of convergence of Markov processes. For further results that are derived
along the same line of reasoning; see [13, 18, 19].

In contrast, as we outline in the next section, the focus of this paper is on correc-
tion terms and rates of convergence. These are beyond the scope of weak conver-
gence theory. In the context of our main result, Theorem 2.3, these only provide the
limit, as n — oo and p, near its critical value, of the probability that a uniformly
chosen random hypergraph with n hyperedges over np, vertices has a nonempty
2-core.

The need to estimate correction terms is why many steps in our proof involve
delicate coupling arguments, expanding and keeping track of the rate of decay of
approximation errors (in terms of n). Our technique can be extended to provide
rates of convergence (in the sup-norm) as n grows, for distributions of inhomoge-
neous Markov chains on R whose transition kernels Win (X1 — X =YX = X)
are approximately (in n) linear in x, and “strongly elliptic” of uniformly bounded
support with respect to y.
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2. Main result and outline of proof. We consider hypergraphs with n hy-
peredges over m = |np] vertices, p > 0. Each hyperedge is an ordered list of
| > 3, not necessarily distinct vertices chosen independently and uniformly at ran-
dom with replacement. We are interested in the probability P;(n, p) that a random
hypergraph from this ensemble has a nonempty 2-core (i.e., the existence of a non-
empty list of hyperedges such that, if a vertex appears in this list, then it does so at
least twice).

In the next section we construct an inhomogeneous Markov chain {Z(1) =
(z1(7), z2(7)), n > T > 0}, where z1(7) and z2(7) keep track, respectively, of the
number of vertices of degree 1 and of degree at least 2 after 7 steps of the deci-
mation algorithm. As we show in Section 5, in the large n limit, this chain is well
approximated by a simpler chain with transition probabilities,

Pup(2(t + 1) =7 + (g1 — g0, —q1)|Z(z) =2}

_ -1 q0—1_q1. 92
- (610— 1,611,612)IJO PPy

2.1

Forx =7/n,0 =t/n,

B max(xg, 0) B A2 XA
“Ta-e . PTlacewe—i-n  PTia-ey
where for x, > 0, we set A as the unique positive solution of

At =1 1(1—0)— .0
(2.3) f]()L)Eek(e_l_i\: ( ) x:nax(xl )

enforcing po + p1 + p2 = 1, while for x, = 0, we instead set by continuity p; =0
and P2 = 1-— Po.
Further, we show in Lemma 4.4 that n~'Z(0) converges to the nonrandom vector

2.4) 5}(0) — (le_l/’o, p(1— e—l/p) _ le_l/p),

(2.2)

Since the chain (2.1) has bounded increments, and the corresponding probabilities
depend on the state only through the macroscopic variables X and 6, it is not hard
to verify that the scaled process n~'Z(6n) concentrates around the solution of the
ODE

25 d—ye—ﬁ*ee
(2.5) de()_ (y(6),0),

where F(X,0) = (=1 + (I — 1)(p1 — po), —(l — 1)py) is the mean of Z(t + 1) —
Z(7) under the transitions of (2.1); see, for instance, [12, 26, 29]. The solution of
this ODE will be denoted by y(8, p), often using the shorthand y(6) (where the
fixed value of p is clear from the context). From the solution, one finds that y{(9)
remains strictly positive for all 6 € [0, 1) if and only if p > p. [see (4.3)]. As
shown in [26] this indicates that, with high probability, the algorithm successfully
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decimates the whole hypergraph without ever running out of degree 1 vertices
if p > pc. Vice versa, for p < p, the solution y(#) crosses the y; = 0 plane;
this is shown to imply that the algorithm stops and returns a large core with high
probability. In the critical case p = p¢, the solution y(6) touches the y; = 0 plane
at the unique time 0 = 6, € (0, 1) (see Proposition 4.2). The principal conclusion
of Section 5 is that, near criticality, P;(n, p) can be estimated by the probability
that Z(7) is small in a neighborhood of T = nf.. More precisely:

PROPOSITION 2.1, Let B € 3/4,1), Jy = [n6. —nP, nb.+nPland |p—pc| <
n? =V with B < 2B — 1. Then for &, = Alogn,

(2.6) @n,p{ inf z1(7) < _En} -8 < Pi(n,p) < @n,p{ inf z1(7) < En} + 6n,
ted, T€J,
where 8, = Dn_l/z(log n)Z.

At the critical point (i.e., for p = p. and 6 = 6) the solution of the ODE (2.5) is
tangent to the y; = 0 plane and fluctuations in the y; direction determine whether a
large core exists or not. Further, in a neighborhood of 6., we have y;(8) ~ 1F (G

06)2, for some F > 0. In the same neighborhood, the contribution of fluctuations to

the change of z; is approximately 4/ 511(9 —6.), with G >0. Comparing these two

contributions we see that the relevant scaling is X, (t) = n1Bz1(nb + nZ/it) —
z1(n6.)], which for large n converges, by strong approximation, to X (¢) = %F >+

VG W (t), for a standard two-sided Brownian motion W (¢) (see Lemma 6.1 for a
precise quantitative statement). Clearly,
d 2yl dF, 0 0

2.7 F="22(0) = — (), 6.) = — + — F>.
(2.7) dgz(c) de(y(C) ) 89+8y2 2

In the last expression we adopted the convention (to be followed hereafter) of
omitting the arguments whenever they refer to the critical point 8 = 6., y = y(6)
and the trajectory considered is the critical one, that is, p = p..

Fluctuations of Z(n6.) around ny(f.) are accumulated in né. stochastic steps,
and are therefore of order /n. As shown in Section 6, the rescaled variable
(Z(nB) —ny(0))/+/n converges to a Gaussian random variable. Its covariance ma-
trix Q(8, p) = {00, p); 1 <a, b <2}is the symmetric positive definite solution
of the ODE:

dQ(o) - - -
(2.8) 7 G (6),0) + AG6),0)QO) + QO)AG ), 6)",
where A(X,0) = {Ayp(X,0);1 < a,b <2} for Agp(x,0) = dx, Fu(X,0), and
G(X,0) is the covariance of Z(t + 1) — Z(t) under the transitions (2.1), that is,
the nonnegative definite symmetric matrix with entries

G11(X,0) = (I — DIpo+p1 — (po — p1)?1,
(2.9 G12(x,0) =—( — Dlpop1 +p1(1 —pp],
Gn(x,0)=(1—Dpi(1—py).
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Here again we use the convention Q(0) = Q(0, p) when the value of p is clear
from the context. The positive definite initial condition Q(0) for (2.8) is computed
on the original graph ensemble, and given by

[
0110)= ;Vefzy(e” —1+y—yY,

(2.10) 012(0) = —%ye—”(ey —1—y?),

)
02(0) = ;e—%(ey —D+yE —2)—y3(1+yp)]l,

where y =[/p (see Section 4.2 for details).

The parameter describing the fluctuations of z{(n6) — z{(n6.) for 6 near 9. is
simply G = G11(¥(0e), 6c). As we show in Section 6, this analysis allows us to
approximate the probability that Z(t) approaches the z; = 0 plane, by replacing
{Z(1)} by an appropriately constructed Gaussian process.

PROPOSITION 2.2. Let X(t) = %ﬁtz + x/gW(t) where W (t) is a doubly in-
finite standard Brownian motion conditioned to W(0) = 0. Further, let £(r) be
a normal random variable of mean (%%)r and variance Q11 (both evaluated at
0 =6, and p = p.), which is independent of W (t).

For some B € (3/4,1), any n <5/26,all A >0, r € R and n large enough, if
Pn = pc + rn= Y2 and ey, = Alogn, then

2.11)

B | inf 210) = 2, | - B +intx 0 <0} a7,
T€d,

We note in passing that within the scope of weak convergence, Aldous [1] pi-
oneered the use of Brownian motion with quadratic drift [a la X (¢) of Proposi-
tion 2.2], to examine the near-critical behavior of the giant component in Erdos—
Rényi random graphs, and his method was extended by Goldschmidt [19] to the
giant set of identifiable vertices in Poisson random hypergraph models.

The key to the validity of Proposition 2.2 at the o(n~!/¢) level of accuracy
relevant here, is the fact that within the critical time window J,, the Markov chain
of transition probabilities (2.1) is well approximated by the chain

(2.12) Za+ D) =@ +A (077 () = F(x/n) + A,

with 1&, = ]I,<an(§(r/n, p),t/n) for 1, = |nb. — nﬂj, and independent ran-
dom variables {A;} of mean F(y(t/n), t/n) and covariance G(y(t/n), t/n) (cf.
Proposition 5.5). In particular, taking

N 1~ 1~ 1~
(2.13) B = <H+ —A,) : (H+ —A,l) .. (]1+ —Ag),
n n n
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FIG. 2. The numerical estimates for the core probabilities in Figure 1, plotted versus scaling vari-
ables 71, 3. On the left: 7| = /n(p — pc)/ay. On the right: 7y = /n(p — pc — 8in~2/3) Joay where
8 = oy B2 According to Theorem 2.3, corrections to the asymptotic curve ®(—r) (dashed) are
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for integers 0 < o < 1 (while IE%’ =1 in case T < o), we see that

(2.14) Z(r) =B 1*’(0)+Zla%g+ﬁ — A, ¥(o/n))

is a sum of (bounded) independent random variables, hence of approximately nor-
mal distribution. Further, the mean and covariance of 7'(t) are given by discretized
versions of (2.5) and (2.8), hence are sufficiently close to the solutions y(8, p) and
Q(8, p) of these ODEs (cf. Lemma 4.3).

Combining Propositions 2.1 and 2.2, we are now able to estimate the desired
probability Pj(n, p) in terms of the distribution of the global minimum of the
process {X (¢)} (i.e., a Brownian motion plus a quadratic shift). The latter has been
determined already in [20], yielding the following conclusion, which is our main
result. Figure 2 illustrates the accuracy of the finite-size scaling expression proved
below, by comparing it with numerical simulations.

THEOREM 2.3. Let | > 3, and define oy = /O (32)7", pr = 02/3
F713, py = pe +rn=1/2. Then, for any n < 5/26
(2.15)  Pi(n, pn) = D(—r/ay) + B (—r/apn O+ O (™),

where ® (x) denotes the distribution function for a standard normal random vari-
able, the finite constant Q2 is given by the integral

(2.16) Qzﬁwn—x@ﬁ&,

where

% Ai(iy)Bi(2!3z +iy) — AiQ2'3z +iy)Bi(iy) p

217) K@= 2/ Ai(iy) Y,
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and Ai(-), Bi(-) are the Airy functions (as defined in [6], page 446).

REMARK 2.4. The simulations in Figure 2 suggest that the approximation
of Pi(n, p,) we provide in (2.15) is more accurate than the 0 (n—3/26%¢) cor-
rection term suggests. Our proof shows that one cannot hope for a better, er-
ror estimate than @(n~1/3) as we neglect the second-order term in expanding
O(—r/a; + Cn~1/%); see (2.18). We believe this is indeed the order of the next
term in the expansion (2.15). Determining its form is an open problem.

REMARK 2.5. It is of interest to consider the (time) evolution of the core for
the hypergraph process in which one hyperedge is added uniformly at random at
each time step. In other words, n increases with time, while the number of vertices
m is kept fixed. Let S(n) be the corresponding (random) number of hyperedges
in the core of the hypergraph at time n and n, = min{n : S(n) > 1} the onset of
a nonempty core. From Lemma 4.7 we have that for any p > 0 there exist ¥ > 0
and C < oo such that {S(n):0 <n <m/p} intersects [1, mx] with probability at
most Cm'~!/2, Further, fixing p < pc, the probability of an empty core, that is,
S(@m/p) =0, decays (exponentially) in m. We thus deduce that for large m most of
the trajectories {S(n)} jump from having no core to a linear (at least m«) core size
at the well-defined (random) critical edge number 7. By the monotonicity of S(n)
we also know that P, {n. <m/p} = P;(p, m/p). Therefore, Theorem 2.3 allows
us to determine the asymptotic distribution of 7. Indeed, expressing » in terms of
m in (2.15) we get that for each fixed x € R,

P{ne <mp ' +m'?p 2 Papx} = @(x) + fQpl/ 00 ym ™0 + 0(m™"),

whence we read off that 7. = (ne — m/pc)/(ﬂpgs/zal) + B 52,001/6171_1/6 con-
verge in distribution to the standard normal law [and the corresponding distribu-
tion functions converge pointwise to ® (x) at rate which is faster than m =" for any
n < 5/26].

REMARK 2.6. Our techniques are applicable to many other properties of the
core in the “scaling regime” p, = pc + rn~ /2. For example, the distribution of
the number of hyperedges S in the core can be derived from the approxima-
tion of the trajectory of the decimation algorithm. Namely, as shown in Sec-
tion 6, for such p,, near the critical time z(z) >~ /n&(r) + X, (t) for £(r) and
X, (1) =n'3X (n=23(t —nb.)) as in Proposition 2.2. With EX,, (t) = £ (t —n6.)?,
upon noting that n — § = min{z : z;(¢) = 0}, we obtain that, conditional to the
existence of a nonempty core, (S — n(l —6.))/ n3/* converges in distribution to
4011/ F H1/47 with Z a nondegenerate random variable. Indeed, at the relevant
time window n6. £ O (n3/#) the contribution of X, (-) — EX,(-) to the fluctuations
of S is negligible in comparison with that of /n&(r). So, more precisely, based

on the explicit distribution of &£(r) we have that Z 4 VU —rb for b= Ql_ll/ 288%
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and U a standard normal random variable conditioned to U > rb. In formulas, Z is
supported on R, and admits there the probability density

Dze—(1/2 b2

V27[1 — ®(rb)]

Naively one expects the core size to have ® (n!/2) fluctuations. This is indeed the
asymptotic behavior for a fixed p < p., but as usual in phase transitions, fluctua-
tions are enhanced near the critical point.

The distribution of the fractions of vertices with a given degree within the core
can be computed along the same lines.

pz(2) =

REMARK 2.7. As already pointed out, our proof concerns a properly defined
configuration model whereby each edge might include the same vertex more than
once (“self-loop”), and two hyperedges might include the same vertices (‘“double
edge”). We expect a result similar to Theorem 2.3 to hold for a uniformly random
hypergraph, with forbidden self-loops and double edges.

The main difficulty in proving such a generalization would be the absence of
an explicit representation for the kernel of the leaf removal process. In the present
case, such an expression is known and provided by Lemma 3.1. Within the uniform
model, one should resort to graph enumeration formulas as the ones in [27]. This
would give rise to a new Markov chain that can nevertheless be coupled to the
one defined in (2.1). The thesis would follow by bounding the expected maximum
distance between the trajectories of the two chains.

PROOF OF THEOREM 2.3. Putting together Propositions 2.1 and 2.2, we get
that

Pi(n, pn) = P{nl/6$ +inf X (1) < o} +0@m™.

By Brownian scaling, X (¢) = f‘1/362/3)?(132/3(7_1/3t), where )?(t) = %tz +
W(t) and W(z‘) is also a two-sided standard Brownian motion. With Z = inf; X (1),
and Y astandard normal random variable which is independent of X (1), we clearly
have that

5 s
Pi(n, py) =P n1/6<%>r +al /Oy + F13GY37 < 0}
0

2.18) +0m™

—E ¢<_L - ﬂ,n—1/6z>} +om™.
a

The proof of the theorem is thus completed by a first-order Taylor expansion of
®(-) around —r/aq, as soon as we show that EZ = —€2, and E|Z|? is finite. To
this end, from [20], Theorem 3.1, we easily deduce that Z has the continuous
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distribution function Fz(z) = 1 — K (—z)? for z < 0, while Fz(z) = 1 for z > 0,
resulting after integration by parts with the explicit formula (2.16) for 2. We note
in passing that taking ¢ = 1/2 and s = 0 in [20], (5.2), provides the explicit formula
(2.17) for K (x), en-route to which [20] also proves the finiteness of the relevant
integral. Further, [20], Corollary 3.4, shows that the probability that the minimum
of )N((t) is achievec~1 as some 7 ¢ [T, T] is at most Aale_“‘oT3 for a positive
constant Ag. With X (¢) > W(t) we therefore have that

Fz(2)=P(Z <7} < IP{ inf T])?(z) < Z} FAT e AT < Ty g AT
te|l—1,

Taking T = /z we deduce that if z < 0, then Fz(z) < C~'exp(—C|z|*/?) for
some C > 0, which yields the stated finiteness of each moment of Z (and in par-
ticular, of E|Z|? and ). O

3. Ensembles and transition probabilities: exact expressions.

3.1. Model for the (initial) graph. Throughout the paper we follow the coding
literature and identify the hypergraph with a bipartite graph with two types of
nodes: v-nodes, corresponding to hyperedges, and c-nodes to vertices. A graph G
in the ensemble § = G;(n, m) consists of a set of v-nodes V = [n], a set of c-nodes
C = [m] and an ordered list of edges, that is, couples (i,a) withi € V anda € C

E = [(15 Cll), (15 612), R (1,(1[), (27 al-f—l)’ cees (na a(n—l)l+l)’ LR (n’ anl)]»

where a couple (i,a) appears before (j,b) whenever i < j and each v-node i
appears exactly [ times in the list, with [ > 3 a fixed integer parameter. The total
number of graphs in this ensemble is thus

(3.1) 16, (n, m)| = m" = coeff[(X)™, x| (n)!.

The ensemble of graphs § is endowed with the uniform distribution. One way to
sample from this distribution is by considering the v-nodes in order, i =1, ..., n,
where for each v-node and for j = 1,...,[, we choose independently and uni-
formly at random a c-node a = a(;—1)+; € C and add the couple (i, a) to the
list E. An alternative way to sample from the same distribution is by first attribut-
ing [ sockets to each v-node, with sockets (i — 1)/ + 1,..., i/ attributed to the
ith v-node. Then, we attribute k, sockets to each c-node a, where k,’s are mutu-
ally independent Poisson(¢) random variables, conditioned upon their sum being
nl (these sockets are ordered using any pre-established convention). Finally, we
connect the v-node sockets to the c-node sockets according to a permutation o of
{1, ..., nl} that is chosen uniformly at random and independently of the choice of
ky’s.

Throughout the degree of a v-node i (or c-node a) will refer to the number of
edges (i, b) [resp. (j, a)] it belongs to. In the hypergraph description, this corre-
sponds to counting hyperedges, and vertices with their multiplicity.
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3.2. Model for the graph produced by the algorithm. The ensemble is charac-
terized by the nonnegative integers (z1,72) =2, T and [ > 3, n, m and denoted 4
as G(z,t). In order for 4(zZ,7) to be nonempty, we require either z, > 1 and
721+2<m—1) orzp=0and z1 = (n — 7). An element in the ensemble
is a graph G = (U, V; R, S,T; E) where U, V are disjoint subsets of [n] with
UUV =[n]and R, S, T are disjoint subsets of [m] with RU S U T = [m], hav-
ing the cardinalities |U| =71, |V|=n—1,|R|=m —21 — 22, |S| =21, |T| = 22.
Finally, E is an ordered list of (n — 7)/ edges

E=[(i1,a1), ..., (1, a); (2, a141)s - - -
(in—1s An—r—1)141)5 - - - » (in—7, An—1)1) ]

such that a couple (i, a) appears before (j, b) whenever i < j. Moreover, each
i € V appears as the first coordinate of exactly / edges in E, while each j € U
does not appear in any of the couples in E. Similarly, each a € R does not appear
in E, each b € § appears as the second coordinate of exactly one edge in E, and
each ¢ € T appears in at least two such edges. The total number of elements in
G(z, t) is thus

N o > . m n X 22 (m—T1)l—7]
h(z,7) =19z, 1) = <Z1, 2. ) <T>coeff[(e —1—-x)%,x J((n =o)L

The ensemble G (zZ, t) is endowed with the uniform distribution. In order to
sample from it, first partition [n] into U and V uniformly at random under the
constraints |U| =t and |V | = (n — 1) [there are (’;) ways of doing this], and inde-
pendently partition [m] to R U S U T uniformly at random under the constraints
|RI=m —z) —z2,|S| =z and |T| = z2 [of which there are ("’ ) possibilities].
Then, attribute / v-sockets to each i € V and number them from 1 to (n — 7)/ ac-
cording to some pre-established convention. Attribute one c-socket to each a € §
and k, c-sockets to each a € T, where k, are mutually independent Poisson(¢)
random variables conditioned upon k, > 2, and further conditioned upon ) _,.7 k4
being (n — 7)l — z;. Finally, connect the v-sockets and c-sockets according to a
uniformly random permutation on (n — 7)!/ objects, chosen independently of the
ky’s.

3.3. Transition probabilities. We consider the graph process {G(t), T > 0},
defined as follows. The initial graph G(0) is a uniformly random element of
Gi1(n,m). At each time 7 =0, 1, ..., if there is a nonempty set of c-nodes of
degree 1, one of them (let us say a) is chosen uniformly at random. The corre-
sponding edge (i, a) is deleted, together with all the edges incident to the v-node

4Since n, m and I do not vary during the execution of the algorithm, we leave them implicit in the
ensemble notation.
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i. The graph thus obtained is G(tr 4 1). In the opposite case, where there are no
c-nodes of degree 1 in G(7), we set G(t + 1) = G (7).

We define furthermore the process {Z(t) = (z1(t), z2(7)), T > 0} on Zi. Here
z1(t) and z2(7) are, respectively, the number of c-nodes in G(t), having degree 1
or larger than 1, which necessarily satisfy that (n — T)[ > z1(t) + 2z2(7) for T =
min(z, inf{t’ > 0:z;(z) = 0}).

LEMMA 3.1. The process {Z(t) T > 0} is an inhomogeneous Markov process,
whose transition probabilities, denoted by

WHAZID =PEZ(E +1) =7+ AZ|Z2(x) =7}
[here AZ = (Az1, Az2)], are such that W (AZ|Z) = I(AZ = 0) in case z; = 0,
whereas for 71 > 0,

e h@Z, T+ m—2z, — 7 7 z5\ 40
W+AZZ =_,7'L'+ll' < 1 2)(1)<2>_
r (Azl) h(z, 1) ( ) %: q0, Po; * q1/) \q2) z1
(3.2)

x coeff[(e* — 1 — x)P0(eX — 1)71+42 x!=40],

Here 7| = z1 + Az1, z, = 22 + Aza. Also, using the notation zo =m — z1 — 22
and zy =m — 7| — 25, the collection D consists of all integers po, qo, 41,92 > 0,
satisfying the equalities

20 =2 — 40 — Do,
(3.3) 21=2) +q0—q1,
2=2,+po+qi,

and the inequalities (n — )l — (21 4+222) =1 — 2po+q0+4q1) = 92, g0+ o < 2,
q1 = z/l (equivalently, qo < z1), g2 < z’2 (equivalently, po + q1 + g2 < 22).

Moreover, conditional on {Z(t'),0 <t/ < 1}, the graph G(t) is uniformly dis-
tributed over (2, 7), that is,

(3.4) P{G(x)=G|{z(t),0< 7' <1}} = I(G € 4(z,7)).

1
h(z,7)

PROOF. Fixing 7, 7 = Z(t) such that z; > 0, 7 =Z(r + 1) and G’ € 4(Z/,
T + 1), let N(G'|Z, T) count the pairs of graphs G € §(zZ, ) and choices of the
deleted c-node from S that result with G’ upon applying a single step of our algo-
rithm. Obviously, G and G’ must be such that RC R', SCR'US and T' C T.
So, let go > 0 denote the size of R' NS, pg > 0 the size of "N T, and g; >0
the size of §" N T. We have g0 + po <m — 2} — 25, q1 <z}, and the equali-
ties of (3.3) follow as well. Let T* denote the set of c-nodes a € T’ for which
k, > k,, and denote the size of T* by g» < z5. Observe that of the / edges of
the v-node i deleted by the algorithm in the move from G to G’, exactly one
edge hits each of the nodes in R’ N S, at least one edge hits each of the nodes in
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S’ N T, and each of the nodes in T*, while at least two edges hit each of the nodes
in R N T. Consequently, 2po + qgo + g1 + g2 < 1. Since z; > 0, we know that
7 =t and further, (n — v — 1) > 2z} 4 225, which in view of (3.3) is equivalent to
(n—1) —(z14+222) >1— 2po+ g0+ q1) > g2 as claimed.
To count N(G'|Z, T) we first select the v-node i to add to G’ from among the
7 + 1 elements of U’, and the order (permutation) of the / sockets of i that we
use when connecting it to the c-nodes for creating G € ¢.(Z, t). Summing over the
m—z\—z)
)
ways to select the nodes of R’ that are assigned to S, T and R, then (;i) ways to
select those of S’ that are assigned to 7' and (2%) ways to select those of T’ that are
assigned to T*. We further have coeff[(eX — 1 — x)P0(eX — 1)71142, x!/—40] ways to
select the precise number of edges (> 2) from i that we are to connect to each of
the po nodes in R’ N T, and the precise number of edges (> 1) from i that we are
to connect to each of the ¢; nodes in §’ N T and to each of the ¢, nodes in T*,
while allocating in this manner exactly [ — go edges out of i (the remaining gg then
used to connect to nodes in R’ N S). Finally, noting that for each of the graphs G
thus created we have exactly gg ways to choose the deleted node from S while still
resulting with the graph G’, we conclude that

— ' !
NGED=@+ony ("B (B ()

D

set D of allowed values of po, go, g1, g2, for each such value we have (

x go coeff[(eX — 1 — x)P0(eX — 1)917492 x/—40],
We start at T = 0 with a uniform distribution of G(0) within each possible en-
semble §(z(0),0). Since N(G'|®w, t) depends on G’ only via @', it follows by
induction on T = 1, 2, ... that this property, namely (3.4), is preserved as long as
T =1, since if z; (1) > 0, then

P{G(r+ 1) =G|{3().0< 1 <1}} = %%

is the same for all G’ € .(Z + AZ, T + 1). Since there are exactly h(Z + AZ, T+ 1)
graphs in this ensemble, we thus recover also (3.2). Finally, noting that G(t) =
G(7) and Z(7) = Z(7) we deduce that (3.4) holds also when T < 7. [

4. Asymptotic expressions.

4.1. Properties of the ordinary differential equations. We derive here the
properties of solutions of the ODEs (2.5) and (2.8) that are needed for our analysis.
This is based on the continuity of (X, 8) — p,(X,6), a =0, 1,2 on the following
compact subsets of R? x R

ge)={(x,0): =1 <x1;0<x2;0 €[0,1—¢]; 0 < (1 —6)] — max(xy, 0) — 2x2},
and gy (¢) =g (e) N {x] = 0}, as stated in
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LEMMA 4.1. For any ¢ > 0, the functions (X,0) — py(X,0), a =0,1,2
are [0, 1]-valued, Lipschitz continuous on q(g). Further, on ¢4 (g) the functions
(X,0) = pa (X, 0) have Lipschitz continuous partial derivatives.

PROOF. Fixing ¢ > 0, the stated Lipschitz continuity holds for py(X, 8) since
both max(x,0) and 1/(1 — 0) are Lipschitz continuous and bounded on g(s).
Further, po(X, 0) € [0, 1] throughout g(g). Setting f(0) = 2, note that f; : R, —
[2, c0) of (2.3) is a monotone increasing, twice continuously differentiable func-
tion, with f{(A) = [(e* — 1)> — A%e*]/(e* — 1 — 1) strictly positive and bounded
away from zero throughout R . Consequently, the inverse mapping fl_1 is well
defined and twice continuously differentiable on [2, 0o), from which we deduce
that for each § > 0 the nonnegative function A(X, ) is well defined, bounded and
continuously differentiable on the compact set g(¢) N {(x,0):x, > §}. Though
A(X,0) 1 oo as xo | 0, note that pr = (1 — po)(1 — g(1)) for g(A) = A/(e* — 1).
In particular, since py = 1 — pg in case x = 0, it follows that p, (X, ) is continu-
ous throughout g(¢). Since po(X, 0) is Lipschitz continuous on g (&), the Lipschitz
continuity of py follows by showing that, for x; # 0, g(4 (X, 0)) has bounded deriv-
atives as x | 0. By letting £ = (¥, 0) € g(¢), we have 9, 8(A) = g’ (1), 1. Using
the definition (2.3), and recalling that f; (1) is bounded away from zero, it follows
that |9g, A| < sz_2 as x | 0. On the other hand, |g’ ()| < Ce™* < Ce~€"/*2 in the
same limit thus implying that ¢, g(2) is bounded.

Further, the identity (2.3) is equivalent to po 4 p1 + p2 = 1, which thus implies
that p; is also Lipschitz continuous on g (¢). Finally, since both A(X, §) and x; are
nonnegative throughout g(¢), the same applies for p; and p;, and consequently,
p, €[0,1] fora=0,1,2.

Considering for the remainder of the proof 5 = (X,0) € g+ (¢), we replace
max(xy, 0) by x; in the definition of (pg, P, p2). The stated regularity of pg is
then obvious and as before the regularity of p; = 1 — pg — p; follows from that
of po = (1 — po)(1 — g(A)). To this end, we see that it suffices to show that
0z, 8 (A) = g'(A)0g; A, are Lipschitz continuous in £ on the compact set g (¢). As
seen already A > g’()) is bounded and Lipschitz continuous on R, and 8&)\(5 )
is bounded and has bounded derivatives on g4 (g) N {zf: :x2 > 8}. The proof is com-
pleted by showing that dg,[g"(1)dg A1 = " (1) g A0, A + g’ (1) dg; g, A converges
to zero as xp — 0. This is proved similarly to what was already done for the first-
order derivatives. Indeed, the first and second derivatives of A — f1()1) as well as
S = g [x2 f1(M)] and its partial derivatives are all bounded, hence |9 A| < sz

and |0 8ng| < sz as xp — 0, which since A — oo inversely proportional to
xp — 0, is more than compensated by the exponential decay in A of g’ and g”. [

Setting hp(u) =u—1+ exp(—lul_1 /p) and the finite and positive critical den-
sity
pe=inf{p > 0:h,(u) > 0Vu € (0, 1]},
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we have the following properties of the ODEs.

PROPOSITION 4.2.  For any p > 0, the ODE (2.5) admits a unique solution y
subject to the initial conditions (2.4), and the ODE (2.8) admits a unique, positive
definite, solution Q subject to the initial conditions (2.10), such that:

(a) For any ¢ > 0, 0 < 1 — g, we have that (Y8, p),0) is in the interior of
q (&), with both functions (0, p) — y and 6 — Q Lipschitz continuous on (6, p) €
[0,1—¢) x[g,1/¢].

(b) Letu(0) = (1—6)"! and 6_(p) =inf{0 > 0:h,u(8)) < 0} A 1. Then, for
0 €[0,0—(p)]

4.1 y1(0, p) = @) u®) -1 +e—yu<e>l-1]’
! - _
(42) 20, p) = —[1 — 4O _ )= lemru@®
Y

(Where y =1/ p). In particular, (0, p) — y is infinitely continuously differentiable
and (0, p) — Q is Lipschitz continuous on {(6, p):0 < min(6_(p),1 —¢),e <
p=1/e}

(c) Let 6,(p) = inf{6 > 0:h,u(0)) < 0}. Then, 0.(p) = sup{d < 1:y1 (0,
p) > 0 forall ' € [0,0)} and the critical density is such that

4.3) pc=inf{p > 0:0,(p) =1} =1inf{p > 0:y1(0, p) >0VO € [0, 1)}

(d) The critical time 6. = 0, (pc) is in (0, 1), whereas 0_(p.) = 1. For p = p
the infinitely continuously differentiable function 6 — y1(0) is positive for 6 # 0,
0 # 1, with y1(6c) = y1(6.) =0, and y{ (6.) > 0, while yi1 (1 — 8) =18 + 0(8) for
any § > 0.

PROOF. (a) For any p > O the initial condition y(0) of (2.4) is such that
(j (0), 0) is in the interior of g (). Further, fixing ¢ > 0, by Lemma 4.1 we have that
F (X, 0) is bounded and Lipschitz continuous on g (¢). Consequently, for 6 € [0, 6,]
there exists a unique solution y(6) of the ODE (2.5) [i.e., de —F (v, 0)], starting
at this initial condition, where 6, = inf{0 > 0: (y(0), 0) & g (&)} is strictly positive,
and (¥(0,), 0¢) is necessarily on the boundary of g(¢). We proceed to verify that
6 = 1 — ¢ by showing that:

(1) y1(8:) > —I. Indeed, since y;(0) > 0 and Fi(y(0),0) > —I, we have
v1(6g) > =10, > —I.

(ii) y2(8¢) > 0. In fact x, = 0 implies p; (x, #) = 0, and therefore F>(x, #) = 0.
By the Lipschitz continuity of F» on g (¢) it follows that F>(X, 6) > —Cx; for some
finite C and all x; in G(¢). Therefore, y»(0;) > y2(0)e =% > 0.

(iii) v(6;) > 0, where v(0) = w(y(0), O) for w(x, ) =1(1 —0) —max(xy,0) —
2x7. Indeed, note that v(0) > 0 and

d N N
£ = [~ +2( — Dp1G, OII(y1(0) <0) — ( — Dp2(5, OL(y1(6) > 0).



2010 A. DEMBO AND A. MONTANARI

Further, recall that if w(X,8) = 0, then py(x,0) = 0, and if in addition x; < 0,
then also p; (X, #) = 1. Hence, by the Lipschitz continuity of p; (-, -) and p2(-, -) on
g(¢) we have that py(X,0) <2Cw(x,0) and p;(x,0) > (1 — Cw(x, 0))I(x; <0)
for some finite C > 0, throughout g (). Since [ > 2, it follows that Z—g > -2( —
1)Cv(0) for all § € [0, 6,1, resulting with v(6;) > v(0)e~2¢(~DC% - (.

Lemma 4.1 further implies that for any a, b € {1, 2} both A, (X,0) = O, Fu (x,0)
and Ggp(X, 0) are uniformly bounded over g(g). The linear ODE (2.8) has these
functions as its coefficients, for X = y(#). We thus deduce that there exists a unique
solution Q(0) of the initial value problem for this ODE at least for 6 € [0, 0.]. With
6. =1 — ¢ and ¢ > 0 arbitrarily small we established the existence of a unique
solution (y, Q) for 8 € [0, 1).

It also follows from the above discussion that 8, = 1 — & and y(0, p) is Lipschitz
continuous in 6 on [0, I — ¢] x [e, 1/¢]. Further, applying Gronwall’s lemma, the
Lipschitz continuity of F (X, 0) implies that the solution y(#) of the ODE is then
also Lipschitz continuous with respect to the initial condition y(0), with a uni-
form in # < 1 — ¢ bound on the corresponding Lipschitz norm. Clearly, y(0) of
(2.4) is differentiable in p with a uniformly bounded derivative when p € [¢, 1/¢].
Consequently, we arrive at the stated Lipschitz continuity of (8, p) — y(8, p).

The same argument shows that the initial conditions (2.10) for the ODE (2.8)
are bounded in p € [, 1/¢]. Further, y(0, p) stays in g (¢) and with the coefficients
of the linear ODE (2.8) uniformly bounded on [0, 1 —¢&] x [¢, 1/€], its solution Q is
also Lipschitz continuous in 8. Suppressing the dependence of the various matrices

on p, setIBig =TI and, for6 > ¢

BG

“ L AG 0
(4.4) 70 =A(y(0),0)B;.

It is easy to check that the unique solution of (2.8) is given by

0
(4.5) Q(0) =BHQO) (B + /0 B{G((¢). £) B de,

for the nonnegative definite matrix G (X, 0) of (2.9). In particular, starting from the
symmetric, positive definite Q(0) of (2.10), this implies that Q(9) is nonnegative
definite. Further, since det 15%8 =1 and

d(detBY)
do

with the entries of A(X, ) uniformly bounded, it follows that detIBSS > 0, hence
the solution Q(6) of (2.8) is positive definite.

(b) Though this is a special case of a result of [26], we provide its short proof
for the reader’s convenience. We first check that y(6, p) of (4.1) and (4.2) is the
unique solution of the ODE (2.5) for 6 € [0,0_(p)]. To this end, first note that

= (det BY) Trace(A(¥(9), 9)),
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for & = 0 the functions y (8, p) of (4.1) and (4.2) satisfy the initial condition (2.4).
Further, the function y; (8, p) of (4.1) is nonnegative for 6 € [0, 6_(p)]. Hence,
upon substituting y; (6, p) for max(xy,0) and y»(6, p) for x» on the right-hand
side of (2.3), and noticing that (1 — 0) = u(0)!, it is not hard to verify that this
equation is satisfied by A(y(9),0) = yu(@)l -1 Using this value of A yields after
some algebra that F(y(0),0) = —1— (l;—l)(u —1 +e—3’”l_1 — yul—le—wl_l) and

F(3(6),6) = —y (L — Dul~2e %~ With 9% — —,1~1 /[ it is then immediate to
verify that the functions given by (4.1) and (4.2) indeed satisfy (2.5) as long as 6 <
6_(p). Clearly, y(0, p) of (4.1) and (4.2) is infinitely continuously differentiable
on [0, 1 —¢] x [g, 1/¢]. With Q(6, p) Lipschitz continuous in 6 [by (a)], it remains
only to show that this function is Lipschitz continuous with respect to p € [g, 1/¢].
Since the ODE (2.8) is linear and of bounded coefficients, with initial condition
Q(0) of (2.10) that is Lipschitz continuous in p € [g, 1/¢] it suffices to show that
the coefficients A,y (X, 0) and G4p(X, 6), are Lipschitz continuous in X on g (¢).
We deduce the latter property from Lemma 4.1 upon noting that these coefficients
are smooth bounded functions of p, and 0y, p,.

(c) We turn to verify that p. satisfies (4.3). We have already seen that the solution
of (2.5) starting at ¥(0) of (2.4) is given for < 0,(p) <6_(p) by (4.1) and (4.2),
and in particular is such that y; (6, p) > 0 for all 8 < 6,(p). Further, p — 0,(p) is
monotone nondecreasing, and since u(1) = 0, we see that 6, (p) <1 for all p > 0.
Thus, to complete the proof it suffices to assume that for some positive § and pg
the solution of the ODE (2.5) is such that y; (8, pg) > 0 for all 8 € [0, 6,(00) + 5]
and arrive at a contradiction. To this end, note that for p = py and 0 < 6,(pg) + 6,
the solution of (2.5) must also satisfy the modified ODE

N

4.6 d—ye—ﬁ**e)e
(4.6) de()_ (y(0),0),

where }7“*()?,0) =(=1+ - D] —py,—C — 1p}) and p}; are obtained by
replacing max(xp, 0) in (2.2) and (2.3) with x;. Modifying the set g (¢) in the same
manner, it is easy to verify that the statement and proof of Lemma 4.1 remain
valid for p¥ (X, 0) (apart from the fact that the latter are not [0, 1] valued). We also
find that 6, = 1 — ¢ for the ODE (4.6), from which we can deduce that the latter
ODE also admits a unique solution subject to the initial condition (2.4). Further,
the preceding computations show that for every p > 0 the solution of (4.6) starting
at (2.4) is given by (4.1) and (4.2). In particular, at p = pg this is also the solution
of the ODE (2.5) on [0, 6+(pg) + §]. However, by definition of 6,(p), necessarily
y1(6, po) of (4.1) is nonpositive for some 6 € (64(p0), O«(p0) + &), resulting with
the desired contradiction.

(d) Simple calculus shows that either u +— h,(u) is monotone increasing and
positive on (0, co), which happens for all p large enough, or hfo (u) =0 has ex-
actly two positive solutions, u1 = u1(p) corresponding to a local maximum of 4,
and up = uz(p) > u corresponding to a local minimum of &,. With 4,(0) =0
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and h,(-) positive on [1, 00), while h,(u2(p)) < 0 for all p > 0 small enough,
it follows from the definition of p. that i, (u2) =0 at up = uz(pc) € (0, 1) and
hp. (1) is positive at any positive u # u;. Hence, by definition 6_(p.) = 1 while
O(pc) =1 — uz(pc)l € (0,1). From part (b) of the proposition we thus have
that at p = p. the function y;(#) is infinitely continuously differentiable, with
y1(0) = h(u(®)) for h(u) = lu'~'h, (u) [cf. (4.1)]. In particular, y;(0) is then
zero when 6 = 6. or 6 = 1 and positive elsewhere (per the preceding analysis of
h ). Further, at 6 = 6. we have u(6) = u2(pc), an isolated minimizer of h(u), and
as u'(6:) > 0, it follows by elementary calculus that y|(6.) =0 and y{'(6) > 0.
Also, h(u) = lu' (1 + O (u'~?)) for small u, hence y; (1 —8) =18+ 0(8) at p = p.

O

We conclude this section by showing that the discrete recursions corresponding
to the mean and covariance of the process 7'(-) of (2.12) are near the solution of
the relevant ODEs (at least for p near p. and up to time t, = [n6. — nf 1). More
precisely, for A; =1 ., A(Y(t/n, p), t/n), let

@7) Y@+ D=5 @ +n A (@) = F&/m) +n FG(e/n), T/m),
starting at y*(0) = y(0, p) and consider the positive definite matrices

“.8) Q. =B;'QO, p)BH + Z Bl 1GG(o/n), o/m)BI )T
o=0

for BZ of (2.13). Then:

LEMMA 4.3. Fixing B € (3/4,1) and B’ < 2B — 1, we have for all n large
enough and |p — pc| < nf'~1

F a1 _
(49 |n' Py () = 707 =02 (p = pe) - e pe)| < CnP

the matrices {]B%f, :0, T < n} and their inverses are uniformly bounded with respect
to the Ly-operator norm (denoted || - ||), and

(4.10) 1Qz, — Q. po)ll < CnP~1,
for some finite C = C(B, B) and all n.

PROOF. Recall part (a) of Proposition 4.2 that y (6, p) € g(¢) for § <1 —2¢
and p € g, 1/¢€]. Thus fixing B, B’ and 0 < & < (1 — 6.)/2, it follows that the
operator norm of At is uniformly bounded over T < 7, |[p — pc| < nf' =1 and
n > ng (hereafter n; and ¢;, i =0, 1, ..., are two nondecreasing sequences of ﬁnite
constants, each depending only on /, ,8, B’ and ¢). Consequently, the matrices BY
of (2.13) and their inverses are also uniformly bounded with respect to the L,
operator norm for n > ny, o, T and p as before.
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We proceed to show that {y*(t), T < 1,,} is close to the solution y(-, p) of the
ODE (2.5). To this end, let D}(t) = y*(t) — ¥(t/n, p), noting that by definition
Di(t+1)=I+ n*IA,)D:(r) + &, (1) for T > 0, with D;5(0) =0 and

- (t+D/n -
&n(T) =/r/n [F(y(z/n), t/n) — F(y(0),6)]do
By the Lipschitz continuity of (8, p) = y on [0,1 — €] x [e, 1/¢] (see Propo-
sition 4.2), we know that ||y(0) — y(t/n)| < co/n for some finite cp, all 6 €
[t/n,t/n + 1/n] and any 7 < (1 — &)n. Further, since ||F(x 0| <2l and
(x,0) — F= (=14 { — D(p1 — po), —( — Dpy) is Lipschitz continuous on
g (e) (see Lemma 4.1), we deduce that for some finite constant C, = C,(l, &), all
n,t<(l—e¢e)nandp € [e, 1/¢],

- 1 2 - 25 —
@.11) |5l == sup IF(3(),0) — F(3(t/n),t/n)|| < Can™?
N gelr/n,t/n+1/n]
Since Dj(t) =Y. _ IIB%; +11 &,(0), and ||I§f7|| are uniformly bounded, we deduce
that

(4.12) sup  sup sup nfl§*(@) — F(z/n. p) < e1 < oo

NZN2 | p—pe|<nf'~1 T=Tn

Let6, =1,/n, A8, =0, —0. = —nP~1 and Ap = p — p.. Note that y (6, pc) >
E(A@n)2 for some ¢ > 0, all n and 6 € [0, 6,] [see part (d) of Proposition 4.2]. Fur-
ther, recall that |Ap| < nf'~! = 0((A6,)?) by our choice of g’ < 28 — 1. The
Lipschitz continuity of p — y(0, p) for < 6_(p) thus implies that both (6., pc)
and (6, p) for n > nyg and |p — pc| < nf' =1 are in the set A ={0,p):0 <
min(0_(p), 1 —¢),e < p < 1/¢} where (0, p) > ¥ is infinitely continuously dif-
ferentiable [see part (b) of Proposition 4.2]. Hence, by Taylor expanding yi(-)
around (6., pc) where y; = 339 = (0, we obtain that for some cz, ¢y and all n,

ay1 282)’1
On, P) — Ap—— — = (AB,)* —
Y1(6n, p) — Ap o ( n) 592

< h(Ap+ A0 (1AP] + (AG,)?) < con® P~V

(4.13)

[with all partial derivatives evaluated at (6., p.)]. Recall that F= 02 9)21 , so the left-
hand side of (4.9) is bounded above by

2172 1/2

ay1 1 2 0 2)’ 1
0,,0) — Ap— — =(AG)"——|.
Y1(6n, p) P op 5 592
Thus, controlling the first term via (4.12) and the second term via (4.13) yields the
bound of (4.9).
Turning now to the proof of (4.10), recall that the solution Q(-) of (2.8) is Lip-

schitz continuous in (6, p) on the set 4, [see part (b) of Proposition 4.2]. As both

15 () = ¥ (za /0, p)Il + 1
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(6c, pc) and (6, p), n > ny4 are in this set, it follows that for some finite c’3, c3 and
all n,

1Q(0n. p) — Q(Be, po) | < 5(1AO] + |Ap]) < c3n !

(recall that B’ < 28 — 1 < B). Further, Q(@, p) is given by (4.5), where the ma-
trices G(y(¢), ¢) are bounded and Lipschitz continuous in ¢ (with respect to the
L» operator norm) uniformly in n > n4 and ¢ < 6,,. The same uniform bound-
edness applies for Q(0, p) and IB%?, 0<t¢ <6 <1-— ¢ [see proof of part (a) of
Proposition 4.2]. Hence, comparing (4.5) and (4.8) we thus deduce that (4.10) is
an immediate consequence of

(4.14) sup ”]EFZ;]l _Bgn | < can™ !,
0=<¢=0y,

holding for some finite ¢4 and all n. To this end, let D, (o, 1) = ||IE%§_1 — IB%;//Z Il,

noting that by the definition of IB%? and Iﬁ%g we have that D, (0, 0) =0 and for all
T>o0,

D,(o,T+1)
(4.15) 1 s w1 s 0
S Dn(av T)+n_ Sup ”ATB;_ _A(y(ev p)ve)Bg/n”
oelt/n,(t+1)/n]
As (¥(0, p),0), 0 <6, and n > ny are in the set g4 (&) in which (X, 8) — A(X, 0)
is bounded and Lipschitz continuous (for the operator norm), it follows that for
some c;5 finite and all n,
(4.16) sup  sup  [|A; —AG@. p). Ol <csn
T<thfe[t/n,(t+1)/n]
Further, with |A(¥(0, p), )| bounded uniformly in (@, p), we have from (4.4) the
existence of cg finite, such that

(4.17) IBY — B < c6(10 — 0’| + 12 — D,

forany p €[e,1/e],0<¢<0<1—-¢,and0<¢' <0 <1 —e¢. So, with A,,
IB;//'Z and A(-) uniformly bounded, by the Lipschitz properties (4.16) and (4.17)
we have that

IABL ! — A (0),0)BY Il <c7Dn(0,T) +cgn™

o/n
for some c7, cg finiteand all n,0 <t <71, and 0 € [t/n, (v +1)/n]. Plugging this
bound in (4.15) we have that D, (o, 7 + 1) < (1 + czn~ 1) D, (0, T) + cgn—2, from
which we deduce that for some cg finite and all n,
1

max Dy,(o,7)<con .
0<o<t=<1y

By (4.17), this yields the bound (4.14), hence completing the proof of (4.10) and
that of the lemma. O
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4.2. Asymptotic enumeration of the graph ensemble. Here we show that the
initial distribution of the Markov chain Z(-) of Section 3 is well approximated
by a multivariate Gaussian law of mean ny(0) and positive definite covariance
matrix nQ(0), with the rescaled mean y(0) and covariance Q(0) given by the initial
condition of the corresponding ODE’s, namely, (2.4) and (2.10), respectively.

LEMMA 4.4. For ¥ € R? and a positive definite d-dimensional matrix A, let
G4 (-|x; A) denote the d-dimensional normal density of mean X and covariance A.
Further, let 7 = (21, z2) denote the number of c-nodes of degree 1 and of degree
strictly greater than 1 in a random graph from the §;(n, |np]) ensemble. Then, for
any € > 0 there exist finite, positive constants kg, K1, k2 and k3, such that for all n,
r,and p € [&,1/¢€],

(4.18) IEZ — n3(0)|| < ko,
(4.19) P{IZ — EZ|| > r} <kpe" /2,

(4.20)  sup sup

ieR2xeR

Pl -3 <x)— / GoZInF(0): nQ(0)) dZ| < k3n~"/2,

U-7<x

PROOF. Setm = |np] and y =1/p. Recall that the description of the ensem-
ble §;(n, m) in Section 3.1 provides the following expression for the probability
P(Z) of having exactly z; c-nodes of degree 1 and z; c-nodes of degree strictly
greater than 1:

G 0) _ Py(Sw=(z1,22,nD)

4.21 PQR) =
4.21) (2) Y IPV{S(3)=nl}

where S‘m = Z;”:l)?i for )?i = (Iy,=1,In;>2, Ni) € Zi and N; that are i.i.d.
Poisson(y) random variables. Consequently,

(3)
P, {SY =nl—1}
Ez; =mP, (N; = 1} 2" }3)
P, {Sn =nl}

P, (S | = ni)
P, (S5 = nl)

With [pn —m| < 1 and y(0) of (2.4) such that ny(0) = np (P, {N; = 1}, P, {N| >
2}), we easily get (4.18) upon using the fact that 5153) is a Poisson(ky) random

Ezp =m — Ezy —mP, {N; =0}

variable and the sequence m|e(1 — %)m — 1] is uniformly bounded.
By (4.18), in deriving (4.19) we may and shall replace EzZ by %ﬁ(O) =

(IES,%1 ), IES,%2 )). In view of (4.21), the stated bound (4.19) is then merely

P, (IS5 —ESOL + S50 —ESPP = 215D =nl} < e/,
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which is an immediate consequence of Hoeffding’s inequality for the partial sums

(S(l) S(z)) and the uniform lower bound P {S(3) nl} > en~ "2 with ¢ > 0 de-
pending only on ¢ and /.

Observe next that X are nondegenerate lattice random variables on R?, having
minimal lattice Z3, finite moments of all orders and such that

R p1(1—p1) —P1P>2 pi(l—vy)
cov(X;))=V=| —pip>2 p>2(l—=ps2) v—pi—vyp>2|,

pid—y) v—pi—yp= Y
with p| = (N_l)—ye Vandp>2_ P,(N;i>2)=1—e"7" —ye 7. Thus,
upon bounding (1 + ||]|*) P (—G3(- |O V) :{&,) () for the correction term Py of
[7], (7.19) (with {&,} denoting the cumulants of the law of X 1), uniformly in y €
[¢,1/¢'] and i € R3, it follows from Corollary 22.3 of [7] (with s = 3 there), that
for some finite ¢ = c(¢’), any such y, all m and 7 € 72,

cm_2

(4.22) |Py{Sm = Ze} — G3(Ze|mxe; mV)| = 1m0 —mia|®’

where Z. = (Z,nl) and Xe = p~ 1 (¥(0),]) = E,,;( 1. Applying the same argument
for Sr(,f ) eR!, and possibly enlarging c(¢”) as needed we further have that
(4.23) P, {SO) =nl} — Gi(nllmy; mVs3)| < em™".

Next, summing the bound of (4.22) over 7 € Z?, we deduce that for some finite
¢’ =c(¢) any y and m,
(4.24) > |y {Sm = Ze} — G3 GelmEe; mV)| < 'm ™.

zez?
Further, ]P’y{S,Sf) =nl}=); IP’),{S‘m = Z¢}, hence we get from (4.21) and the
bounds of (4.23) and (4.24) that for some finite ¥ = k (¢") and any y and m,

> > -1 /. —1
(4.25) Z P(z) — Gs(Zelmxem V) Lo _wem <wkn~1/?
zeZ?

Gi(nllmy;mV33)| — Gi(nllmy;mVzz) —

[with the rightmost inequality due to the uniform lower bound on m'/?>Gy (nl|my;
mVs3) for [nl —my| <1/e']. The ratio G3(---)/G(---) appearing in (4.25) is the
conditional distribution of (zy, z2), given z3z = nl, under the (joint) law Gs(---),
which is thus a Gaussian d1str1but10n of mean n’y(0) and the positive definite co-
variance matrix n’ V, withn’ =m / p and the entries of the two-dimensional matrix
\Y given by Vz i =plVij — /ij Vi3Vj3/ Va3]. Upon substituting the expressions for pq
and p>2, we see that V coincides with Q(0) of (2.10).
So, it follows from (4.25) that

sup sup|P{id -2 < x} — )~ Go(Eln'5(0); n'QO))| < kn” /2,

ueR? xeR #Z<x
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We thus arrive at (4.20) upon observing first that

Z G2(ZIh™*5(0); h~2Q(0))

sup sup Sup
h<ljcR2xeR

- / GoGIh25(0); h=2Q(0)) dZ

U-Z<x

is uniformly bounded in y by the Euler-MacLaurin sum formula (cf. Theo-
rem A.4.3 of [7] for the Schwartz function Gy (- |O Q(0)), where the correction in
A1(X) of [7], (A.4.20), to the Gaussian distribution is then at most «’h for a finite
«'(e), all ¥ € R? and y), then noting that /7 sup; sup, |G (ii, x; n) — G (i, x; n')|
is bounded in y, n and |n’ — n| < 1/¢ for the Gaussian distribution function
G, x;r) = [522, GaElry(0): rQO) dZ. O

4.3. Asymptotic transition probabilities. 'We next prove an approximated for-
mula for the transition probabilities W (AZ|Z), that we often use in the sequel.
This formula is valid throughout @ (¢) = Q(e) N {z; > 1} C Z>, where for each
e >0,

Q(e) ={(Z,1):—nl +ne <zi:1ne < z2;
O0<t=<n(l-—¢);ne<(m-—r1)l—max(zy,0) — 222}

is a finite subset of Z>. As many of our approximations involve the rescaled vari-
ables ¥ = n~'Z and # = t/n, we note in passing that if (Z, 7) € @(¢), then nec-
essarily (X, 0) is in the set g(¢) of Lemma 4.1 and if further (Z, t) € @4 (¢), then
also (X,0) € g4 (s).

LEMMA 4.5. Foreach € [0, 1) let Ky :R* — Ky denote the projection onto
the convex set Ko = {X € Ri_ 1 x1 4 2x7 <I(1 — 0)}. Recall that each 6 € [0, 1)
and X € Ky specifies by (2.2) a well-defined probability vector (po, p1, p2). For
such 8, X define the transition kernel

W.(AZIT) — -1 q0—1, g1

(4.26) Woadi= (0 e e
where gqo = —Az1 — Az > 1,91 =—Az0>0,g2 =1+ Az1 + 2Az, = 0. For any
X € R2, set Wy (-|1%) = Wy (| Ko (X)). That is, Azy = —1 — Go+q1 and Azr = —q1,
with (Go, q1, q2) having the multinomial law of parameters | — 1, po, p1, P2 that
correspond to the projection of X onto Ky.

Then, there exists a positive constant C = C(l, €), such that, for any p €
le,1/¢], (Z,T) € Qy(e), Azy €{—L,...,. =2}, Azp e {—(—1),...,0},and all n,

AR T Az 13y < ©
W (AZIZ) — We/n(AZIn™'2)| < —
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PROOF. Following the notation of Lemma 3.1, for each ¢ = (po, qo, q1,
q2) € D, let

427 @) = <p‘;+ Zl J;qz) coeff[(eX — 1 — x)P0(eX — 1)91192 xI=40],
0,491,42
and for Z = (21, z2) let
- 71— 1> < 2 > -
Z)= C .
8:(2) %}) (qo—l po+a1+aq2) 1D

Using the identities zo = z;, — g0 — po, 2} —q1 =21 —qo and 2, — g2 =22 — po —
g1 — g2 of (3.3), it follows after elementary algebra that g;(Z) equals the sum over
D in (3.2) times the term (. " )/(. " ).

20,21,227 1 \2,2],25
Next note that for any A > 0, and integers ¢, s > 1,
(4.28) pat,s) =coeff[(¥ — 1 —x)', X" IAS(e* — 1 — 1)~

is precisely

t
Pk(t»s)=PA<ZNi =S},

i=1

where {N;} are i.i.d. random variables, with Py(N; = k) = P(N) = k[N, > 2)
and N, a Poisson random variable of parameter A > 0. It is not hard to explicitly
compute

At —1)
fl()\) ZEA(NI) = m,

f(A)? = Var, (Ny) = [(* — 1)? — 2%,

(e* —1—21)2
and the normalized kth moment f (1) = E, (N1 — fi(W)¥/ (WK, k > 3.

The behavior of f; was already considered in the proof of Lemma 4.1. Moreover
f>: Ry — Ry is bounded away from zero and infinity when A is bounded away
from zero and infinity, respectively, resulting with f(}) that are also bounded
away from infinity for each k.

Using (4.28) and writing explicitly the remaining terms in the expression (3.2),
it is not hard to verify that

e g fln—1)—=1\7"!
wrazp =a (10 5
4.29)
pa@h (=T =1l =2}

x ATAT (P — 1 —p)h% 2@,
iz, (n =)l —21)

where 7} = 21 + Az1, 2 =22 + Azz and &) = g1 @) /n Y.
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Let £ = ((n — ©)] — z1)/z2. Since (n — 1)l > 71 + 2z> we have that § > 2,
and there exists a unique nonnegative solution of fj(A) = &. Further, as long as
(Z,7) € Q1 (¢) we get that 2 + (g/p) < & <1/e and hence &2 < A <1/e (for p <
1/¢). We show in the sequel that this implies that there exists a positive constant
C = C(l,¢), such that, forany Az € {—I,...,]—2}and Azp € {—( —1),...,0},

Pt A, (n-Dl—zn—l-Az) | _C

(4.30) ‘
pa(z2, (n — 1)l —21) n

Further, the positive term A/T4%1(e* — 1 — 1)222 does not depend on 7, whereas
elementary calculus implies that

(=Dl —1\""_ (-1
@31) n ( o ) = G0 —gr (R,

where |R,| < C(l)/(ne) in QL (¢).

We turn to the asymptotic of g;(z) for (Z,7) € @4 (s). To this end, note that
the condition 2py 4+ go + g1 + g2 <[ implies that the set O is at most of size
I and that the nonnegative coefficients ¢;(g) of (4.27) are bounded, uniformly in
g by some K = K(I) < oo that is independent of z; and z, (hence independent
of n). On @, (¢) the contribution to g;(Z) of the term indexed by ¢ is at most
Kn=U=D nypotaotatar=l Ag2pg + go + g1 + g2 <, the sum over terms with
either po > 0 or g2 <1 — go — q1 is at most K[/ ~Pot+3,~1,

Consider now g with pp =0 and g, = — go — g1, in which case g; = — Az, and
go = —Az; — Azp > 1 are uniquely determined by AZ. Note that ¢;(g) = (l:hqo)
for these choices of pg and ¢», resulting with

o @ =D 1 [-1 3
432 )] X ‘10( >+R’
(4.32) gi(x)=n (z1 —qo)! (I — )2 g0 —1.q1,92 "

for some |i§n| < K(l, g)/n. Since

2
xijo_l <1 - l_> < n_(q"_l)—(Zl — <xi]0_l,
n (z1 —qo)! —

replacing n =@~V (z; — 1)!/(z1 — qo)! in (4.32) by xf"_l and collecting together
(4.29), (4.30), (4.31) and (4.32), results with the statement (4.26) of the lemma
(note that 2qg1 + g2 =1 + Azy).

We complete the proof of the lemma by showing that (4.30) is a consequence of
a local CLT for the sum Si of i.i.d. lattice random variables X; = (N; — &)/ f2(A).
Indeed, X; have zero mean, unit variance and for some finite C; we have that
|E(X’1‘)| = | fr(A)| < Cx for all (Z,7) € @, (¢). Further, p;(z2, (n — 1)l — 71) =
P(Sx =0) and py(z2 + Azz, (n — 1)l — 21 — 1 — Az1) =P(Sp = n) for k = z5,
k' —k=Azze{—(1U—-1),...,0}and n = —( + Az; + EAz3)/f>(1). Note that
n is uniformly bounded by some c¢1 = ¢1(/, €) on @, (¢) and in the lattice of span
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b= f M)~ of possible values of S;/. Thus, for some finite c» = c2(/, €), all  and
k' as above, we have by Theorem 5.4 and (5.27) of [21] that

HOIWEB(Sy =1) — ¢(«/_/> fiﬁ’\_) e (\/k_)

where ¢ (1) = 112 /+/2m and ¢(3) (u) denotes its third derivative. The same ap-
plies for k and n = 0, yielding that

|f2()»)\/%P(Sk =0) — ¢(0)| < %

In particular, with k > ne, we see that P(S; = 0) > ¢3/+/n for some c3 > 0 and
all n > ng, both depending only upon / and €. As ¢ (u) is an even function with
uniformly bounded derivatives of any order, k, k' > ¢en, |n| <cj and |k —k'| <1, it
follows that for some finite c4 = c4(l, &),

Vk f3 )

\/];p(jp) —$(0) —

from which (4.30) now directly follows. [l

¢<3)<\/k_>‘ 52—4,

We often rely on the following regularity property of (X, 6) Wy (-|%) for the
transition kernels of (4.26).

LEMMA 4.6. With || - ||ty denoting the total variation norm and || - || the
Euclidean norm in R?, there exist positive constants L = L(1, €) such that for any
0,0 €[0,1— el and X, X' € R?,

(4.33) | Wor (-1%) — Wo (-1X)[lTv < LI — %] + 16" — 0]).

PROOF. With (x 0) — Ky (X) Lipschitz continuous, given that one finite set
supports the kernels Wg( |x) for all (x, #) and that Wg(Azlx) of (4.26) is a smooth
function of (po, p1, p2) for X € Ky, we get (4.33) out of the Lipschitz continuity
of (po, p1, p2) on g(e), proved in Lemma 4.1. [

4.4. Absence of small cores. A considerable simplification of our analysis
comes from the observation that a typical large random hypergraph does not have a
nonempty core of size below a certain threshold. For the convenience of the reader,
we next adapt a result of [30] (and its proof) to the context of our graph ensemble.

LEMMA 4.7. A subset of v-nodes of a hypergraph is called a stopping set if
the restriction of the hypergraph to this subset has no c-node of degree 1. For | > 3
and any & > 0 there exist k (I, €) > 0 and C(l, ¢) finite such that for any m > en the
probability that a random hypergraph from the ensemble ;(n, m) has a stopping
set of less than mk (1, €) v-nodes is at most C(l, e)m=1/2,
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REMARK 4.8. Since the core is the stopping set including the maximal num-
ber of v-nodes, the lemma implies that for m > en the probability that a random
hypergraph from the ensemble §;(n, m) has a nonempty core of size less than
mi (I, €) is at most C(I, &)m'~1/2. With n < m /e, upon changing « to x /& and in-
creasing C as needed, it further follows that the probability of having a nonempty
core with less than nk v-nodes is at most Cn'~//2,

PROOF. Let N (s, r) denote the number of stopping sets in our random hyper-
graph which involve exactly s v-nodes and r c-nodes. Then, necessarily r < |/s/2]
and

EN(s,r) = (2’) (’f) %coeff[(e" —1—x)", x"(sD)!

(multiply the number of sets of s v-nodes and r c-nodes by the probability that
such a set forms a stopping set, with coeff[(e* — 1 — x)", x1(s0)! counting the
number of ways of connecting the s v-nodes to these r c-nodes so as to form a
stopping set, while m* is the total number of ways of connecting the s v-nodes in
our graph ensemble). It is easy to see that for any integers r, t > 1,

coeff[(e¥* — 1 —x)",x'] < (¥ — 1 —x)" |x=1< 1.

Hence, for some ¢ = ¢(/, €) finite, any m > en, sl <m and r < |Is/2],

S 0 181/2]
IEN(S,r)S(Z)(m)(Sl)!<n_m P2 D!

r ) mst — 5! |sl/2]! ms!

ns /sl [sl/2] s 1/2—19s
<5G)=lG) T
st \m m

Thus, fixing 0 < x < 1/1 (so sl <m whenever s < xkm), for [ > 3, the probability
that a random hypergraph from the ensemble §;(n, m) has a stopping set of size at
most mk is bounded above by

mk |1s/2] 0o
E[Z > NW)} < em' 23 s1(ek! P < dgim' 2,

s=1 r=1 s=1

provided ¢«!/?>~1 <1/2. O

5. Auxiliary processes and proof of Proposition 2.1. In this section we pro-
vide relations between two auxiliary inhomogeneous Zz—valuAed Markov processes
whose distributions are denoted, respectively, as P, ,(-) and P, ,(-). In both cases,
we denote the process as {Z(t) = (z1(t), z2(1)), 0 < T < n}, and use for both the
same initial condition
h(z,0)

mhl

Py, p(Z(0) =2) =Py, (2(0) = 2) =Py, (0.m)((G) =73) =

’
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ifze Zﬁ_ is such that z; +2z2 <nl,and P, ,(Z(0) =2) = @n,p(Z(O) =7) =0 oth-
erwise. Here Pg, (4,m) (+) 1s the uniform distribution on the graph ensemble §;(n, m)
and m = |np].

Turning to specify the transition kernels, recall the triangles Ky = {X €
RZ :x; +2x <I(1 —6)},0 €[0,1), and set

WT+(A2|Z), ifz; >1, n_lz € ‘K‘[/I’l’

W (AZ]2) =1 = R )
«(A2]2) Wr/n(Azln_lz), otherwise,

for Wj (+]-) of (3.2) and the simpler kernel W@(-l-) of (4.26). The transition prob-
abilities are then

(5.1) Py ,(Z(r +1) =7+ AZ|Z(x) =2) = Wi (AZ[2),
(5.2) Po,p(Z(r + 1) =7+ AZIZ(r) =7) = Wy (AZIn7'2),

fort =0,1,...,n — 1. While the Markov process of Lemma 3.1 describing the
evolution under the decimation algorithm has n_lz(r) € K¢/n, this is not nec-
essarily the case for the two auxiliary processes we consider here. Nevertheless,
the Markov process of Lemma 3.1 coincides with the one associated with PP, ,(-)
up to the first time 7 at which z;(r) = 0, that is, when the decimation algorithm
terminates at the core of the hypergraph.

We next provide a coupling that keeps the process of distribution IP,, ,(-) “very
close” to its “approximation” by the process of distribution @n, o(-) as long as the
former belongs to @ (n) for some n > 0. We shall see in Corollary 5.4 that up to
an exponentially small probability (as n — 00), this is indeed the case for 7 <
(1 — &)n, allowing us to focus on the properties of the simpler distribution @n, p ().

LEMMA 5.1. There exist finite C, = Cy(l, &) and positive A, = L (l, ), and

a coupling between {Z(t)}an,p(-) and {Z/(t)}gf@n,p(-), such that for any n,
pele 1/elandr >0,

(5.3) ]P’{ sup |1Z2(z) = 7' (0| > r} < Che M,

T<T4

where T, < n denotes the first time such that (Z(ty), Ts) ¢ Q(&).

PROOF. To construct the coupling between the two processes, start with
Z/(0) = Z(0), which is possible since z(0) and 7'(0) are identically distributed.
Then, fort =0,1,...,n— 1, withzZ(r) =z and 7' (r) =7, setZ(t + 1) =7 + AZ
and 7'(t + 1) =7’ + AZ/, where the joint distribution (coupling) of (AZ, A7) is
chosen such that

(5.4) P(AZ # AZ'1Z,2) = |We (12) — Weyn CIn ') 11y
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Clearly, it suffices to show that A, (Ay) < C, for some A, > 0 and C, < oo that
depend only on / and ¢, where
Z(ty= sup [Z0)—Z @I,  AQ)=E[e*7],
O<TAT4
for t ={0,...,n} and A > 0. To this end, note first that by our definition of

W (-|Z), we have from Lemma 4.5 that for some finite ¢ = ¢(l, ¢), any (Z,7) €
A(¢g), and all n,

N

(5.5) IWe(-12) = Wepn (I 12)|ITy < —

S

[since the kernels W (-|Z) and I//V\r /n(-|n_12) are nonzero for at most 2/2 points].
Further, with ||AZ|| <2/ and ||AZ'|| < 2I, we have that for any 0 <A < 1/(4]) (so
e  <148I%),0 =0,1,...,n — 1 and realizations of the two processes,

M OHD <1+ 8IMAz(0) 207 (0,0 <0} J 2.

As 1, is a stopping time and our coupling satisfies (5.4), upon considering the
expectation of the preceding inequality we get that

AO‘-‘rl()\') < Aa ()\)
(5.6) - e 1=/ AZ
+ 8IAE{[| W, (-12(0)) = Wo/n (1n 12 (0) vy <7, "%},

Recall that as long as (Z(0), o) € @(¢), by (5.5) and Lemma 4.6

~

= 5774 -1z L . =/
B7) We(12(0)) = Wosn(ln~'Z @)ty < 2 + ;Ilz(a) —z (o)l

Since [|Z(0) — 7' (0) Iy <z, < Z(0), combining the bounds of (5.6) and (5.7), we
deduce that

Apt1(M) < [1+81En "AE[(1 +n~'8ILAZ (0))e*? (@)}
(5.8)
<[1+8IEn "AlAs (A (1 +8ILn~Y)).

Since Ag(A) =1, taking A = A, = exp(—8[L)/(4l) < 1/(4l), and applying the
inequality (5.8) for the monotone increasing sequence {As, o > 0} with Lo = A,
and Ay 11 = Ao (1+8/Ln~1), such that A, = A, (1+8IL/n)" < 1/(4l), we get that

n—1 n—1
ApO) < [T +81En""00) < exp{SZEn_l > Ag} < exp{8ICh,} < exp{2¢},

o=0 o=0

completing the proof of the lemma. [J

We turn to establish some of the asymptotic (in n — 00) properties of our ap-
proximating processes [of distribution P, ,(-)].
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LEMMA 5.2. For any | > 3 and ¢ > 0 there exist positive, finite constants
n <e,and Cy, Cy, Co, C3, such that, foranyn, p € [e, 1/e]and T € {0, ..., [n(1 —
&)1},

(a) Z(7) is exponentially concentrated around its mean

(5.9) Py pllZ() —EZ(0) ]| = 7} < 4"/ C0n,
(b) Z(1) is close to the solution of the ODE (2.5),

(5.10) E|Z(r) — ny(z/m)|| < C1y/nlogn.
(¢) (Z(7), 1) € Q(n) with high probability; more precisely,

(5.11) Puo{(G(1), T) & Q) < Coe™ "

PROOF. (a) For r =0, upon taking Cp large enough, this is an immediate con-
sequence of (4.19). Turning to the general case, applying the Azuma—Hoeffding
inequality for Doob’s martingale

Z(0) =E[Z(1)|2(0), ..., Z(0)], oef0,..., 1},

we see that for some cg = co(¢) finite, any n, r >0, t =1,...,n(1 — ¢) and
p € le, 1/¢],
(5.12) P {1Z(1) — EZ(D)IZ(0)]]| = r} < dexp(—r?/(2c30)),

provided esssup||Z (o) — Z(o — 1)|| <o forall 1 <o < t. To this end, with Z(-)
a Markov process, we have the bound

esssup||Z(o) — Z(o — 1)
(5.13) o o
< sup |E[Z(D)Z(0) =ZP] - E[Z(0)IZ(0) =2?]|.

2D Z)

where the preceding supremum is over all z), Z® such that some trajectories
{Z(0)...Z2(c — 1),Z(0) =2V} and {Z(0)...Z(c — 1),Z(c) = Z?} are both of
positive probability. In particular, ||z — Z®| < 4I. Fixing such z(" and z®,
let Z(V(v) and Z® (v) denote the realizations of two Markov processes of same
transition kernels Wy (-|-), starting at Z0(0) =z and 7@ () = 7@, respec-
tively, where for v =0, ..., T — 1 the joint distribution (coupling) of AZ(V (v) =
W+ 1) —zD®w)and AZP0W) =z2@ W+ 1) — 2P (v) is chosen such that

P(AZD ) £ AZP )2V ), 2P )
= |Wo/n(In 7' 2P W) = Wosu (10722 ) |y -

With A(v) = E||ZM (v) — 20 (v) ], the right-hand side of (5.13) is upper-bounded
by the supremum of A(t) over all possible pairs of initial conditions such that
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A(o) = |2V = Z@|| < 4/. Further, due to the Markov property of Z and the pre-
ceding coupling, for ¢ < v < 7 we have by (4.33) that
AW +1) <E[ZV0) = 2P| + E{E[| A7V ) = AZP0) | FV ), 72 )]}

< AW) +AE[[Woyn(-1n~ 12V @) = Wy (11 2P 0)) 1y}

< <1+417L>A(v).

With 7 < n, it thus follows that A(t) <exp(4lL)A(c) < 4lexp(4lL) =: cp, as
claimed.

Further, the preceding argument shows that ¥ (Z) = E[Z(7)|Z(0) = Z] is a uni-
formly Lipschitz continuous function of Z, of Lipschitz constant ||y || = exp(4/L)
that is independent of 7, n and p. Hence, from (4.19) we have that

P(ly G(0)) — Y EZO) | = r¥ I} < P{IZO) — EZO)]| = r} < e /<",

Integrating this over » > 0, we have that ||Ey (Z(0)) — ¥ (EZ(0))|| < c4/n for some
finite constant ¢ depending only on ¢ and /, yielding that

By IEE@EO)] — BRI > 7)

for some C| and ¢, which depend only on ¢ and /, which, together with (5.12),
concludes the proof of (5.9).
(b) Since ||Z(t)|| < 2nl, choosing r = \/Conlogn in (5.9) we find that

(5.14) E|Z(t) — EZ(7)|| < c1y/nlogn,

for some finite ¢| (). Denote by A, (7) = |EZ(r) — ny(r/n)| the error made
in replacing the expectation of the process z(t) of distribution P, ,(-) with the
(rescaled) solution of the ODE. Then, fixing t < n(1 — ¢), we have by the Markov
property of Z(-) that
Ap(t+1)

= |EZ(v) — ny(r/n) + E{E[AZ(D)|Z(D)]} — n[y(z/n + 1/n) — y(r/m]]l.

Recall that for0 <1 — ¢,
dy

—= =F(7,0) =Y Wo(AZ|)AZ,
do A7

so by the triangle inequality we get that

Ap(+1) < Ap(t)+ ‘

E{Z[Wf/n(mnlz(r)) — Wf/n(AanlEZ(r))]Az}
AZ
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+ HE{Z[’WIM(Aan—IEzu)) — Wf/nmai(r/n)mz}
AZ

+n

t/n+1/n . -
ff [F(50).0) — FG(x/n).7/n)]d6 ”

/n

= Ap(T) +850(1) + 85 (1) + 85 (7).
Recall as in (4.11) that 5,(,,2)(1) < C.n~'. Since ||AZ|| <4l, we have by (4.33) that

85, (1) < ME|Wey (AZ[n ' BZ(1)) — We/n(AZIF(t/m)) Ty
41L - 4L
< —|Ez(r) —ny(z/n)|| = —An (7).
n n

Similarly, by (4.33) and (5.14), for some ¢, = c3(¢) finite,

alrL . R logn
8)(r) < —~EIZ(1) ~EZ(n)l| < 3 f ,

so putting these estimates together, we obtain the inequality

41L logn
Am(f+1)§<1+7>Am(T)+C3 P

Further, recall (4.18) of Lemma 4.4 that A, (0) is bounded in n and m = |pn|,
provided p € [g, 1/¢]. Thus, we easily get (5.10) upon applying the preceding re-
cursion fort =0, ...,n — 1.

(c) In the course of proving part (a) of Proposition 4.2 we have seen that there
exists n =n(e,l) > O such thatif p € [¢,1/e]and 6 < (1 — &), then y1(0) > —] +
2n, y2(0) = 2n and (1 — 6)! —max(y1(8), 0) —2y>(6) > 2n. Consequently, taking
n<e,forsuch pandt €{0,..., [n(1—2¢)]},if ||Z(r) — ny(r/n)| <nn/3, then
clearly (z(t), ) € @(n). We thus get (5.11) upon considering (5.9) and (5.10) for
r =nn/6 and n such that C;/nlogn <nn/6. O

The first consequence of Lemma 5.2 is the existence of “critical time window.”
That is, for p near p. a typical trajectory {Z(7); 0 < T < (1 —&)n} does not traverse
the z; = 0 plane if 7 is not near nf..

COROLLARY 5.3. Fixing B € (3/4,1), B/ <2B — 1 and ¢ > 0, let I, =
[0, n6; — nP1 U [n6: + nﬂ,n(l — &)]. Then, for some Cy finite, n positive, all n
and |p — pc| <nf 1,

@n,p{?ﬁlﬂm(f) < nﬁ/} < Cge ™.

n
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PROOF. From part (d) of Proposition 4.2, we have that ny;(t/n, pc) > cn?f—1

for some ¢ > 0, all n and t € I,,. Since p — y(, p) is Lipschitz continuous [by
Proposition 4.2, part (a)], there exists a finite constant ¢’ such that ||y(@, p) —
¥, po)ll < nf' ! forany 6 €[0,1 — el and |p — pe| <nf L.

By part (b) of Lemma 5.2, we thus get that for 8/ <28 — 1, 8 > 3/4, some
positive C = C(B, B') and all n large enough, if T € I,, and |p — pc| < nP'=1 then

Ezi(t) > nyi(z/n, p) — Ci\/nlogn

> nyi(t/n, pe) —'nf — Ciy/nlogn >2Cn*f~1,
Applying now Lemma 5.2, part (a), we see that for any n < (48 — 3)/2, some
C’'=C’'(B, B/, n) finite and all n large enough

21

By plzi(r) <} <B, {I2(0) = EZ(0)| = Cn®~ly < C'e™,

whenever T € I,, and |p — pc| < nf =1 To conclude, recall that there are at most n
integers t € [,,. [

The second consequence of Lemma 5.2 is that with high probability also the
process {Z(t)} of distribution Py, 0 (-) belongs to the set @(n) as long as 7/n is
bounded away from 1.

COROLLARY 5.4. For any € > 0, there exists n > 0 and positive, finite con-
stants Cs, Cg such that if p € (e, 1/¢€], then

(5.15) Py p{Z(2), 1) €Q@MYVO<T<n(l—e)}>1-— Cse=Con,

PROOF. From part (c) of Lemma 5.2 we have that for some n’ € (0, €), positive
and finite ¢5 and cg,

(5.16) P, {G1).1)e@n)V0<t <n(l—¢)}>1—cse "

Applying the coupling of Lemma 5.1 with n = /4 for the value of ¢ in the state-
ment of this lemma, we also have that

(5.17) IP’{ sup 12(r) —Z' (D) > nn} <c7e” ",
‘L’f‘[f
where 7 < n denotes the first time such that (zZ(t), T) ¢ Q(n). Further, if T r=
n(l —¢) and sup, Z(t) — Z/(7)|| < nn, then necessarily (Z'(1), 1) ¢ Q(4n) =
Q') for t =ty < n(l — ¢), an event whose probability is at most cse~" [by
(5.16)]. Combining the latter bound with (5.17) we find that
Py pflty =n(l—e)} < cse” " 4 c7e” ",

yielding (5.15) for C5 = ¢5 + ¢7 and Cg = min(cg, cg), both finite and positive.
O
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PROOF OF PROPOSITION 2.1. For {Z(t);t > 0} distributed according to
Py, (+) let 744 denote the first time at which z;(7) < 0. Since by construction (and
using Lemma 3.1), the sequence {z1(7); 0 < 7 < 1} is distributed as the number
of c-nodes of the graphs G () having degree 1 under the decimation algorithm, we
see that Pj(n, p) =P, p{Tex <n — 1}.

Further, the core of the initial graph G (0) includes at most n — 1., vertices.
Consequently, by Lemma 4.7 (cf. Remark 4.8), we can choose D < oo and 0 <
k <1 — 6. such that

Py p{Tex < (1 —K)} < Py(n, p) <Py p{Tss <n(1 — 1)} + 165,

for |p — pc| < nf' =1 and Sy = Dn_l/z(logn)Z.

By Corollary 5.4, there exist 0 < n < ¢ < « and finite, positive Cs, Cg, such that
{Z(1),0 <t <n(l — &)} C @(n) with probability at least 1 — Cse=C6" for all n.
Hence, we have that

Pn,p{ min m<r>50}st(n,p)sPn,p{Omin Zl(T)SO}-I-Cse_C“"%—%(Sn,

0<t=<74 <T=<Tx

for
. =n(l —«) Amin{t: (Z(1), 1) ¢ Q(n)}.

By Lemma 5.1, there exist A > 0, and a coupling of the process {Z(1)} with
a process {Z'(t)} of distribution P, o(+), such that, with probability larger than
1 —1/2n, up to time 7, the distance between these two processes is at most &, =
Alogn. Therefore, enlarging D if necessary, we have that

1 11
P{ min Z’l(f)f—sn}—;sz(n,p)slP’{omin Z/l(f)fgn}‘f’;-i-—(sn.

0<t<74 <T<T4 4

—Cen

We have seen that 7, < n(1 — ) with probability of at most Cse . Hence,

enlarging D once more, we find that

@n,p{ min  z1(7) < —en} — 38, < Pi(n, p)

0<t<n(l—«)

<P, | _min_ @<=+l
With 6, < (1 —«), the set [0, n(1 —«)] is the disjoint union of J,, as in the statement
of the proposition and a set of the form I,, of Corollary 5.3. Thus, bounding the
probability of the event min;¢;, z1(t) < &, via the latter corollary yields the thesis
of the proposition [enlarging D as needed for absorbing the term Csexp(—n")
into §,]. O

Let @n, p(+) denote the law of the R2-valued Markov chain {Z'(1)} of (2.12),
where 7’(0) has the uniform distribution Pg,u,m)(-) on the graph ensemble
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G1(n,m) for m = |np], and
Po @+ 1) =2 @) + A+ A, (077 () = 5(x/n)F(x) =7
= We/n(Acl3(T/n)).

We conclude this section by providing a coupling that keeps the process 7))}
“sufficiently close” to {Z(-)} of distribution P, ,(-) throughout the time interval J,,
of interest to us.

PROPOSITION 5.5.  Fixing B € 3/4,1)and B’ <2B —1,forany s > B —1/2
there exist finite constants o, ¢ and a coupling of the processes {z(\)} of distribution
Py, (-) and {Z'(-)} of distribution Py, p(+) such that for all n and |p — pc| < nf -1,

(5.18) IP{sup 1Z() = Z/ ()|l ch‘s} <2
4n

Tel,

The key to Proposition 5.5 is the following elementary martingale concentration
property.

LEMMA 5.6. Consider an R¢-valued discrete-time martingale (Z, F5) with
Zo=0and Ug = Zs1| — Zg such that for some finite I" and a stopping time t, for
Fs

E[|Us?e*% | £] < TE[* | £] < 00

(5.19)
whenever s < Ty, ||| < 1.

Then, for any 0 < a < tTA/d,

a2
Pl Zming,z) | = a} = 2d exp{—ﬁ }

PROOF. Recall that for real-valued variable V, if E[V] = 0 and
E[Vzexp(uV)] < kE[exp(uV)] < oo for all u € [0, 1], then El[exp(V)] <
exp(x/2) (bound the value of ¢ (1) for ¢(u) = logE[exp(uV)] using ¢ (0) =
¢'(0) =0 and ¢”(u) < k). In the special case of d = 1 and 7, = 0o, we have
from (5.19) that the preceding assumptions hold for k = 'A%, ||A|| < 1 and V
having the law of AU; conditional on ;. Consequently, then E[exp(AU;)|Fs] <
exp(sz/Z), implying that E[M;] < E[My] = 1 for the supermartingale M; =
exp(AZs — szs/2). Considering a € [0,¢I') and A = a/(I't), we thus deduce
that P{Z, > a} < exp{—az/(ZFt)} in case Z; is a real-valued martingale for ¥
and (5.19) holds for all s < co. The stated bound for R?-valued martingale Z;
of coordinates Z;; follows upon noting that the event {||Z;|| > a} is contained
in the union of the events {uZ; ; > a/\/g} foru=-—1,1andi=1,...,d, with
uZs, ; real-valued martingales. Finally, we get the thesis in the general case, where
P(t4 < 00) > 0, upon considering the (stopped) martingale Zpnincs,z,). U
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PROOF OF PROPOSITION 5.5.  We couple the processes {Z'(-)} iﬁn, p(+), and

{E(t)}g@n,p(-) in a joint Markov process, by letting z'(0) = Z(0) and for 7 =
0,1,2,...,n—1,

P(AZ() # Ar|Fr) = [ Weyn(In71Z2(2) = Wepn (15 (/n) v,

where AZ(t) = Z(t + 1) — Z(r) and F; denotes the o-algebra generated by
{2(0),7'(0), 0 <7}

Fixing ¢ < (1 — 6.)/2, let T, < n denote the first value of 7 such that ||Z(t) —
ny(t/n)|| > K+/nlogn, with a finite K = K (&) such that by parts (a) and (b) of
Lemma 5.2, for any n and p € [¢, 1/¢],

Py p{te<n(l—e)}<n'.
Fix B € (3/4,1), B/ and § > B — 1/2. With at most n values for t in J, we thus
obtain (5.18) once we show that some ¢ < 00, all n large enough

(5.20) sup P{t < 1, |7/ (x) = Z(0)|| = en’} <n 2.

ted,
To this end, consider Doob’s decomposition of the adapted process Ns =
(IB%‘(V)_I)*l(Z’(s) — Z(s)) as the sum of an F-martingale {Z}, null at zero, and
the predictable sequence

T T
Vep1 =) AVy =) E[Nsp1 — Ny | F].
s=0 s=0

It follows from our coupling that AV, = (IE%‘(V)_I)f1 I_é(nflz(s), y(s/n), s/n), where
R(',%,0)=F(%,0) +Ig_6, AR, 0)[X' —X] — F(¥',0)

(with 6, = 1,/n = |n6. — n?|/n), and that for A=A, — AZ(@),

(5.21) Ur=Zis — Zo= By )~ H{A] —EIATIF]).

Since Agp (X, 0) = 0y, F4(X, 0) with F(%,0) having Lipschitz continuous deriv-
atives on g (¢), it follows that IRG,X,0)| < coll¥" — %||? for some co = co(e)
finite, provideg 0 < 6, and both (x, ) arld (X', 0) are in g4 (¢). By the Lipschitz
continuity of F (X, #) we also have that | R(X', X, 0)|| < col|x’ — X|| in case 6 > 6,,,
as soon as (X, 0) and (¥, 0) are in (). _

Recall Lemma 4.3 that for some finite no and ¥ we have that || (B6_1 ) <«
for all =, p € [¢,1/€] and n > ng. In the course of proving part (a) of Proposi-
tion 4.2 we have seen that the distance of (y(0, p), ) from the complement of
¢ (¢) is bounded away from zero, uniformly in 8 < 1 — 2¢ and p € [e, 1/¢]. Fur-
ther, y1(0, p) > k'n*®=D for some «’ > 0, all n, |p — pe| < nf =1 and 6 <6,
(cf. proof of Corollary 5.3). Consequently, for some finite n; = n1(K, €) and all
n > ni, the event {s < 7.} implies that both (n~'7(s), s/n) and (y(s/n), s/n) are
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in g(¢) when s < nf. + nf, and in case s < 1, they are also in 7, (¢). We deduce
that if n > ny and {s < 7.}, then

IAVs < collBS™ DMl ™1Z(s) — F(s/m)I|* < cok K*n~ logn,

when s < 1,, whereas |AV;] < cochn_l/z(logn)l/2 for s € J,. Hence, for
some finite c; and all n > ny, the event {r < 7.} implies for v € J, that
1Vell < cinP~1/2(logn)!/2. Fixing n € (1/4, B — 1/2), since ||Z'(r) — Z(D)|| <
||IB%T 1||[||V I+ 1Z: |1 and ||IB%r 1|| are bounded uniformly in n, T and p, we thus
get (5.20) by considering Lemma 5.6 at t € J,, and a = n", provided we show that
for some ¢, finite, the martingale differences U; of (5.21) satisfy the inequality
(5.19) with T = con~Y?(logn)'/? (as indeed n" < 1,T'v/d for all n large enough
and n?"/2dT'n — o0). To this end, note first that by the total variation bound of
Lemma 4.6 and the definition of , for t < 7, our coupling of (Z, ") results with

P(AF #0|F) < Llln~'2(t) = 3(t/m)| < LKn~(logn)'? = u,
Further, the bounded support of Wg(-|)?) implies that ||A¥|| <4/, so for t < 7, also
IE[AF|F: ]Il < 4IP(AT # 0] F;) < 4l min(up, 1).

From the preceding estimates we deduce that U, of (5.21) is such that ||U;|| <8I«
and when ¢ < 14, also

P(I1U: I > 41k min(up,, D|F7) < P(A] #01F) < up.

These two facts easily imply that if ||| <1 and ¢ < 7, then the inequality (5.19)
holds for I' = 2(81x)%e'%*u,, which as we have already seen, completes the proof
of the proposition. [

6. Gaussian approximation and proof of Proposition 2.2. This section is
devoted to the proof of Proposition 2.2. Specifically, building on Proposition 5.5,
in Section 6.1 we approximate the Markov process {zZ(t)} of distribution ﬁI\Dn, o ()
by a Brownian motion with a quadratic shift, when t is within the window J,
around the critical time. Then, in Section 6.2 we show how the one-sided Brownian
motion with quadratic shift can be replaced by a two-sided motion, once its initial
condition is appropriately mapped to the distribution of the two-sided motion at
the critical time. Finally, in Section 6.3 we show that this distribution [which a
priori depends on the law of Z(0)] is also well approximated by a Gaussian law
and complete the proof of Proposition 2.2.

6.1. Local approximation by a Brownian motion with quadratic shift. Our
goal here is to approximate the probabilities of interest to us in terms of the mini-
mal value of the Brownian motion with quadratic shift

6.1) X,(0)=n'P[X(n7? @ —0.5-nb)) — X(n"*3(z, — 0.5 — nbo))],
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within J,, = [n6, — n?, n6. + n?], for the process {X (¢)} of Proposition 2.2. As
stated in the following lemma, while doing this we also approximate the law of
z1(z,) by that of the sum of u, - [Z(0) — ny(0)], where u,, denotes the first row of

Y ) . .
IBBS” , and an independent normal random variable of mean nyj (z,) and variance

n[(Qq)11 — 4, Q(0, p)iiy].

LEMMA 6.1. Fixing B € (3/4,1) and A >0, set B’ <2B — 1, &, = Alogn
as in Proposition 2.1 and Y, = inf;c;, X, (t) for X,(:) of (6.1). Then, for any 6 >
36—-2, {here exist positive, finite constants « and C such that for any n and |p —
pCl 5 nﬁ _1’

P{EF + & + Y, < —Cn®) —

SR

fﬁn,p{minzl(t) < :I:sn}

Ted,
* ) o

where &, = Uiy, - [2(0) — ny(0)], the normal random variable & of mean nyi(t,)
and variance n[(Q,)11 — L_ile(O, Py, and X, (), are mutually independent.

PROOF. The strategy we follow is to progressively simplify the process {z()}
of distribution PP, ,(-) until obtain the stated bounds of the lemma, where each
simplification is justified by a coupling argument. The first and most important step
of this program has already been done in Proposition 5.5. Since the chain {z'(-)}
of law P, o (-) has independent increments for T > 7,,, we can apply Sakhanenko’s
refinement of the Hungarian construction, to [22, 32] for the uniformly bounded
(by 41) independent increments & = zj (v, + i) — 2| (t, +i — 1). We then deduce
the existence of a real-valued Gaussian process by, (t), independent of z/l (tn), such
that b, (z,,) = 0; its independent increments Ab,(t) = b,(t + 1) — b,(t) have
mean and variance

EAb, (1) = F1(¥(t/n, p), T/n), Var Ab, (1) = G11(Y(z/n, p), T/n)

[matching the corresponding moments of z/ (t + 1) — z{ ()], such that for some
finite cg, o and all n, p,

£l=

6.2) P sup I24(0) = £ (5) — by (0)] = cologn | <
ted,
(the latter follows by Chebyshev’s inequality from [32]; see, e.g., [34], Theo-
rem A).
Considering the representation (2.14) for 7'(t,) we see that z/l () — &, is the

sum of the uniformly bounded real-valued independent variables (@;”;11 Ag)1,0 =
0, ..., 1, — 1 plus a nonrandom constant. Hence, similarly to the derivation of (6.2)
we obtain that for some finite cg, o and all n, p,

(6.3) P{|Z} (ta) — &, — £¥| > cologn} < 4ﬁ
n
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where £ is a normal random variable, independent of &, and b, (-), whose mean
and variance match those of z/l (74) — &y Itis not hard to verify that the latter mean
and variance are indeed ny} (z,) and n[(Qy,)11 — i, Q(0, p)ii,], as stated.

We clearly have the representation

-1 T—1

by(r)= Y EAb,(0)+ B( > Var Abn(a)>,
o=T, 0=Ty

for a standard Brownian motion B(-). Further, the real-valued Gaussian process

{X,(),t > 1,} of (6.1) admits the representation

_ pt=05 -
X, () = F/ 05((j/n —6.)do + B(G(t — 1)),
7, —0.
for the same standard Brownian motion B(-), where G=G 11 and F= %, both
evaluated at @ = 6. and y = y(6., pc) [so F is as defined in (2.7)]. Combining
(5.18), (6.2) and (6.3) we establish the thesis of the lemma upon showing that the
preceding coupling of b, (-) and X,,(-) is such that for some «, ¢ finite and all n,

6.4) P sup 6 (1)) — X, (0] = 3ern? | =
tedy, 4n

The sup in (6.4) is taken over all real-valued t € J,, = [n6. — nP, né. + nPl, while
in the sequel we use t € J,, to denote an integer in the same interval. _

With {X,(t +¢t) — X, (z):t € [0,1]} having the same law as {B(Gt) +
an,(t):t € [0, 1]} for nonrandom a, . (t) which are bounded uniformly in ¢ €
[0, 1], n and T € J,,, we obviously get (6.4) upon showing that
(6.5) sup P{|b, (1) — X,(v)] = 2c1n°} <n 2.

Ted,

Inequality (6.5) is a direct consequence of having a finite x such that, for
AX, (1) = Xu(t + 1) — Xu (1),

e1(t) = | Var Ab, (t) — Var AX,,(7)| = |G 11 (3 (t/n, p), t/n) — G| <knP~,
ex(t) = [EAb, (7) — EAX, ()]
= |F1(;(T/I’l, p)’ 'L'/}’l) - ('L'/}’l — Qc)ﬁl < an(ﬂ_l),

forall T € J, and |p — pe| <nf ! Indeed, since § > B+2(8 — 1) > 1 — B and
the interval J, is of length 2(n‘31, taking c; large enough so cn® > /cnz(ﬂ_l)lJnl
for all n, the stated bound on e, (-) guarantees that |Eb, (1) — EX, ()| < c¢in® for
all T € J,, whereas the corresponding bound on e (-) guarantees that Var(b,(t) —
X, () <cn’n'=#, leading (by standard Gaussian tail estimates) to (6.5).
Turning to bound e1(t) and ez (7), recall that T € J,, and |p — pc| < nP' =1 im-
ply that (z/n, p) € [0, 1 —¢) x [, 1/¢], so |y(z/n, p) — y(t/n, pc)| < Cilp —
pc| for some constant C; = Cj(¢) by the Lipschitz continuity of o +— (0, p)
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[see part (a) of Proposition 4.2]. Further, then (y(t/n, p),t/n) € g(¢), so by
Lemma 4.1 we have the Lipschitz continuity of p — Fy(y(t/n, p),t/n) and
o+ G11(y(t/n, p), t/n). That is, for some constant C; = C(¢) and all such
Ta /0, n7

(6.6) e1(t) <|G11(F(t/n, pe), T/n) — G11(F (B, pe), 8| + Calp — pel,
(6.7) ex(t) <|Fi(t/n) — (t/n—6)F| + Calp — pel,

where F) 1(0) = F1(¥(9, pc), 0). Similarly, the Lipschitz continuity of 8 — (8, o)
on [0, 1 — &) [from part (a) of Proposition 4.2] together with that of (X,6) —
G11(x,0) on g(e) (by Lemma 4.1) result in

1G11(3(t/n, pe), T/n) — G11(F (e, pe), 0| < C3lt/n — 6| < C3nP ™1,

for some C3 = C3(¢) and all T € J,,. Thus, with 8/ — 1 < 2(B8 — 1), we get from
(6.6) that e;(t) < «nP~! for all T € J, and |p — p¢| < nﬂ/*l, as stated. As for
bounding e, (1), recall that @ — y(8, p) is infinitely continuously differentiable
on [0, 1 — &] [cf. parts (b) and (d) of Proposition 4.2]. Further, as (¥(8, p¢), 0) €
g+ (&) forall 6 € [0, 1 — €] [by (a) and (d) of Proposition 4.2], from Lemma 4.1 we
have that F 1(+) is differentiable on [0, 1 — e] with a Lipschitz continuous derivative.
Recall that dy;/df =0 at 8 = 6. and p = p. [see part (d) of Proposition 4.2].
Hence, F(6;) = 0 [in view of the ODE (2.5)], and with F = F|(6.) we deduce
that for some C4 = C4(e) and all 0 € [0, 1 — ¢],

|F1(0) — (0 — 0.)F| < C410 — 6, |%.

Combining (6.7) with the latter bound (for 6 = t/n and 7 € J,, so |6 — 6| <
nP=1), we conclude that e5(7) < kn®#=Y for all T € J, and |p — pc| <nf !, as
stated. [

6.2. Brownian computations. We show in the sequel that for large s and u the
distribution of

Veu= inf X(@)— X(—s)
te[—s,u]

is well approximated by that of V, — X (—s) for V, = inf;cr X (¢) and {)~( (1)} an
independent copy of {X (¢)}. More precisely, we prove:

LEMMA 6.2. With the preceding definitions, for 0 < ¢ <4(1 —¥)/3 — 1, all
s, u large enough and any nonrandom v,
P(Vi— X(—s) = v+2s V) —5¢7" <P(V,, >v)
<P{V,— X(—s)>v—25V} +5¢ "0
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PROOF. Conditioning upon the value of X (—s) we have on account of the
independence of {X (—¢):¢ > 0} and {X () : ¢ > 0} that
P{Vsu = v} =E[ps (v + X (=9), X(=9))g-u0(v + X (=5))],

where for s > 6 > 0 and any a, b,

pola,b) = P{_ inf_ X(1)2 a|X(~5) = b},

g-o@=P| it X()zal.

Recall that the law of {X (¢) : —s <t < 0} conditional upon {X (—s) = b} is merely
the law of {X} s(1) = X (t) — £(b — X (—s)) : —s <t < 0}. Thus, in particular,
6.8)  P(Veu=v}=E[p") (v + X (=5), X(—5))g-u.0(v + X (=5))],

where
P _4(a,b)= { inf Xb,c(t)za}.
—s<t<—0
Similarly,

(6.9) P(V, — X (—s) > v} = E[g—oo.0(v + X (—5))*].

lemgO <@ <4(1—y)/3—1,choose (p+1)/2 <k <2(1—)/3. Then, setting
=l—¢—kandf=s"(sos ¥ = —s") it follows that if |b — 1Fs2| <", then
for all s large enough

IP’{ sup IXb,s(t)—X(t)lz2s1’f}
—0<t<0

(6.10) i

§]P’{|X(—s)—%ﬁs2|2s"}§e
Consequently, for any value of a,
6.11) g-pola+2s"") = e < p¥ o(a.b) <q-pola—2s)+ e

Relying upon these bounds we next show that if |b — %F 52| < s*, then for s large
enough and all a,

(6.12)  g_wo0fa +257 V) =37 < p(s) 0@, b) <q-ocoola—2s" ¥y 4375,
Indeed, with X b s(0) = X(0) = 0, clearly (6.12) holds for a > 0 [as then
d—c00(a) = _S O(a b) = 0]. Next recall that for c > s > 6 > 0 and any a, b,

P oa. by —[1=pY) _y(a.b)]
<) o(a.b) < p¥) o(a.b),
(6.14) d—0,0(a) < q-9.0(a) < g—c00(@)+[1 —g—co,—s(a)l.

(6.13)
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Combining these with the monotonicity in a of the functions p(© and ¢, we thus
get (6.12) also for a < 0 out of (6.11) as soon as we show that for 6 = s and all
large s

(6.15) 1 — o9 (25%) = ]P’{ inf X (1) < 2sK} <™,
t<—
(6.16) 1—p¥) _,0,b) = IP{ inf  Xp(t) < 0} <2¢7.
’ —s<t<—0

Now, since 2p > k > ¢, it follows by standard Gaussian tail estimates that for
0 = s” and s large

IP’{ inf X (1) <2sK}
t<—0

< i [P{\/EW(‘L’) < —grz}

=16

+P{\Féoirzl£l[W(r 11— W) < —grz}]

OO ~. ~
<3 Z e—F2r2/(72G) se“‘(ﬂ,
t=|0]

thus establishing (6.15). Further, as | X}, (f) — X ()| < | X (—s) — §s2| +1b— §s2|,
we deduce from (6.10) that if [b — 1 Fs?| < s, then

]P’{ sup [Xp (1) — X ()| > 2s“} <e™,

—5<t<0

which together with (6.15) implies the bound (6.16). N N
We now apply in (6.8) standard Gaussian tail estimates for | X (—s) — %F s3] >

s*, and the bounds of (6.12) otherwise. With the [0, 1]-valued p') (a,b) and
g—s.0(a) monotone in s and a, this results in

_g¥

E[g—co.0(v + X (—s) + 2s7'/’)2] —4e

(6.17) <P{Vyu > v}
<E[g-co.0(v + X(=5) —25"")g_u.0(v + X (—s) — 257V)] + 4",
Finally, if a > 0, then g_, o(a) = g—0,0(a) = 0, whereas for a <0, taking 6 = u
in (6.14) we find by (6.15) and the monotonicity of g_so,—,(a) that g_, o(a) <

g—oc0,0(a) + exp(—u?) for u large. Combining this upper bound on g_, ¢ with
(6.9) and (6.17) provides the thesis of the lemma. [J
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Since Y, of Lemma 6.1 has the same law as n!/3 Vsufors =s(n) = n=23nb.+
0.5—1,]and u = u(n) = n=%3[nP —0.5], we have the following immediate corol-
lary of Lemmas 6.1 and 6.2.

COROLLARY 6.3. Fixing p € (3/4,1) and A > 0, set J, = [n6; — nf nb. +
nP1 and B <2B —1, &, = Alogn as in Proposition 2.1. Let {)Nf(t)} denote an
i.i.d. copy of the process {X (t)} of Proposition 2.2. Then, for any v < min(7/3 —
38, B/4 — 1/6), there exist c finite such that for all n and |p — pc| < nf'=

P{En +inf X (1) < —n”} _fc @n,p{mm z21(0) < :I:en}

n ted,
< IP{E,, —i—irtle(t) < n_”} + E,

where én =n"13(, +&5) — X( —nP=2/3) [and &, and £¥ of Lemma 6.1 are inde-
pendent of both {X (-)} and {X( )}H.

PRrROOF. Fixing v < min(7/3 —38,8/4—1/6),setd > 38 — 2 of Lemma 6.1
and ¥ € (0, 1/4) of Lemma 6.2 such that v < 1/3—§ and v < ¢ (8 —2/3). Condi-
tioning on the values of &, and £ we apply Lemma 6.2 for the values of s = s(n)
and u = u(n) indicated above, taking there v(n) =n~'/3[£Cn’® — &, — £*] for the
finite constant C of Lemma 6.1. With s(n) A u(n) > nf=2/3 —2 and B >2/3, the
error terms Sexp(—(s(n) A u(n))¥) are accommodated within ¢ /(2n) for some fi-
nite ¢ and all n. Further, enlarging c if needed, with |s(n) — nP=23| <2n=2/3 and
V< %(,8 —2/3) < 1/3, it is easy to see that for all n,

C
2n
Our choice of ¥ and § is such that Cn®=1B3 £ 2s(n)V < 1n v for all n > ny,

so adding to ¢ the constant o of Lemma 6.1 and making sure that ¢ > 2ng, upon
taking the expectation over &, and &, our thesis follows from the latter lemma. [J

IP{u?(—s(n)) _R(nf > ln—”} <

6.3. Proof of Proposition 2. 2 Fixing B € (3/4,1), r e R and B’ <28 — 1,
we have that |p,;, — pc| < nf' =1 for on = pe +rn~Y2 and all n large enough.
Further, taking 8 = 10/13 € (3/4, 1) which maximizes the bound vy = min(5/2 —
38,8/4) —1/6 on v in Corollary 6.3 leads to vg =5/26 — 1/6 > 0. Thus, fixing
A > 0, the statement (2.11) of the proposition is a consequence of Corollary 6.3,
once we show that for any 1/6 <n < v+ 1/6 <5/26 and all n large enough,

P{’g’n +infX (1) < :I:n_”} - P{nl/%(r) +inf X (1) < o” <n ",

where £(r) denotes a normal random variable of mean ( i 2Ly and variance Q1
(both evaluated at 6 = 6. and p = p.), independent of X (-). Conditioning on é‘n
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and &(r), by the independence of {X () : ¢ > 0} and {X (¢) : t < 0}, this is equivalent
to

(6.18) IElg(£n™" — £,)*]1 — Elg(—n'/®&(r))?]| <n7",

where g(a) = P(inf;<o X (t) > a). With qz(a) a [0, 1]-valued monotone nonin-
creasing function that approaches zero as a — 0o, we have that for any random
variables Y, Z and nonrandom v,

[Elq(vZ)*] — Elg(vY)*]] < sup|P(Z < x) — P(Y <x)|.

Applying this for v = —n!/6, Z = n~1/08, £ n=+1/6) and ¥ = £(r) of bounded
density, we deduce that (6.18) holds for all n large enough, thus completing the
proof of Proposition 2.2 as soon as we show that for n < 5/2 — 38 and all n large
enough,
(6.19) sup|P(n~1/%8, <x) —P((r) <x)| <n™".

xeR
To this end, recall that n_1/6§n =n"12g, + n_l/z’;‘: — n_1/6)~((—nﬂ_2/3), where
the latter three random variables are independent of each other. Hence, in view of
(4.20) we have that

sup [P(n~ /%8, <x) —P(¢, <x)| <izn~'/?

xeR
where ¢, is obtained upon replacing &, with a normal random variable of zero
mean and variance nii] Q(0, p,)ii, [for the positive definite initial condition
Q(0, p) of the ODE (2.8) at p = p,]. With E¢, = n'/?y}(z,) — £n?f=3/2 it fol-
lows from (4.9) that |E¢, — E&(r)| < Cn3#=>/2. Similarly, it follows from (4.10)
that for some C finite and all »,

|Var(z,) — Var(g(r)| = [(Qg,)11 + GnP 1 = 0116, po)|
< cnf1 < Cn3b-3/2,

With Var(§(r)) > 0 independent of n, our thesis (6.19) easily follows from these
bounds on the difference in the mean and variance of the normal random variables

¢n and £(r).
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