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Abstract: The cavity and TAP equations are high-dimensional systems of nonlinear
equations of the local magnetization in the Sherrington—Kirkpatrick model. In the sem-
inal work, Bolthausen (Commun Math Phys 325(1):333-366, 2014) introduced an iter-
ative scheme that produces an asymptotic solution to the TAP equations if the model
lies inside the Almeida—Thouless transition line. However, it was unclear if this asymp-
totic solution coincides with the local magnetization. In this work, motivated by the
cavity equations, we introduce a new iterative scheme and establish a weak law of large
numbers. We show that our new scheme is asymptotically the same as the so-called
approximate message passing algorithm, a generalization of Bolthausen’s iteration, that
has been popularly adapted in compressed sensing, Bayesian inferences, etc. Based on
this, we confirm that our cavity iteration and Bolthausen’s scheme both converge to the
local magnetization as long as the overlap is locally uniformly concentrated.

1. Introduction

For n > 1, denote by [n]:={1,...,n}. Let A, = (a;})i,jen) be a symmetric matrix
satisfying that a;; = O fori € [n] and a;; are i.i.d. standard Gaussian random variables
fori < j. For a given (inverse) temperature 8 > 0 and an external field 2 > 0, define
the Hamiltonian of the Sherrington-Kirkpatrick (SK) model as

ﬂ n
Hy pn(0) = 7 Z aijoioj —h Za,-

1<i<j<n i=1
for any o € {£1}", and set the Gibbs measure on {£1}" by

e_Hnﬂ.h (o)
Gnpn(o) = —F——
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where Z, g is the normalizing constant, i.e., Z, g =Y, e ##4) Denote by
(-)n,p,n the expectation with respect to the Gibbs measure. Whenever there is no ambi-
guity, we will simply write (-), g5 by (-).

The SK model is a mean-field disordered spin system introduced in [28] to study
some unusual magnetic behaviors of certain alloys. Although its formulation is very
simple, the SK model exhibits very profound structures commonly shared in a number
of disordered systems with large complexities. Using the replica method, the SK model
has been intensively studied in the physics literature (see [24]). Rigorous mathematical
treatments have also been successfully developed in the past decades (see [27,30,31]).

In this work, we investigate two classical approaches, the cavity method and the TAP
equations, to studying the local magnetizations of spins

(0) == ((a1), ... {on)

in the SK model in the high-temperature regime. Here, this regime, denoted by D, is
defined as the collection of all pairs 8, & > 0 such that

lim E(|R(c', 0% —q|’) =0, (1)
n—o00

where R(o!, 0%):=n"" Y O’il aiz is called the overlap of two spin configurations o !
and o2 that are independently sampled from the Gibbs measure G, g,h- The constant

q = qp, in (1) and hereafter is the unique solution to the following equation

qp.n = Etanh®(Bz./qph + h)

for any B, h > 0 (see [8] and [30, Proposition 1.3.8]). Whenever (1) is satisfied, using
the cavity method, Talagrand [30, Proposition 1.6.8] showed that the limiting free energy
is

1 2
lim —logZ, g, =log2+ %(1 —¢)*+Elog cosh(Bz/q + h) 2)
n—-oon

for z ~ N(0, 1). In [1], de Almeida and Thouless conjectured that the high-temperature
regime D can also be characterized by the so-called AT-line condition, that is, the col-
lection A of all pairs 8, h > 0 such that

1
E— <1.
cosh™(Bz./qg.n +h)

While it can be shown [8,23,30,33] that D C A, it was also understood in [23,31] that
fairly large portions of A is contained in D. However, a complete proof for A € D
remains missing. Incidentally, it was recently shown in [9] that if we replace the external
field h Z?:l o; by Zl'.':] hio; forhy, ..., h,ii.d. centered normal, then the correspond-
ing AT-line condition is indeed the right curve to describe the high-temperature regime
in the SK model.

The asymptotic behavior of the local magnetizations can be described by the cavity
equations and the TAP equations, both of which are high-dimensional systems of non-
linear equations. Initially proposed by Mézard—Parisi—Varosoro [24], the cavity method
allows one to compute asymptotically the local magnetization of an n-spin system

3)
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through a nonlinear transformation of a Gaussian field in terms of the local magne-
tization of an (n — 1)-spin system, namely,

(on) ~ tanh(% > (o)t pn ), )
J#n

where B:=B+/(n — 1)/n. By symmetry, this equation is also valid for {(o;), in which
case, the local magnetizations on the right-hand side will correspond to the (n —1)-system
excluding the ith spin (see Lemma 2 below).

The TAP equations, named after Thouless et al. [32], describe the local magnetiza-
tion from a different perspective. These equations assert that the local magnetization
asymptotically satisfies a system of consistency equations,

(07) ~ tanh(% S aijlo)) +h— (1 - | (o)”z)(ai)), Vi<i<n, (5
i

where [|x[:=n"' (I, |x;[*)!/? for x € R". Here, the term (1 — | (o) |?)(0;) (called
the Onsager term) is introduced essentially to account for the substitution of (0 ),—1,s 1
in the cavity equations (4) by (o), which is dependent on the entries (a;;) j ;.

The systems of Egs. (4) and (5) are valid for certain temperature 8 and external field
h. Assuming a very high temperature for the SK model, 8 < 1/2, one can prove both
the cavity equation and the TAP equations rigorously (see [7,30]). More subtle versions
of the TAP equations in the entire temperature regime as well as for some variants of the
SK model were also derived recently in [2—4,11-13], where (o) and the Onsager term
were replaced by the notion of pure states or, more generally, the TAP states.

It is natural to ask whether one can construct solutions to these equations asymp-
totically and show that they converge to the local magnetization in the entire high-
temperature regime. The first attempt to this question was made by Bolthausen [5], in
which he proposed an iterative scheme to construct an asymptotic solution to the TAP
Eq. (5). More precisely, let 0 and 1 be the n-dimensional column vectors with all entries
being 0 and 1, respectively. Starting from m[%l = 0 and m!!l = Japn1, his iteration
was defined as

n
mlFH = tanh(% S amlf e n— g2 (1= I P)ml) 1 < <
n
j=1

for k > 1. Utilizing successive Gaussian conditioning arguments, it was shown in [5]
that this scheme converges in the sense that

lim  lim E|m* —m®1|* =0

k,k'— o0 n—00

whenever (8, h) lies in the regime A, but it was not answered whether his iteration con-
verges to the local magnetization. In a more general formulation, Bolthausen’s scheme
is also known as the Approximate Message Passing (AMP) algorithm. Following the
same conditioning argument in [5], one can show that this algorithm satisfies a law
of large numbers, and efficient algorithms can be developed to solve many estimation
and optimization problems arising from compress sensing, Bayesian inference, etc.; see
[15-18,26].
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In this paper, motivated by the cavity equations, we propose a new nonlinear iterative
scheme and establish three main results. First, we show that our scheme exhibits the same
law of large numbers as the AMP algorithm. Second, we prove that our iteration based
on the cavity equations produces asymptotically the same output as the AMP algorithm
at all iterations. From these two results, we further establish that our and Bolthausen’s
iterations both converge to the local magnetization assuming that the overlap is locally
uniformly concentrated.

2. Main Results

To prepare for the statements of our main results, we begin with

Basic Setting 1. Let 4" be an n-dimensional random vector independent of A, with
lu™] < 1. Assume that the empirical distribution of u" converges to some random
variable Wy as n — oo. As usual, we will simply write u = u" for notational clarity. Let
(f)k=0 be a sequence of bounded and smooth functions on R with bounded derivatives
of all orders. Whenever f is a real-valued function on R and w € R”, f(w) € R" is
defined as a column vector f(w) = (f(wy), ..., f(w,,))T.

Definition 1 (Cavity iteration). Foreachn > 1 and0 <k <n — 1, set
[nle = {S S ]IS <n— (k+1)}.
[0] [nI\S
Letn > 1. Forany § € [n]o, define wg” € R by
wyh = u;, Vi € n]\S.

Forany 0 <k <n —2and S € [n]i+1, define w[SkH] e RIS iteratively by

with = Z aij fil(w§lgy ). Vi € ]\ S. (6)

J¢SU{1}

Finally, for § = #and 0 < k < n — 1, we write wl*l = wg{] e R and wl[k] = wgcz for
eachi € [n]. '

Example 1. The above definition gives that for n > 2,
w,~ fza,,fo(u,) i €[n]
J#L
and forn > 3,
1 .
,[2] fza’/fl {,}] \/—Za”fl<\/_ Z ajrfO(ur)), i €[n].

A A gy

Also, forn > 4,

Za,,fz wii ;)

J?él
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S (e Y o)

Hél r#l]
1
Yoaih(—= D aprfil—= Y anfoun)), i € nl.
\/—H&z / <\/_r5£i,j / (\/ﬁlyéi,j,r >)

We see that wm is implemented by considering all self-avoiding paths i — j —r =1,

as j #1i,r #1,j,and! # i, j, r. The computations of w[u [2] and w essentially
resemble that of (0y,),,8,1 by applymg (12) once, twice, and three times, respectively.

Remark 1. Algorithms based on self-avoiding walks have been proposed in the literature,
for example, in [22] for community detection of sparse stochastic block model and in
[14] for the recovery problem in the generalized spiked Wigner model in the heavy-
tailed setting. In these works, their iterations correspond to Definition 1 with the specific
choice fr(x) = x forall k > 0.

In the iteration (6), we exclude the columns and rows in A, corresponding to the set
SU{i} sothat (a;;) j¢suyiy is independent of ( fi (wgkd i D) which readily implies
[k+1]

ENSUN

thatwg ;" is acentered Gaussian random variable conditionally on ( fr (w SU i ))

NS

Our ﬁrst result establishes a weak law of large numbers for the random vectors w!¥!,
[k—1] [0]

w s, W

Theorem 1. Let k > 0. For any bounded Lipschitz function ¥ : R¥1 — R, we have
that in probability,

[k [k 1] 01y _
nllpgozzw s"'vwl’ )_Ew(kawk—l?""WO)s
i€[n]
where (W, ..., W) is jointly centered Gaussian independent of Wy with covariance
structure
EWas1t Wos1 = E fa(Wa) fo(Wp) )

forall0 <a,b <k—1.

While the cavity iteration adapts self-avoiding paths, the AMP iteration is a mean-
field method in the sense that all sites i € [n] are used without preference.

Definition 2 (AMP iteration). Recall the n-dimensional random vector u and the real-
valued functions ( fi)r>0 considered in Basic Setting 1. Set ul" =y and

1 n
[ _ B [0] .
u; = _\/ﬁ ]E:lal]fo(uj ), Vi € [n].
For k > 1, the AMP iteration is defined as

+ 1 ¢ / - .
! = Za,,fk(u b= (5 X A @ viem. @)
j=1
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As we have mentioned before, Bolthausen’s iteration can be viewed as a special
case of the AMP algorithms. Specifically, it corresponds to the AMP iteration with
m*! = . (u'®1) and the following choice of functions,

u=20, fox) =0, fi(x) = /qp.n, and fx(x) = tanh(Bx + h)for allk > 2.  (9)

Our next result shows that the iterative scheme in Definition 1 is asymptotically the same
as the AMP iteration.

Theorem 2. For any k > 0, there exists a constant Cy > 0 such that for any n > k + 1,

E[u — wi|? < % (10)

Remark 2. It was shown in [15] that the AMP iteration enjoys the same weak law of large
numbers as Theorem 1, where a Gaussian conditioning argument as in [5] was adapted.
Here, Theorems 1 and 2 together provide an independent proof for the convergence of
the AMP iteration without using Gaussian conditioning.

Our last result shows that Bolthausen’s scheme converges to the local magnetization
as long as the overlap is locally uniformly concentrated.

Theorem 3. Assume that 8, h > 0 satisfy that for some § > 0,

. 1 2 2 o
nlggoﬁ_;;lgsﬂE(|R(o ,0%) = qp i )n!ﬁ,,h =0. (11)

We have that

lim lim E|(o) —m™|* =0.

k—o00 n—00

In particular, here the inner limit exists for any k > 0.

The complexity of Bolthausen’s iteration is O(n?) and consequently, Theorem 3
guarantees a polynomial-time algorithm to approximate the local magnetization. Due
to Theorem 2, our cavity iteration corresponding to (9) also converges to the local
magnetization under the same assumption as Theorem 3. In a related direction, we refer
the readers to check [25] for a polynomial-time algorithm to produce near-ground states
in the SK model via the AMP algorithm under the “full replica symmetry breaking”
assumption. See more related results in [19-21,29].

Remark 3. The local magnetization is the barycenter of the Gibbs measure; when the
high-temperature condition (1) is satisfied, for any k > 2 and i.i.d. samples o', ..., ok
from the Gibbs measure, the vectors o' — (o), ..., 0% — (o) are mutually orthogonal to
each other and to the local magnetization. From these properties, it is tempting to believe
that one can study the free energy of the SK model via large deviation techniques, by
tilting the Gibbs measure according to (o). This strategy was implemented in [6], where
the Gibbs measure was tilted with respect to m¥] at very high temperature. With the
result of Theorem 3, it is of interest to see if one can establish the limiting free energy
(2) of the SK model via large deviation arguments with respect to (o).
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We close this section with a sketch of our proofs. Theorem 1 follows essentially
from the way we define our scheme as its construction via self-avoiding paths already
makes it clear on how we should manage the correlation between different layers. The
proof of Theorem 2 is the most delicate in this work; we have to remove all components
corresponding to paths with loops in the AMP iteration «/**!1. While the basic idea is
to rewrite u%kﬂ] by applying Taylor’s theorem to the function f;, the main challenge
here is to carefully track the total error, again utilizing the self-avoiding feature of the
paths along the iteration, see Sect. 6.1 for an example and more detailed elaboration.
Finally, the proof of Theorem 3 is based on the validities of Theorems 1 and 2. We first
argue that m'% in Bolthausen’s iteration is close to our scheme along with an explicit
quantification of their distance, when the high-temperature condition (11) is in force.
From this, Theorem 3 then follows immediately by the virtue of Theorem 2. For the rest
of the paper, Sect. 3 presents the proof of Theorem 3 assuming that Theorems 1 and 2
hold. Section 4 establishes the weak law of large numbers of our scheme in Theorem 1.
Section 5 prepares a number of moment controls for the partial derivatives of our scheme,
which are the key ingredients in the proof of Theorem 2 presented in Sect. 6.

3. Proof of Theorem 3

In this section, we establish the proof of Theorem 3 assuming the validity of Theorems 1
and 2. First of all, we recall the statement of the cavity equations.

Lemma 1 [ Chapter 5 in [24] and Lemma 1.7.4 in [30] ]. If B, h > O satisfy (11), then
there exists a constant § > 0 such that

. B )
lim  su IE‘ / —tanh(— R +h>‘ =0 (12
”"00,3_555/5,5 (On)n.p ﬁ;am(dﬂn 1.8} (12)

and

. 2
lim  sup  E[(o1)npn— (01)n-1,8.1] =0, (13)

" p_s<p<p

where B,:=p"/(n — 1)/n.

Remark 4. The original result in Talagrand’s book [30, Lemma 1.7.4] states only for
B < 1/2 and § = O instead of the locally uniformly limits. The condition 8 < 1/2
ensures that there exist some K > 0 and § > 0 such that

3| X

2
E(|R(o", 0% — qpn| Inpn <

for all n > 1. Using this bound, his results stated that the expectations on the left-hand
sides of (12) and (13) are bounded above by C/n for some universal constant C > 0.
If we now assume (11) instead, the proof in [30, Lemma 1.7.4] still carries through for
Lemma 1 without essential changes.

We continue to restate Talagrand’s lemma in a slightly more general formulation. Fix
B,h >0.Letn >2.For S C [n], consider the SK model on the sites [#] \ S defined by

Hg p(o) = —% Z ajjoioj —h Z tof]

i,jeln\S:i<j ie[n\S
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forallo € {£1}"I\S Note thatwhen S = @, Hs , = H,. Denote the Gibbs average asso-
ciated to this Hamiltonian as (-), g »,s. Throughout the rest of the paper, for notational
convenience, we denote this expectation simply by (-)s. We also set Th(x) = tanh(x +h)
and denote g = gg,j,. By the symmetry among sites, we can rewrite Lemma 1 as

Lemma 2. Assume that 8, h > 0 satisfy (11). For any k > 0, we have that

li E|(o;)s — Th p Z (o) 220 (14)
1m sup ‘ g;i)s — (— a;i\o; SU{})’ =
n>00 (1,8):0<|S|<k,i¢S l ﬁjgéSU{i} R

and

. 2
lim sup El(oi)s — (ai)suiiy|” = 0. (15)
=00 (i i’ §):0<|S|<k,i,i' &S,i i’

Proof. Let k > 0 be fixed. Consider any n > k. Let (i, S) satisfy S C [n] with |S| <k
andi ¢ S. Note that

/

_W Z astcrsa,—h Z Og

s,t€[n]\S:s<t se[n]\S

HS,n (0) =

for o € {—1, 1}"NS, where p":=B+/(n — |S])/n. In other words, Hs (o) can be
regarded as the Hamiltonian of the SK model of size n — |S| with temperature 8’ and
external field 4. Since B(1 —k/n) < B’ < B and lim,_, o B’ = B, our assertions follow
from the symmetry among sites and Lemma 1. O

3.1. Two crucial propositions. We establish two important propositions in this subsec-
tion. First, we show that the summation in (14) can also be approximated by excluding
one more row and its corresponding column of the Gaussian matrix (@) ., e[a]\(SU{i})
in (07j)su(iy- This will be used throughout the proof of Theorem 3.

Proposition 1. Assume that 8, h > 0 satisfy (11). For all k > 2, we have that

1
lim sup E‘— a;j(oj)sutiy —
N0 (; it §Y:0<|S|<k.i,i'¢S,i i’ «/ﬁj¢§:{i} R

2
Z aij{oj)sugiiy] =0.

JESU{i,i’}

Sl-

(16)

Proof. Note that the expectation in (16) is bounded from above by

1 2
ZE‘ Z aij (o) sugiy — <Uj)SU{i,i’})‘ + 2
NI -
JESU{i,i’}
2 2 2
“n Z ' E|(oj)supiy — (o) suiin | + -
JESULi,i"}

where the equality here used the fact that (a;;) j¢suyi,iy is independent of

((oj)sutiy — <0j)SU{i,i/})j¢SU{i,i/}~

Using (15) completes our proof. O
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Recall the iterative scheme (w[Sk])kZ(), scin] from (6) with Basic Setting 1. The next

proposition establishes an analogous statement as (15) for wgk], which will not only be

critical to the proof of Theorem 3, but also to those of Theorems 1 and 2.

Proposition 2. For any k > 0 and p > 1, there exists a constant Cy, ,, > 0 such that for
anyn >k +3,

[k] 1/p _ Crp
sup([w} — wih ") < 57 an
where the supremum is over all i,i’ € [n] and S C [n] withi # i’,i,i’ ¢ S, and
S| <n— (k+2).

Proof. It is easy to see that (17) is valid for k = 0 and all p > 1. Assume that (17) is
valid for some £k > 0 and all p > 1. Consider an arbitrary p > 1. Let n > k + 4. Fix
i,i’ €[n]land S C [n] withi #i’,i,i’ ¢ S, and |S| <n — (k +3). Let

B :fk(wgﬂ{i},z) and D; = fk(w[skd{i,i’},l)‘

Observe that since the index i does not appear in all indices of the Gaussian random
variables in (B;);¢suyi,iy and (Dp)i¢gsugi,iry» we have that (a;1);¢suyi,i7y 18 independent of
both (By)¢suyi,iry and (D1)1¢SU{,~’,'/}. From this, we can write

k+1 k+1
wg‘:r 1_ wgJ{i]’}‘i = f Z aj;(B; — Dy) + [all/B /
lgéSU{z i’}
d 1/2 1
=z n Z (Bl _Dl)z) +Taii/Bi/ﬂ
1¢SUi.i") n

where z is a standard normal random variable independent of B; and D;. Using the
induction hypothesis and the fact that f;’s are bounded and Lipschitz, it follows that

1/p
k1] k1] | p\1/p i/p(l o\ 2 (Elzl?) " My
(E|ws,i _wSU{i’},i‘ ) = (]E|Z|p) (; Z E|B; — Dyl p) + 1172
1¢SUlii")
p 1/p P 1/p
- (ElzI?) P Cr2p . (ElzIP) " My
= nl/2 172 ’
where M} is the supremum norm of fj. This completes our proof. O

3.2. Covariance structure. Recall u and (fi)i>0 from (9). Recall the iterative scheme
w[Sk] from (6) by applying the setting (9). For 0 < k < n — 1 and any S € [n]x, set
k]l _ ( [kJ) b
Vs = Vs.i)igs Y

vgk} fk(wgkz), i e[n]\S.
As before, if S = @, we will simply denote v[Sk] by v, Define the overlap between
(0)s and vgk] by

1

k [k]

Ry =~ E :<‘7/>S”sj
JES
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and denote

1 1
Ds = 23502, Bk = 1§72
S n Z(Gj)s, S n 4 VS,/
JES JES
Define an auxiliary function I'(¢; y, y') fort € [—-1, 1] and v, y’ > 0 by

T(t;y,y') :== ETh(Bzy/yt] + Bz1y/y (1 — |t))
- Th(Bsign()zy/y'|t] + Bz2/y' (1 — |t]))

for z, z1, z2 1.1.d. standard Gaussian. The following proposition takes care of the limits
Kk~ pk
of Dg, E§, R§.

Proposition 3. Assume that B, h > 0 satisfy (11). For any k > 2 and £ > 0, we have
that

lim sup ]E‘DS — q‘z =0,

o (18)
lim sup E|ES —q| —0.
n—00 | g=¢
Furthermore,
2
lim sup E|RE — AV (0(8, )| =0, (19)
n—00 | g|=¢
where Q(B, h):=,/qETh(Bz./q) and
A(t)=T(t/q:9.9). t €[—q.q]. (20)

The notation A°®=Y) here means the composition of A for (k — 1) times.
For the rest of this subsection, we establish this proposition.

Notation 1. For two sequences of random variables (a,),>1 and (b,),>1, we say that
a, =<1 b, iflim,_, o El|a, — b, | = 0. Itis straightforward that if a,, <1 b, and ¢;, <1 d,,
then (i) f(a,) <1 f(by) for any Lipschitz function f and (ii) a,c, <1 b,d, provided
sup,~1{lanl, 1bul, lcnl, 1dn|} < 00. Also, for any i # i’, we use E; and E; ; to denote
the expectations with respect to (a; i)jeln and (aij, a;’ ;) je[n], T€Spectively.

Proof. (Proof of (18)in Proposition 3:) Let k > 2 and £ > 0. Applying (15) and
Proposition 2 for ¢ many times, we have that uniformly over all § with |S| = ¢,

n

1 2 ol ke
Dg XI;jzl(Gj) and E Xl;;vf .

From (11), in probability,
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Also, from Theorem 1, we see that W ~ N (0, g) for k > 2 so that in probability,
1 n
k
SO BR(W) = ETW (B2 ) = q.
j=1

These imply the announced statement. O

The proof of (19) in Proposition 3 requires two lemmas. First, we show that the
overlap R’§+1 satisfies the following recursive formula. Set

k
RS

ps = :
 DsE%

Lemma 3. Assume that 8, h > 0 satisfy (11). Foranyk > 1 and £ > 0,

| 2
e+l ko k
nlglgolz?P E|Rs" — - > T (P5upiy: Dsutiy. ESU{i})‘ =0.
igs

Proof. Writing by using conditional expectations,

1
E\Ré“ — o YRl

i¢s
= Y E[Eufonsul o suli ]+ Efonsvl ] B[l suf ]
ii'¢S:iAi
— (s B [t s 1] = (o suls T Ei(on sl ]+ 0@,
21

where O (n™!) arises from the total contribution of the terms for i = i’ € [n]. To handle
the terms inside the summations, note that from Lemma 2 and Propositions 1 and 2, we
have that uniformly over all (i, i’, S) with |S| = ¢,i,i’ ¢ S,and i # i/,

(Gz)sv_[gk, I<) 05 =1 O, (22)
where

o = Th(L- S aijloj)sup ) Th B S

S, = Jn ij\Oj1SUti} Jn ijYsuliy,j )»

JESULi} JESULi}
B B k
Og ;i = Th(ﬁ Z a;ij{oj)suti,i’ )Th<ﬁ Z aijvk[S'L]J{i,i/}sj)'

JESUlii"} JjeSUli,i’}

Here, note that (a;;) j¢suyiy is independent of (o) su(iy and vgﬂ{.} and that (a;;) j¢suyi,ify
is independent of (o) suy;,iy and pl
S| =4¢,i,i" ¢ S,andi #i’,

SU{z i It follows that uniformly over all (i, i’, S) with

Ei[ (o) svi ] =1 Bi[©s,1.0] =1 Ei[@s.i] = T (05u): Dsuiys Eduy): (23)
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which implies

. 1 1 2
Jim_sup | 7D Ei(o5v5 ] = 2 3T (e Dsvin: ESyy)| =0 @4
= igs i¢S

In a similar manner, by (22), we have that uniformly over all (i, i’, §) with |S| = ¢,
i,i’ ¢ S,andi # i,

Ei,i’[(ai)svlslf;“(Ui’)SV[Slf;”] =1 E; #[©5,,O9s..i] <1 Ei[Os,:.i/|Ei[Os.17 ],
(25)

where the second asymptotics is valid since (a;; ) j¢su(i,i’y isindependentof (a;7 ;) j¢suyi,iry-
In addition,

Ei,i’[(ﬁi)svgf;r” ~Ew[<aw>sv§’f$”]] =<1 Ei #[Os,,iEir[Os,i7,i1] <1 Ei[Os.,ii |Ei[Og,i].
(26)

Plugging (23), (25), and (26) into (21), we see that the right-hand side of (21) vanishes.
Finally, applying (24) to the left-hand side of (21) completes our proof. O

Next we show that the averaging local magnetization converges.
Lemma 4. Assume that 8, h > 0 satisfy (11). We have that in probability,
o1
Jim -~ 'Z[]«rl-) = ETh(Bz/4).
LENn

Proof. Let¢ and ¢ be any two Lipschitz continuous functionson [—1, 1]. From Lemma 2,
Propositions 1, and noting that for distinct i, i’, (aij)j¢ii,iry and (a; ;) j¢(i,iy are indepen-
dent each other, it follows that uniformly over any i # i’,

Eir (i) ¥ ((07)) =1 Ei¢<Th(% ) a,»,-<a,~>{,-,iq))~Eifw(Th(% > o))
JEiI") JI")

= E.¢(Th(Bzy/Dyiiy)) - E.¥ (Th(Bz/Dyiiry))s
where the asymptotics are valid since ¢, ¥, and Th are Lipschitz and E, is the expectation
with respect to z only. Next, from (11) and (15),
12 1 2 1 2
q =1 (R0, 0%)) =~ Z (o) =1 Z (0)).in = Diiiry-
Jjeln] Jelii'}

It follows that from the Lipschitz property of ¢ and the fact that [Th'(x)| < 1, there
exists a positive constant L > 0 such that

E [E.¢(Th(Bzy/Dyi.in)) — Ecd(Th(Bzy/@))| < LEIz| - E|/Dyiiy — V4|
< LE[2| - (E[y/ Dy — val)"?

< LE|Z| . (E|D{i,i’} — q|)1/2 — O,
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where the last inequality used the inequality (/x — ﬁ)z < |x —y|forany x, y > 0.
The same limit is also valid for . Consequently,

lim sup E|E; ¢ ((0:)¥ (0i7)) — E(Th(Bz+/q)) - Ev (Th(Bz/9))| =

=00 ireln):i£i

@7

Finally, write

| 3o - ETh(2v/a)|

1
== Y E[Eus[)on]+ ETheE)’

ii'e[n]:i i’
~ Bi[(00) JETh(B2y@) — Biio[(0i) JETh(Bzy/) | + 0™, 28)
where O (n~") comes from the total error of the main diagonal terms. From (27), the first
term on the right can be handled by considering ¢ (x) = {(x) = x, whereas the last two

terms can be handled by setting ¢(x) = x and ¥ (x) = 1. From these, the summation
on the right-hand side of (28) asymptotically vanishes. This completes our proof. O

Proof. (Proof of (19)in Proposition3:) We argue by induction on k > 2. Consider k = 2
and an arbitrary £ > 0. From Lemma 3,

1 1
2 2] _ 2: . 1
RS = ; E (W)SVSJ- =1 ; F(psu{i}, DSU{i}, Esu{,'})~ (29)
i¢S i¢S

Now, from (15) and Lemma 4,

Ry =~ f Y odsu =i ZG, ) =<1 VqETh(Bz/q) = Q(B. h). (30)

JESUli}

Since |p bl"u {i}| < 1 by the Cauchy-Schwarz inequality, it follows that

1 -1 —1] 1 1
Psuiy —4 QB h)‘ =q ‘psu{i}(q - DSU{[}EéU{i}) + Ry — (B, h)‘

(3D
= ‘1_1<|‘1 - DSU{i}E§u{i}| + |R§U{i} - Q(B. h)|)
Using this, (18), and (30), we have that uniformly in (i, S) with |S| = £ andi ¢ S,
P§U{,-} =147 Q. h). (32)

Consequently, plugging this and (18) into (29) yields our assertion for k = 2. Now
assume that (19) is valid for some k > 2. To show that it is also valid for k + 1, again
we use Lemma 3 to write that uniformly over all (i, S) with |S| = £ andi ¢ S,

1

[k+1] koo k

= E (0i) svsf =1 " E :F('OSU{:'}’ DSU{i}vESU{i})' (33)
z¢s i¢S
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Using the induction hypothesis and again (18) yields that uniformly over all (i, §) with
S| =+¢andi ¢ S,

2’ E|E§U{i} - CI|2 -0,

E|Dsuiy — q
E|pkup —a ' AV (0, m)|* — o,

where the second display is argued in the same way as (32) by using an analogous
inequality of (31),

Péu{i} —q 'A% (0B, h))’ <q” (|‘1 — DSU{i}E’;U{i]| + |R§U{i} — A D (0B, h))|)~

Plugging the above limits into (33), we see that (19) follows for k + 1 and this completes
our proof. O

3.3. Establishing Theorem 3. First of all, from [30, Proposition 1.6.8] and our assump-
tion (11), we readily see that the free energy corresponding to the Hamiltonian of the
SK model converges to the replica-symmetric solution (2). On the other hand, Toninelli
[33] showed that this limit is valid only if (B, &) lies inside the AT line in the sense that
(3) is valid. Hence, for the rest of the proof, we shall assume that (3) is in force.

Next, write

E|(o) —mM|* < 2E| (o) — ¥ |7 + 2B 0¥ — m¥])2,
Here, the second term vanishes as n — oo by (10); the first term can be written as
2 2
E| (o) —vM|" = El(o)I* + E[ v " — 2E((o), vIM)
=EDy +EEf — 2ER§.
From Proposition 3, for any k > 2,

lim E| (o) — vl ||2 =2g —2A°%D(0(8, 9)). (34)

n—o0

It remains to show that the right-hand side of (34) converges to zero as k — oo or
equivalently,

lim A%(Q(B.9)) = q. (35)
k— 00
From (20),
A(t) = ETh(Bzy/It] + Bz1+/q — 1] Th(Bsign()zy/[¢] + Bz2v/q — I1]), 1 € [=4.q].
This function maps [—q, ¢] into [—¢, ¢] since from the Cauchy-Schwarz inequality,
|AM)] < ETh*(Bz/q) = . V1 € [=4.4].

In addition, A has a fixed point at g since A(g) = IEThz(,Bzﬁ) = q. By using Gaussian
integration by parts and noting that tanh’ = 1/ cosh?, for any 7 € [—¢, q],

1 1
cosh?(Bz/Tt] + Bz1+/q — [t] + h) cosh? (Bsign(t)z/Tt] + Bzav/q — [t] +h)

A'(t) = B°E
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Consequently, from the Cauchy—Schwarz inequality and the validity of (3), for any
te (_qa CI),

; < 1
cosh*(Bz,/q +h)

Now note that since A(g) = g, if A(t) =t for some t € [—q, ¢g), then from the mean
value theorem, there exists some ¢’ € (¢, ¢) such that A’(¢") = 1, which contradicts (36).

From this and noting that A(0) > 0, we must have that t < A(¢) for all r € [—q, q).
Consequently,

A'(t) < B’E (36)

Q(B. h) < A(Q(B. h))

and since obviously A’(¢r) > 0 for all r € [—q, ¢q],
AK(Q(B. ) < AMD(Q(B, b)), Yk = 1.

Hence, limg_, oo A¥(Q(B, h)) exists and this limit must be a fixed point of A and then
be equal to g, establishing (35). Our proof is complete.

4. Proof of Theorem 1

Recall the vector (Wi, Wi_1, ..., Wp) from (7). Consider an arbitrary bounded Lipschitz
function ¥ : R¥*! — R. We argue by induction on k > 0 that

Jlim E|- Zl/f 9wl wl®) — By (Wi, Wi, Wo)| =0, (37)

Obviously, the assertion is valid if k = 0, since the empirical measure of w!®! converges
weakly to Wy. Assume that the above statement is valid up to certain k > 0. Recall from
Proposition 2 that for all 0 < ¢ < k,

1
[e+1] _ . [e+]1] 0]
wp X1 Wy = ﬁ Z alJfK( 12}/)

J#1,2
[+1] _ - [6+1]
Wy, X1 Wy, = f Z aZJff {1 2},)
j#12

Since the first and second rows and columns of A,, are excluded in all wﬁ?z}’ j for all

j#1,2and 0 < £ <k, it follows that

[k+1]  [k] [0] [k+1] [k] [0]
( Wiy 1> Wy s - "’w{Z},l) and (w{l},Z’ (13,2 -~-’w{1},2)

are independent conditioning on (a;, j);, j«1,2 and each of them is jointly centered Gaus-
sian with covariance, by the induction hypothesis, for 0 < a, b < k,

[a+1] [b+1] [a] [b]
]Elw{Z}l 251 — Zf“ Wi, 2}1 ( {12}1)
1#2
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= 1§njf(w[“])f(w“’])v E fa(Wa) (W)
~1 n = a\W; b j ~1 a alJb b)s

[a+1] [b+]] [b]
Eywify,w Z fa(wii ) ;) fo (Wit )
J#l

1 n
<1 = 3 fa(wi) So(w]) =<1 Efa(Wa) fo (W),

From these, for any two bounded Lipschitz functions ¢1, ¢> : R2 5 R,

lim IE[¢1( e+1] wEk], .. wEO])qb (w£k+1] wgk], e, ng])]

n—o0

k+1] (k] w0 k+1] (k] w10
hm ]E[¢l( Wy 1> Wy g+ {2}1)¢2( (13,2 Wiy,2s -+ - {1}2)]

= nlifgoE[El [¢1 (w{é}ﬂl]’ wyé]} 1 w{z} 1)]E2[¢2(w?f;12]’ {Uf]} 20 w?l)} 2)]]
=E[¢p1 (Wis1, Wi, ..., Wo) [E[d2(Wis1, Wi, ..., Wo)].

Finally, by the symmetry among sites and the above limit, we arrive at

1 « 1 «
: [k+1]  [k] [0] [k+1]  [k] [0]
nlgI;OE[(; E o1 (w, S W, W ))(; E b2 (w; S Wi, W ))]

= Jim, E[¢ ( P w£°]>¢z(w£"+” wé"l cowy)]
= E[¢p1 (Wie1, W, ... W) [E[2(Wisr, Wi, ..., Wo)]. 38)

To validate (37) for the k + 1 case, or equivalently,

2
lim ]E[ Zlf/ el ) wl®) — By (Wi, e Wo) | =0,

n— oo

we expand the square here and apply (38) twice for the choices ¢1 = ¢ = ¥ and
¢1 = ¥, ¢2 = 1. The resulting limits ultimately cancel each other.
5. Moment Controls

This section is a preparation for the proof of Theorem 2.

5.1. Main estimates. Letm > 0.For0 < k <n—1, let By ,(m) be the setof all (P, S, i)
for P being a multiset of elements in {(Z, j) : | <i < j < n} with |P| = m counting
multiplicities and i € [n] and S € [n]; satisfying that i ¢ S. Recall the definition of
wgk} from (6). Throughout this section, we write

k
w) = wy(4)
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to emphasize its dependence on the Gaussian matrix A,. Also, recall that A, is symmet-
ric. For any P = {(i1, j1), ..., (im, jm)} and smooth F defined on the space of n x n
symmetric matrices, we adapt the notation

opF(A) =9 F(A),

iy jp>@ip_q jr_12Gig jy

the partial derivatives of F' in the variables a;, j., a;j,_, j,_,, ..., a; j;. The following

propositions control the moments of the partial derivatives of w[Sk]i (A) in the entries of
Ay ’

Proposition 4. For any k > 0, m > 0, and p > 1, there exists a constant Wy p, , > 0
such that foralln > k + 1,

sup  (Blapullla)]?)!” < Zhne

- 39
(P’S’i)EBk.n(m) nm/2 ( )

and for any smooth function { with bounded derivatives of all orders, there exists a
constant Wy p.c > 0 such that for alln > k +1,

W,
sup  (E[op (¢ (wil())[")" = SRl (40)
(P.S,i)€By n(m) n

Proposition 5. Let ¢ : R — R be a smooth function with bounded derivatives of all
orders. For any k > 0, m > 0, and p > 1, there exist a constant W, . v > 0 such
that foranyn > k + 1,

n(elon(c(Jz T ol ))f) " =z

JF#EL

where the supremum is taken over all P’s, collections of pairs from {(i, j) : 1 <1i <
J < n} with | P| = m counting multiplicities and i, i’ € [n] withi # i’.

These propositions say that each partial derivative essentially brings up a factor 1/./n.
Indeed, in view of the definition of w[Slfl.(A), although its partial derivatives involve

a huge number of multiplications of the entries a;;/+/n, it turns out that due to the
independence of the entries a;; fori < j, it can be shown that the total error introduced
by these multiplications is negligible resulting in the desired bounds. Notably similar
inequalities were also established in [10] in the setting that the entries are independent
and match the first and second moments of those of a standard Gaussian random variable.

5.2. Proof of Proposition 4. Before turning to the proof of Proposition 4, we prepare two
lemmas. Letr € [n]anda = (ay, ..., a,) be i.i.d. standard Gaussian random variables.
Let

Fl(x),...,F(x):R - R forx = (x1,..., %)

be random smooth functions, whose randomness are independent of a. For any m > 0,
denote by P, a multiset of elements from {1, ..., m} and by | P|, the number of elements
in P counting multiplicities. Denote by dp F; the partial derivatives of F; with respect
to the variables x; for j € P counting multiplicities.
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Lemma 5. Assume that for anym > 0 and even p > 2, there exists a constant Ky, , > 0
such that

K
sup  (ElopFj(a)|?)"? < ;”/g, Vi > r.
jelrl, Pl=m

Then for any m > 0 and any even integer p > 2, there exists a constant K,’n, » >0
independent of n such that

1 ¢ p\1/p
sup (E‘TE aorFi@| )" < n”j/g, V>, @1)
n

|Pl=m

Proof. Let p > 2 be even. Let m > 0 and P with | P| = m be fixed. Write

]E‘«/"ZQJBPF (a)‘ p/z Y Elaj-aj,Lj.. @],

Jis-sJp€lr]
where
,,,,, jy(@) = H IpFj(a).
For 0 < d < p, let Z; be the collection of all (ji, ..., j,) € [r]” so that there are

exactly d indices in this vector that appear once in the list. Note that there exists a
constant Cy,, > 0 such that

\Zal < Cagpn? - nt =72, 42)
where |¢] is the largest integer less than or equal to . Now we control ]E[a jic e aj,
Lj...j, (a)] Forany (j1,.... jp) G.Id,.if j{, e j(; are those indices that appear once
in ( J1s - -+, jp), then from the Gaussian integration by parts, we have that

Elay - aj Ly, @] =E( [T @;)0k, 00 Litsy @
JE el

Here the first term in the last line is bounded above by (]E|z|21’ )1/ 2. As for the second
term, using the product rule, we readily write

B, ooy Ljr....jp@ =)0 (0pFjy @) -0, (0p Fj, (@),

71

where the sum is over all disjoint Py, ..., P, with Ule Py = {j{,..., j;}. From the
given assumption,

(E’ax./{ o 3x}d ley-..,jp (a)’2)1/2 = Z(E‘apl (aPFjl (a)) e aPp (aPFjp (a))}z)l/z
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P
Z]‘[ (E|op, (0p Fj, (@))|?)/?”

P
< d 1—[ maxo<;<d Kr+m,2p
p L (Psm) 2

d p
= (%, Kran )"

Using this and (42), our proof is completed since

1 « p
E’ﬁ gajaij(a)

1 1
—d)/2 d 2p\1/2
nP/2 ch n O P (e, K ap)” - (E1eI)
1/2 p
_ (Elz |2p) 1 p
T e a2 Capp”(max, Kram2p)
d=
LK/
ppm/2 m.p>

where

K (E| |2p 1/2 ch pP (rnax Kiim 2p) .
d=0

O

The proof of Proposition 4 is argued as follows. First of all, note that (40) follows
from (39) by applying the chain rule and the Holder inequality. To show (39), we argue
by induction over k. Obviously (39) holds for k = 0. Assume that there exists some
ko > 0 such that the assertion is valid for all 0 < k < kg, m > 0, and p > 1. We need to
show that (39) is valid for k = kg + 1l and allm > 0, and p > 1.Letm > O and p > 1.
Forn > ko +2, fix (P, S,i) € Bk0+1 »(m). Recall that

[ko+1] k
ws?(A) = ﬁ > aiifi(wsdiy ;).

JESULi}

Set
[k
vsuli).j (A) = fip (w5l 5 (A)).

Write P = {(i1, j1), .-, (im, jm)}. Note that A, is symmetric. A straightforward com-
putation yields that

[k0+l (A)

m
Z Z 12 81, OP\(Gir Y USULi i (A) + 810,81, P\ (G, )} USULii (A)
r=1 j¢SuU

(43)
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1

- > aijdpvsuny.(A), (44)
JESU{i}

where §; 7 = 1 if i =i’ and = 0 otherwise. Note that here for all j ¢ S U {i},

(81,08, OP\(Gir. iy VSULIY. Jr (A) + 810,81, OP\ (G i} USULIY.ir (A))
01

= 1 OP\{(Gy. j)VSsUi), )i (A),
IP\((Gr,j)}USULiir (A),

if8;7,8j.j, =0=35;43ij,
ifé; ;,8; j, = landd; ;. 8; j, =0,
if(gi,iraj,jr = Oand8j,ir8,-,jr =1.

To bound each term in (43) and (44), note that from the validity of (39) with k = ko,

by using chain rule and the Holder inequality, for any m > 0 and p > 1, there exists a
constant K, , > 0 independent of S and i such that

1/p K
sup (]E|3vau{i},j(A)ip> < ::/’5 , Vn > ko+2. 45)
J¢SUli),| Pl=m n

Consequently, (43) is bounded above by

m  2Kp_1p 2mK,,—

nl/2 " pm=1j2 —

L2 yn > ko +2

i (46)

To handle (44), set

Fj(A) = vsugiy,j(A), j ¢ SULi}

Note that these functions satisfy the assumption in Lemma 5 due to (45). By applying
to (41) for the 2 p-norm, there exists a constant K ;n,2 » > 0 independent of n such that

1 2p\ 1/2p Kr/n,2p
(]E‘ﬁ 3 a,-,-aij(A)’ ) < Bl V= ko2
j#S0ti)

Note that this bound is uniformly valid over all (P, S, i) € Bgy+1,,(m). From Jensen’s
inequality,

1

ni/r K,
sup (E‘T Z al‘jaij(A)‘ ) < :;—'/2217, Vn > ko+?2.
Bk0+|,n(m) n Jj¢SUli} n

Plugging this and (46) into (43) and (44) and applying the Minkowski inequality, we
obtain that forallm > 0 and p > 1,

2mK, 1, + K’
sup  (Blopulra)) P < e > kg 42,
(P.S.i)€Bygr1,0(m) ’ n

which implies that (39) holds for k = ko + 1 and this completes the proof of (39).
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5.3. Proof of Proposition 5. Since ¢ has bounded derivatives of all orders, by the virtue
of the chain rule, it suffices to show that for any m > 0 and p > 1, there exists a constant
C > 0 such that

1 r\1/p C
[k]
Sup(E‘3p<ﬁ 3 a,‘jfk(w{i}’j(A)))‘ ) <o Vnzk+l @)
JAELT
where the supremum is taken over all P, sets of elements in {(, j) : 1 <i < j < n},

with | P| = m counting multiplicities and i, i’ € [n] withi # i’. To prove this, in a similar
manner as (43) and (44), we readily compute that for P = {(i1, j1), ..., (m, jm)}:

ap(% > a felwlf] ;)

AL

f Z > (51 87,5, 0P\ (o) (Fie (W] 5, (A))) + 855,815, 0m i, o (fic(wl] (A>)))

r=1 j#ii’
(48)
Y ayoe(f(wli] ;). 49)
f J#EL
Here, using (40), the pth moment of (48) is bounded above by
1 & K] N
—> s (Bpe(h@fla)]) " = 5 vz kel 60)

vn i1 (P.S.))EBy n(m—1)

for some constant Coy > 0. As for (49), we write

Y aidr(fe(wl ;(4)) 2 auyop (fiwii (4))
f./#ll ! f]#l ]

1
——aiop (fu(w wli ()

and use the Minkowski, Jensen, and Cauchy-Schwarz inequalities to get

(5 & st o)
< (IE) % Z aijdp (fi(wi ;(4))) ’217)1/2!’

\/1_(E|a, |2p)1/ p(E‘a (fk( l}l’(A)))‘zp)l/zp‘

Here, from (40), the second term is bounded above by C;/n*1/2 Using (40) again
and Lemma 5 for the 2 p-norm, the first term is bounded above by C,/n™/?. Note that
C1, C> > 0 are universal constants independent of n > kg + 1 and P with | P| = m, and
i,i’ € [n] withi # i’. Combining these together, the pth moment of (49) is bounded
by (Ci + C)/n™/?. This and (50) complete the proof of (47).
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6. Proof of Theorem 2

Our proof is based induction argument on k. Before we start the proof, we set up some
notations.
Notation 2. For any x € R” and B an n x n matrix, denote the 2-to-2 operator norm of
B by ||B|| = supj=; [[Bx||. Forany n > 1, letu" = (u})ie[n) and v" = (v}")ie[n) be
two sequences of random variables and S,, C [n], we say that u] = v} foralli € S, if
there exists a constant C > 0 such that all sufficiently large n,

2 C

supE|u;' — "| < —.

i€S, n

In addition, we say that u" =<, v" if there exists a constant C > 0 such that for all
sufficiently large n, u:' =7 vf’ for all i € [n]. For notational convenience, whenever
there is no ambiguity, we will ignore the dependence on n in these definitions.

6.1. An example. To facilitate our proof, we argue that w'?! <, u!?! in this subsection.
Note that a;; = 0. Recall

1 n 1 n
[2] (1] [11 [0]y -
W2 = ﬁ;aljﬂ(u}- ) — (;;f{wj ) o™, iefnl. D
Fix i € [n]. For each j € [n] with j # i, write

1
ulll = - > aj fowl®) = f > ajifou)™) + ff 0!

I#j I#,j
From this, we can use the Taylor expansion to get that
[1] 1 (1 , % (L 0l o, 2@ tzj)
A = i o= 3 o) + LA (7 3 anfo™) fot™ + —
I#i, ] I#i, ]
(52)

It follows that

% Zaijfl (uE-”) =2 % Zaijfl <% Z ajlfo(“z[o])>
j=1 J#

[#i.]

! 2 (1 ‘ (0] [0]
+[; ;ai;‘fl(ﬁl;aﬂfo(ul ))]fo(ui )
1 1
il ;agj (7 z;, afo™) ™. s3)

Here, note thatforeachi € [n],{a;; : j # i}isindependentof{a;; : j #i and [ # i, j}.
This implies that {a;; : j # i} is independent of

( > aifo™), Vi #i.

l;ét]
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As aresult, using E(a7; — 1) = 0 and E(a}; — 1)* = 2 yields that

E‘% Z(aizj - l)f{(% Z ajzfo(ul[ol))’2 -2 Z ‘fl( Z aj1 fo(ul? ]))’
J#i I#i,j l#l
- 2I|f1 “oo,

n

which means that for all i € [n],

%Za?jfl( 2 aifotur ) =2 %Zﬂ/(% 2 ajlfo(u,[O]))

J# l#l J J# I#i, ]
1 & 1 <
_ § ' / 2 : ) (0] )

Combining (51) and (53) together yields that ul?l =, wi2l,

The proof of the general case u!¥*!1 <, w!**+11 consists of three major steps. In the first
step, using the Taylor expansion as (52) combining with the the induction hypothesis, it
can be shown that the correction can be canceled leading to

1 _
ul! Zal,fk( o L () Vi 64
1#i,j

To complete the proof, it remains to show that the right-hand side is asymptotically

w}k+1]. The real difficult here is that one has to delete the ith row and column of A,

from w%’;}_l”. Although it is known that w{[k} 11] =0 w! {l ]} I I from Proposition 2, we can not

simply replace w[k 1 by wB‘ i 1l ; since the double linear summations in (54) can possibly

amplify the accumulated error between them. Fortunately since our iteration adapts self-
avoiding paths, the total error remains controllable by a subtle second moment estimate
between the right-hand side of (54) and w11 which will be carried out in our second
and third steps.

‘We now perform our main proof in three major steps. For convenience, C, Cy, C1, . ..,
C’, C”, ... are universal (positive) constants that do not depend on any n and i € [n]
and they might mean different constants from line to line.

6.2. Step I: Cancellation of the correction term. Obviously the assertion holds when
k = 0. Assume that it is valid up to some k£ > 0. From (8) and the triangle inequality,

- A = (1 kaou )) fic w1

an allll e @™y — |

0
+ MO @Ry = L)
1 _ _
+ MOV | fror @Y — @ty
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where M, (r) = fg(r) lloo- Since || A, || /+/7 is square-integrable and fi+ fi—1 areLipschitz,
the 1nduct10n hypothesis implies that

NI LS 1k -
) <y = i) (;;fk(w,- )) ficr @1,

The following lemma is a crucial step, which gets rid of the correction term.

Lemma 6. For all n > k + 2, we have that

1) Za,,fk(fl; ajt fier (wi 1)), Vi € ). (55)

Proof. For each fixed i € [n], write by Taylor’s expansion with respect to a;;,
Se'th)

1 _
= fi (ﬁ Zajlfk—l (w}'};,z”)>

:fk( Za]lfkl {j ) }fk—( ,},]))

17&1 J
O(a.z.)
a; k—1 i
=f/<( Zajlfk 1 {J”)> Jfk( Zaj[fk 1 U}]))fk ]( EJ}J])-'- nj .
l;ﬁt J I;ét J
As a result,
[k+1] [k—1]
u; =2 «/_Za”fk(\/_ Z ajlfk—l(w{j}’[ ))
J#i I#i, j
1 1 .
+;Zai2jBijDij_;ZBjDi7 Vi € [n], (56)
J#i J
where
_ [k—1]
Bij = fk( Z aji fie—1 w{]}, )) Djj = fkfl(w{J}l ),
\/_l#l j
k—1
B; = fiw!), Di= fisy(w ).
To handle the last two summations, we first claim that
2
lsel?np]E . Z(a” 1)BijDij| = O0(1/n).
For fixed i, write the expectation term as
1
) Z ]E[yt/Bl/DlJyt/’Bl/’Dtj ZZE ZJBZD2 (57)

JoJ'#FjET J#
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where y; j:=ai2j — 1. Here, the second term is of order O(1/n). To control the first term,
observe that conditionally on a,,s for (r, ') ¢ {(i, j). (j, i), (i, j)), (', D)}, yijs Bij Dij

depends only a;;» = aj;i and y;; B;j» D;j depends only on a;; = aj;. It follows that
E[yij Bij Dijyij Bij Dijr] = E[ (i Bij Dijr) (viy Bij Dij)]
= E[Eq,, [vij Bij Dij |Ea; [viy Bij Dij]].

where Eaij is the expectation for a;; and Eaij/ is the expectation for a;;-. Now using the
mean value theorem and Proposition 2,

B - Moy .
Bij =2 Bj = fi(w; ) ;) = Bii.jn.i» 58
_ -11 y _.
Dij =2 fi1(w(; ;) =t Dijjni-

Write
Eq,, [vij BijDij] = Ea,, [vij(Bij — By, j»,;)(Dij — Dyj jry.i)]
+Ea,, [ij(Bij — Bi.j. 1) Dij.jnv.i]
+Eq,,, [vij Bi,jn,i (Dij — Dyjjy.i)]
+Ea,, [ijBiijy.i Diji i

Note that By; jiy,j and Dy jiy; are both independent of a;j so that Eq, [vij'Byi,jy.j

Dy;, j/},,»] = 0. Consequently, from the Cauchy-Schwarz inequality and (58), there exists
a constant Co > 0 such that

12 _ Co
Jn
The same inequality is also valid for (E(Eq,; (vij Bij D; jr))z) . Using the Cauchy-

Schwarz inequality to the first summation of (57) completes the proof of our claim.
Next, by the virtue of the above claim, we have

(E(Eq,,, (vij Bij D;)’)

1/2

1 1
EzaiszijDij =2 ;ZBU‘D,’]‘. (59)
J#i J#
Write
1 1 1
; Z(BijDij — BjDi) = ’—l Z(Bij — Bj)Dij + ; Z(Dl‘j — Di)Bj.
J#i J# J#
Here since
Cilaijl
[Bij = Bjl = = 7=
it follows that
1 2 (O
E‘— Bij — Bj)D;j| < —=.
=D (Bij = Bj)Dij| = —

J#
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On the other hand, by Proposition 2,
1 2 Cs
E| -3 (0~ DpBy[ <2
J#
Putting these together yields that

_Z iiDij — Bj 4)/\20.

J#
From this and (59),

ZauBUD,j =5 —ZB Di =3 —ZB D

/7&! J#l
Hence, the last two summations in (56) cancels each other so that (55) follows. |
From Lemma 6, our proof of Theorem 2 is complete if we can show that for all
ieln],
[k—1] [k+1]
N %a,;fk(fl;j aji fi—1( ) =2 7 ;azjfk<[l;a11fk 1 w{z J}l)) w;
Fix i € [n]. For any j # i, set

1
Lj= fk(ﬁ D ajifier (wijy l]))’

I#i, ]
K= (5 X anfior )
j=Jk aijl Jk— 1 Wy i)
l;tt

For any two distinct indices 7,¢ € [n] \ {i}, if we condition on all a,,’s for (r, r") &
{G, 1), (i,v), (r,0), (t, i)}, then L, will only depend on a;, = a,; and L, only depends
on a;; = a;. In addition, (a;;) j+; is independent of K, and K. It follows that

E[airaitLr LL] = E[Eaif [air LL]Ea,-, [ailL‘E]]v

E[airai[L,KL] = E[air]IE[a”L K] = 0

]E[a,'fa,'tKTKL] = E[ai‘[ai[]E[K‘[ ] =0,
where recall that E,,, and [E, are the expectations with respect to a;; and a;,, respec-
tively. From these,

E‘% Y ai(L;— Kj)‘2

J#E
1
Z E [ai‘[(LL - KL)ai[(LT — KT)] + — ZEQ?] (L/ — K/)Z
n TUFELTHL n i
1
= Z E[Eq, [air Li]Eq, [ai L] ZEa” K;)’. 60)
TUFELT AL ];éz

Our next two steps control these two summations.
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6.3. Step II: Diagonal case. From the mean value theorem, the second summation of
(60) can be handled by

1 1
;Z]Eaizj(Lj—Kj)zz ;ZE(LJ —

J# J#i

R B
J# LJ

— — 2
a2 Z > Elfiea(wiin!) = fer (wii )]

JFEUIEL]

k=11 _ k= 17,2
2ZZ]E| Wiy — Wi
JFEUUEL ]
C//
—, (61)
n

I/\

I /\

IA

where the second equality used the fact that (a;);«;,; is independent of (wy;}_‘ll])lﬂ’ j

and (wgﬁ;}l’]l)[?éi’ ;j and the last inequality used Proposition 2.

6.4. Step IlI: Off-diagonal case. It remains to show that the first summation of (60)
is of order 1/n, which requires more subtle controls of the moments. Fix i € [n]. Let
7,1 € [n]\{i} and T # ¢. First of all, we compute E,, [a;, L] using Gaussian integration
by part and the chain rule as follows. Write L, = f;(A;) for

[k—1]
Z argy fe-1 w{f} T— 1)

fk 17£0,T

Here we would like to call the dummy variable in the summation t;_; as its subscript
matches the iteration number. This choice of dummy variable appears to be very conve-
nient later when we need to look back into the (k — 1)th, (k — 2)th, ..., iterations.

Since t # ¢ and 1,—1 # i, T, we see that a;;,_, # a;, or a,;. Applying Gaussian
integration by parts yields

Ea,(aiLe) = —=Eq, f{(Ar) Y rg e, il 1) ).

Te—1 70,7

f

In order to compute the partial derivative with respect to a;,, we proceed by tracking back
the iterations until either a;, or a,; appears at the rthiteration forsome 1 < r < k—1 (once
either appears, neither of them will appear again in w{[;_ri]q ot forall T <s <r
due to the path self-avoiding property). Recall that
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1 _
fk 1 ( {]j.}l.lk 1) = fkfl (ﬁ Z aTk_lTk_Q‘fk72(w&r,‘ri]_l},m—'z ))a
—_——

Th—2FT,Tk—1 ]
v

[k—2] _ 1 [k—3]
Wirrme 1 bmeos NG Z akasz*3fk_3(w{Tﬂ'k—lﬂ'k—z}ﬂ'k—S )’
Tk—3FT,Th—1,Tk—2 ‘

[r] _ L [r—1]
w{Tkafla---vTr+l}7T7‘ - \/ﬁ Z aTTTT—lfT71(w{‘r,‘rk,l,..,‘rr},n_l)'

Tr 1FT, k1, Tr
As long as (t,, t,—1) equals (i, t) or (¢, ) for the first time forsome 1 <r <k — 1,
we have that forany r <s <k — 1,

aaizfs(w{[i]rk Tsee ,Ts+1}fv)

[s] [s—1] :
( (T, k=1, Tst1 1, Ts Zafﬂs 1 Oy, fs— 1( {r, 7k 1,..‘,rs},rx_1)’ ifs >,

= f Ts—1
[r] [r—1] .
( ;Tk lq~-<sTr+1}sfr)fr_1(w{;vfk—lq-usfr}afrfl)’ ifs=r,
«/_

where the summation is over all 7,_1 # 7, T4—1, . .., Ty. This computation suggests that
the partial derivative at the sth iteration for some s > r must involve the partial derivative
of the (s — 1)th iteration and a factor of n~!/? is brought up every time when the chain
rule is applied, until a;, or a,; appears for the first time at the rth iteration. This in total
brings up a factor of n~*==1)/2 and we finally get

k-1
1
Eq, [ai L] = Z mEa”[ Z Ar, FI”(A)]]1{(1',,1',_1):(1‘,1) or (Li)}s
r=11 2 Ir,re-z-r,r

where 7 , is the collection of all self-avoiding paths
_ k—r+2
Ity = (T, Th—1, Th—2, - - > Tr, Tr—1) € [n]

of length k — r + 1 starting from 7, = t and satisfying t;_; # i, and

(©)
Fi (A= F{(Ar >(Hf i) ()

s=r

Similarly,

Eq, [aiz L] Z = a,-r[ > Alt,rFL,V(A)]ﬂ{ar,z,-fl):(i,r)or(m‘)}-

r=1 1 ,€Z, ,
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Now, from these

E[Eair[aitLt]Ea;,[aier]] (63)
k—1 1
=) R > ]E[Alz.rAIL,wFlr,r(A)Fh,,-/(A)]l (Tt =G0 or (i) |
rr'=11 2 It €l I”/eI”/ (4t )=0,7) or (z,i)

where the last equation used the fact that A, Fy . (A) is independent of a;; and
Ay, Fi ,(A) is independent of a;,. Each term in the summation of the last line is
nonzero only if one of the following four cases is valid:

A) (. -1 =G0, (G, 4—1) =31, 1),
(B) (tr,t—1) = (i,0), (4, 40—1) = (T,10),
©) (.- =10, (,-1) =3 1),
(D) (tr.tr—1) = (LD, (4, 4r—1) = (T, 1).

Note that Z; , and 7, ,» are collections of self-avoiding paths starting from 7 and ¢,
respectively. Let Z; , .,/ (s, t) be the collection of all pairs (I, I, /) € Iz, X Z,
satisfying that (i) one of (A) — (D) holds, (ii) there are exactly s edges shared by I ,
and /, ,» disregard the direction, and (iii) the number of (distinct) vertices appearing in
the shared edges is equal to 7. See Fig. 1a, d for two examples of pairs (I ,, I, ,/) in
Trak—5.k—6(3,5) for (i, T, 1) = (1,2, 4), where the shared edges are marked in blue.

Note that for (Iy,, I, /) € Iz, (s, 1), if the edge (7, 7,—1) is shared in [, ,/, it
must imply that (1 = i due to (A) — (D), which contradicts the definition of Z, ,s
since (,—1 # i. Hence, the last edges (z,, t,—1) in Ir, and (¢, t,7—1) in I, ,» must not
be among the shared edges. From this, to control the size of Z; , , (s, t), it suffices to
consider s, ¢ satisfying

1 <s <mink —r, k—71),

t=s=0 or s+1<t<min(2s,k—r+1,k—r'+1). (64)
We then write
Z Z IEI:AIT-VAILJ’ FIfJ' (A)Flt.r’ (A):I 1 (tr,Tr—1)=(i,0) or (1,i)
Iy€ler 1, €L, (tyr st _)=(i,7) or (t,i)
S (65)

=Y Y E[An AR E, )],

St (I d, )€y, 0 (50)

T

where the first summation in the second line is over all s, 7 satisfying (64).

Next, we further introduce the notation Z , , (s, t,£) C Iy, (s, t), where £ =
0, 1, 2 denotes the number of vertices in {z, 7, } (or, equivalently, in {t, ¢,/ }; see Remark 5
below) that appear in the shared edges. In Fig. 1a, d are two examples in the same collec-
tionZ; ; x—5x—6(3,5) but with¢ = T and £ = 2, respectively. Note thatZ; , ,,/(s, 1, £) =
Bif € > t.

Remark 5. We claim that for any (I, 1, /) € I;, (s, t), the numbers of vertices in
{r, 7.} (denoted by n1) and {¢, t,»} (denoted by n,) appearing in the shared edges must
be the same, due to (A)-(D). For symmetry, we only discuss the cases when n; < nj.
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2 3 7 5 6 1 4 2 3 5 7 1 4 2 3 5 4 1
T 1 RS
4 5 7 3 8 6 1 2 4 5 3 2 1 4 5 3 2 1
(a) (b) (c)
2 3 7 5 6 4 1 2 3 5 7 8 6 9 1 4
T L T T
4 6 8 9 7 3 2 1 4 11 3 5 6 9 8 7 10 2 1
R R
(d) (e)
Fig. 1.Let ¥ > 9 and (i,z,1) = (1,2,4). These figures are typical examples of

elements in Z, x—54,-63,5 1, Tr,k—ak—32,3, 1, Ty 1-3%-33.42), Iy x—5k-63,52),
Zr,1 k—7.k—9(3,6,0) from a to e, respectively, where the shared edges are highlighted in blue. To bound

the order of the cardinality of Z;. | ,. ./ (s, t, £), we only need to consider all possible choices of Ty, ..., Tp4]

and t4_1,...,ts,; (for example, the open circles in each case) that preserve the self-avoiding prop-
erty and the number of shared edges. Consequently, from (a) to (e), |Z7 , k—5k—6(3,5, 1| =< Ccnd,
Te k-4 k-32.3. D < Cnd (T k3533, 4.2)] < Cn?, 1Ty k-54-6(3.5.2)] < Cn® and
|Z¢,0k—7,k—9(3,6,0)] < Cn®, where in each case, the positive constant C > 0 varies and is independent of
n

e Case n1 = 0,ny = 1. First of all, suppose ¢ is in a shared edge but 7, 7, and ¢,/
are not. This immediately rules out (C) and (D) because in these two cases 7, = (.
The cases (A) and (B) also can not occur. Indeed, if either (A) or (B) holds, then
this would force (7, 7,—1) (the last edge in I7 ) to be a shared edge, a contradiction.
Next, suppose that ¢, is in a shared edge but 7, 7, and ¢ are not. We see that (A), (B)
and (D) can not occur because in these three cases, either t,; = t or (v = 7,. (C)
also can not occur, because in (C), (v = i is the last vertex in I ., forcing the last
edge (7, T,—1) to be a shared edge.

e Case n; = 0, np = 2. Since both ¢ and ¢,» are from shared edges, none of (A), (B),
and (C) can occur. This is because in all three cases, the last edge (z,, t,—1) in I
must be a shared edge, which is not allowed. (D) can not occur either as ¢,» = 7 in
the shared edge would contradict ny = 0.

e Case n; = 1,np = 2. We can eliminate (A), (B) and (C) for the same reason as
in the n; = 0, ny = 2 case. (D) can not happen either because in (D), t, = ¢ and
T = (7, and then both 7, and 7 will be in the shared edges, a contradiction.

Write
Teirr (5.0 = Lo (5. 1. 0) | Zewrr (5. £ D Zeirr(5.1.2). (66)

The following lemma establishes bounds for the sizes of 7, , (s, t, £).

Lemma 7. For any 1 < r,r' < k — 1, (s, 1) satisfying (64), and 0 < £ < t, if
Iz, r (s, t,£) is nonempty, then

t—e<min(k —r—1,k—r' —1) (67)
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and there is a constant C = C(k, r,r', t,£) > 0 independent of n such that
| Ze (s 1, 0] < CuPhor=ri=ivt=2, (68)

Proof. For any (I, 1, ) € Ir,,,(s,1), the first vertices of both paths are already
determined and their last edges (t,, t,—1) and (¢,7, t,»_1) are fixed as well due to (A) —

(D). Hence, we can only select the vertices, tx—1, ..., Tr+1 and tx—1, ..., t;741, Which
have cardinalities no larger than n*~"~! and n* =" 1 respectively. Since there are t — ¢
vertices among {tx—1, ..., Tr+1} and {u—1, ..., ;741 } that are shared with each other,

(67) must hold. Also,

|IT,L,r,r’(ss ¢, E)’ < Cnl*l . n(k*l‘*l)*([*e) . n(k—r’fl)f(tfe)

’
— Cn2k7r7r —t+0-=2

for 0 < ¢ < t, where

, A B k—r—1 ) . k—r —1
C=C(k,r,r',t,0):=4-(t Z)!( f g ) (t E)!( f_ e )

Here, the factor 4 accounts for the four different situations (A)-(D) and the two com-
binatorial numbers are upper bounds for the numbers of ways that the shared edges in
Urry 1,p) € Iz, (s, t, £) can appear, counting both order and orientation. O

Note that for the unshared edges, the corresponding Gaussian random variables in
Ap., A, appear only once and there are (k — r — s) + (k — r’ — ) such edges so
that we can apply the Gaussian integration by parts to get

E[Ar,, A1, Fr, (A F,, (0| =E[S1,,.1,,,0m,,., (Fi, (OF,,@®)]. 69

Here Sy, , .1 ,, 1s the product of all age’s with (¢, ') being a shared edge in (I7,, I, ;)
and '

E[s?

LIy d,

] <Ejz|* (70)

for z ~ N(0, 1). The set Py, s , is the collection of unshared edges and dp,  , | is

the partial derivatives corresponding to the unshared edges in Py, 1 ,. We have the
following moment control of these partial derivatives.

Lemma 8. There exists a constant C > 0 such that for sufficiently large n,

C
sup Elop,,., , (Fr., (A)F,, W) <

T pam—r
Uz 1, ,)ET 1y (5,1) n2k=2s—r—r

From (69), (70), and Lemma 8, we conclude that there exists some universal constant
C > 0 such that for sufficiently large n,

C

E[AIWAIH/ Fr,(AF;, (A)] e v Y

(71)
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Proof of Lemma 8. Recall the terms in the product of (62). For any m > 0 and p > 1,
(40) ensures the existence of positive constants

Wk*l’m’p'fk/—l s kaz,m,p)fk’_z» ceey Wr,m,p,fr’s Wr—l,m,p,fr,l
such that for n large enough, the following inequalities hold,

nl/p W i
sup <E)8pfs m)) ) < PSR <g<k—1,
(P.S.1YeByn(m) nm/2

1/p |44
1 m,p, fr
sup ( ‘anr i [’ ])) ) f—r",;/’;f.
(P.S,i)eBy—1 n(m) n

In addition, from Proposition 5, there exists a constant W’ , > 0 such that

P Jy

1 -1 r\1/p Wlé,m,p,fk’

(e (G 22 e ) < izt
i,J

where the supremum is taken over all P’s, collections of elements from {(i’, j/) : 1 <
i’ < j/ < n} with |P| = m counting multiplicities and i, j € [n] with i # j. These
bounds essentially say that each partial derivative will bring up a factor n~1/> module
some absolute constant. As a result, by applying the product rule of the differentiation,
the assertion follows since [Py, 1 | is the number of the unshared edges in the pair
(Iry, I, ,7) and itisequal to (k —r — s) + (k —r' — 5). O

Finally, we can bound the off-diagonal term in (60) as follows. Using Lemma 7 and
(71), we see that for any 1 < r,r’ < k — 1, (s, t) satisfying (64), and 0 < £ < ¢, if
Iz (s, t, £) is nonempty, then

1
Py Sy} > E[Alw A1, Fr, (A)Fy, (A>]
! ([Tv"[z,r’)EIr,t,r_r/(sstse)
C(k, r, r/’ t, Z) . n2k—r—r/—l+£—2 ) 1
- nk+l—(r+r’)/2 nk—s—(r+r’)/2
Cle 1,0
pn3+t—s—t '

Here, if s =0, thent = £ = 0 and
1 1
nH—s—C 3"
Ifs>1,usings > s+ 1and ¢ <2, we have
1 1 1
- < <
p3H—s—l = pd—l = ;2"
As a result, from (63), (65), and (66), for some C” > 0 independent of n,

C//
E[Eai, [air LL]]Eah [aitLr]] = ?

Consequently, this bounds the off-diagonal term in (60),

! > B[Ea, [are L]Fay [anLe]] < <. (72)

n n
TUHELTHEL
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6.5. Step IV: Completion of the proof. Plugging (61) and (72) into (60) and then using
Lemma 6, we see that

1 1 _ .
W =y — Zaijfk<_ Z ajlfk—l(w{];},zll)) =2 wjM, Vi e n],
v J#i ﬁl#—’lj

This implies that u**11 <, w**1 and completes our proof.
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