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Abstract: The quantum random energy model (QREM) is arandom matrix of Anderson-
type which describes effects of a transversal magnetic field on Derrida’s spin glass. The
model exhibits a glass phase as well as a classical and a quantum paramagnetic phase.
We analyze in detail the low-energy spectrum and establish a localization-delocalization
transition for the corresponding eigenvectors of the QREM. Based on a combination of
random matrix and operator techniques as well as insights in the random geometry, we
derive next-to-leading order asymptotics for the ground-state energy and eigenvectors
in all regimes of the parameter space. Based on this, we also deduce the next-to-leading
order of the free energy, which turns out to be deterministic and on order one in the
system size in all phases of the QREM. As a result, we determine the nature of the
fluctuations of the free energy in the spin glass regime.

1. Introduction and Main Results

1.1. Quantum random energy model. In the theory of disordered systems the random
energy model (REM) is a simple, yet ubiquitous toy model. It assigns to every N-bit or
Ising string 0 = (071, ..., on) € {—1, 1}N=:Qy a rescaled Gaussian random variable

U(o) :=+vN w(o)

with (w (o)) forming 2V canonically realized independent and identically distributed
(i.i.d.) random variables with standard normal law IP. The Hamming cube Q) is rendered
a graph by declaring two bit strings connected by an edge if they differ by a single
bit flip: introducing the flip operators F;o := (o1, ..., —0}, ..., 0y) On components
Jj € {l,..., N}, the edges of the Hamming cube are formed by all pairs of the form
(0, Fjo). The graph’s negative adjacency matrix

N
(TY) () :=— Y _ y(Fjo)
j=1
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is defined on ¥ € 2(Qy), the 2V -dimensional Hilbert space of complex-valued func-
tions on N-bit strings. Since every vertex in Qx has a constant degree N, the negative
graph Laplacian, T + N1, just differs by N times the identity matrix. We study the
quantum random energy model (QREM) which is the random matrix

H:=TT+U, (1.1)

where [ > 0 is a parameter, and U is diagonal in the canonical configuration basis (84 )
of EZ(QN), i.e.,Uds = U(0)ds and ¥ () = (84 |1). As usual in mathematical physics,
we choose the scalar product (-|-) on £2(Qp) to be linear in its second component.

The QREM is a random matrix of Anderson type—albeit on a quite unconventional
graph whose connectivity grows to infinity with the system size N, and with a scaling
of the random potential U which enforces the operator norm of both, 7" and U, to be of
the same order N (cf. (1.4) and (1.9)). It is thus natural to investigate the localization
properties of its eigenfunctions. The interest in the QREM is however many-faceted. In
mathematical biology, the model has received attention under the name REM House-
of-Cards model [63] as an element of a simplistic probabilistic model of population
genetics, in which Qy is the space of gene types and U encodes their fitness [7,8,39,42].
In this interpretation, the operator T implements mutations of the gene type, and one is
interested in the long-time limit of the semigroup generated by H (cf. [6], in which the
parameter regime I' = « /N with fixed « > 0 corresponding to the normalized Laplacian
is considered).

The Anderson-perspective has also attracted attention in discussions of many-body
or Fock-space localization, where the QREM occasionally serves as an analytically more
approachable toy to test ideas about more realistic disordered spin systems [9, 14,27,45].
We will comment on some of the conjectures in the physics literature concerning the
localization properties of the eigenfunctions after presenting our results on this topic.

In statistical mechanics, the QREM was introduced [37] as a simplified model to
investigate the quantum effects caused by a transversal magnetic field on classical
mean-field spin-glass models [62]. In this context, the Hilbert space ¢2(Qy) is uni-
tarily identified with the tensor-product Hilbert space ®§y:1 C? of N spin-% quantum
objects. A corresponding unitary maps the canonical basis (§4) to the tensor-product
basis in which the Pauli-z-matrix is diagonal on each tensor component. The Pauli ma-
trices 0¥ = ((1) (1)) oY = (0 —()z) Lot = <(1) _01> are naturally lifted to ®§~V:1(D2 by

1

their action on the jth tensor component, oj’f =1®---® ¢* ®---®1. Upon the above

N

unitary equivalence, 7' corresponds to — Y j=1 o7, 1.e., a constant field in the negative

x-direction exerted on all N spin—% (cf. [52]). In this interpretation, the random potential

U is the energy operator of the spin-%-objects, which interact disorderly only through
their z-components. Derrida [28,29] originally invented the classical REM potential U
as a simplification to other mean-field spin glasses such as the Sherrington-Kirkpatrick
model.

The phenomenon common to such classical spin glass models is a glass freezing
transition into a low temperature phase which, due to lack of translation invariance, is
described by an order parameter (due to Parisi) more complicated than a global mag-
netization [54,57,58,65]. In the absence of external fields the latter typically vanishes.
These thermodynamic properties are encoded in the (normalized) partition function

Z(B,T):=2"NTre PH
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Fig. 1. Phase diagram of the QREM as a function of the transversal magnetic field I and the temperature g1
[37,50]. The first-order transition occurs at fixed 8 and I'¢(8). The freezing transition is found at temperature

Be ! , which is unchanged in the presence of a small magnetic field

at inverse temperature § € [0, 00), or, equivalently, its pressure
ON(B, ) :=InZ(B,T). (1.2)

Up to a factor of —B !, the latter coincides with the free energy. In the thermodynamic
limit N — oo, the specific pressure of the REM converges almost surely [17,28,29,56],

3B if B < Be.
1B2 4+ (B —BoB. if B> B

It exhibits a freezing transition into a low-temperature phase characterized by the van-
ishing of the specific entropy above

Be :=+/21In2.

In the presence of the transversal field, the spin-glass phase of the REM disappears
for large I' > 0 and a first-order phase transition into a quantum paramagnetic phase
described by

N~'oyn (B, 0) — pREM(B) = (1.3)

pPAR(ﬂF) := Incosh (BI")

occurs at the critical magnetic field strength
Fe(B) i= g~ arcosh (exp (PX™(8)) ) .

In particular, I'-(0) = 1 and "¢ (B.) = B Iarcosh(2). The precise location of this first-
order transition and the shape of the phase diagram of the QREM, which we sketch
in Fig. 1, had been predicted by Goldschmidt [37] in the 1990s and was rigorously
established in [50].

Proposition 1.1 [50]. For any T", B > 0 we have the almost sure convergence as N —
00:

N7'oy (B, T) — max{pREM(p), p"AR(BD)}.
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1.2. Low energy states. Through the low-temperature limit 8 — oo, Proposition 1.1
contains also information on the ground state energy of the QREM,

N~ 'inf spec H — —P %fr<'3C’
- ifI' > B..

The critical coupling for this quantum phase transition is at the endpointlimg_, oo I'c (8) =
B of the first order phase transition. As will be demonstrated below, this ground-state
phase transition at I' = S, is manifested by a change of the nature of the corresponding
eigenvector from sharply localized to (almost) uniformly delocalized. To provide some
heuristics, it is useful to compare the ground-state energy and eigenvectors of the two
operators entering H = I'T + U:

1. The spectrum of T consists of N + 1 eigenvalues,
specT ={2n — N |n € Ng, n < N}, (1.4)

with degeneracy given by the binomials (). The corresponding ¢>-normalized eigen-
vectors are the natural orthonormal basis for the Hadamard transformation, which
diagonalizes T'. They are indexed by subsets A C {1, ..., N}:

Dy(o) = (1.5)

1
s Lo

jeA

The eigenvalue to ® 4 is 2|A| — N with |A| the cardinality of the set. In particular,
the unique ground-state of I'T is ®y with energy —NT'. All eigenvectors ® 4 are
maximally uniformly delocalized over the Hamming cube.

2. In contrast, all eigenvectors 5 of U are maximally localized. The REM’s min-
imum energy, min U, is roughly at —Nf.. For n > 0 the event that |U||s =
maxgcQ, |U(a)| > (Bc +n)N has exponentially small probability, i.e,

QR = {llUlleo < (B + )N},
PRI =1 - ONH =3B N | _ g o= N Wﬁﬁ@), (1.6)

where the inequality follows from the union bound and a Markov-Chernoff estimate.
A more precise description of the extremal value statistics of min U is [17,46]

P(minU > sy(x)) = (1 — 2*Ne*x+"“))2 (1.7)

for any x in terms of the function sy given by
In(N In2) +In(4m) X
2B; Be

By symmetry of the distribution, a similar expression applies to the maximum.

Sy (x) == —B:N + (1.8)

These limiting cases suggest the following heuristic, perturbative description of the
ground-state of H = I'T + U in the regimes of small and large I". To our knowledge, it
goes back to [40]:
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1. For small I', second-order perturbation theory starting from the vector §4,,,,, which
is localized at 6 i, := arg min U, reads:

inf spec H ~ minU + ' (8g,, | T8¢ ) + T2
2
3 3o | T0)|”

U(omin) — Ul@)

0 70 min

1'*2

—~NB. — —.
P Be

(1.9)

The first-order term vanishes. The sum in the second-order term is restricted to the
neighbors of the minimum, whose potential term typically is only of the order +/N.

2. For large I, second-order perturbation theory starting from the ground state @y of
T reads:

. N [(®g| U )|
inf spec H ~ —NT + (®y|U dy) — Z W
A#D
oy U2 1
~_Nr - 2l U%0) o L (1.10)
NT r

The next-to-leading term, (®y|U g) =2~V ZaeQN U (o), vanishes by the law of

large numbers. In the order I'~!-term, one uses the approximation that most of the
states of T are found near |A| & N /2. As will be explained in more detail in Sect. 3,
one crucial point is that U is exponentially small when restricted to the eigenspace
of T outside an interval around |A| ~ N /2. By a decomposition of unity one is
therefore left with (dy| UZdy) ~ N, again by the law of large numbers.

Unlike in a finite-dimensional situation, higher orders in this naive perturbation theory
turn out to be of lower order with N ! the relevant parameter. One result of this paper is
that these predictions can be confirmed: for I' < . the ground state is sharply localized
near a lowest-energy configuration of the REM. In contrast, for ' > S, the ground
state resembles the maximally delocalized state given by the ground state of 7. In both
cases, the ground state is energetically separated and the ground-state gap only closes
exponentially near I' = B, see also [1]. In fact, we do not only restrict attention to the
ground state but characterize a macroscopic window of the entire low-energy spectrum
in the different parameter regimes.

Before delving into the details, let us emphasize that the localization-delocalization
transition at extreme energies presented here relies on the delocalization properties of
T on Qy, which fundamentally differ from the finite-dimensional situation. The eigen-
functions of 7' can only form localized states from linear combinations in the center of
its spectrum. This is given a precise mathematical formulation in the form of novel esti-
mates on the spectral shift and Green function of Dirichlet restrictions of 7 to Hamming
balls in Sect. 2, and random matrix estimates on projections of multiplication operators
in Sect. 3. A separation of the localized versus delocalized parts of the spectrum beyond
the extremal energies, on which the subsequent results concerning the finite-size correc-
tions of the free energy rest, is facilitated by a novel detailed description of the geometry
of extremal fluctuations the REM in Sect. 5.

Aside from Theorem 1.10, our results pertain to fixed, but arbitrarily large N on
the product probability space Qy corresponding to 2V i.i.d. standard normal random
variables whose product measure we denote by P. We suppress its dependence on N. In
this setting, the results apply to all realizations w, aside from exceptional events whose



1264 C. Manai, S. Warzel

probability will be estimated and go (exponentially) to zero as N — oo. This strong
concentration enables in Theorem 1.10 (and also Proposition 1.1) the use of Borel-
Cantelli arguments, applied to the product space [[5_; S2x. To present our results and
estimates in a precise, yet reader-friendly, manner, we will make use of an “indexed”
version of Landau’s O-notation.

Definition 1.2. Let ® = (0y, ..., 6;) be a tuple of parameters, (ay)yen a real and
(bn)NeN a positive sequence. We then write
lan|

ay = Og(by) if lim supb— < C(®), (1.11)
N—o0 N

for some positive constant C(®), which may depend on ®. Analogously, we write
ay =oe(by) if |an| < cn(©)|by], (1.12)
where cy (®) denotes a sequence which tends to zero.

In particular, the appearing constant C(®) or, respectively sequence cy (®), does
not depend on any other parameters in question not included in ®. That is, if ay is a
random sequence and the realization @ of the randomness is not included in the list ®
of parameters, the estimates are understood to hold uniformly on the event of interest.

1.2.1. Paramagnetic regime I' > B.. Our first main result shows that in the paramag-
netic regime the addition of the REM shifts the eigenvalues (1.4) of T' at energies below
the minimum of U deterministically.

Theorem 1.3. For I" > B. and any t € (0, 1) there are events Q?\,ETT with probability
Py = 1—e V¢

and C € (0, 00) a universal constant such that for all sufficiently large N and any n > 0

on Q?\,aft N Q%E};/I (cf. (1.6)) all eigenvalues of H = I'T + U below —(B. + 2n)N are

found in the union of intervals of radius Or ,(N 7" ) centered at

N
2n — NI+ ——— 1.13
(2n ) an —N)T (1.13)
withn € {m € No|2m — N)I' < —(Bc + 2n)N}. Moreover, the interval centered
at (1.13) contains exactly (]r\l]) eigenvalues of H.

For the ground-state in the regime I' > f., Theorem 1.3 implies that with over-
whelming probability

1
infspec H = —I'N — T +or(1). (1.14)

The energy shift with respect to the ground state of I'T is as predicted by naive second-
order perturbation theory (1.10). Second-order perturbation theory for the eigenvalues
corresponds to first-order perturbation theory for the eigenvectors: the eigenvectors are
well approximated by their first order corrections. In particular, the ground state in the
paramagnetic phase is close to the fully paramagnetic state ®y. This is made more
precise in our next main result, whose proof alongside that of Theorem 1.3 can be found
in Sect. 3.
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Theorem 1.4. In the situation of Theorem 1.3 on the event Q%l’rr N Q%E};/I with0) < n <
(' = Be) /4 the 02-normalized ground state  of H = T'T + U satisfies:

1. The €?-distance of ¥ and ®y is |y — Pyl = Or (NTT_I).
2. The ground state \ is exponentially delocalized in the maximum norm, i.e.

||1/f||go < Z—NeNy((ﬂu+n)/(2F))+0r(N), (1.15)

where y : [0, 1] — R denotes the binary entropy
yx):=—xlnx — (1 —x)In(l —x). (1.16)

The true ¢2-distance of the ground-state function to the fully delocalized state ®y is

presumably of order N -3 up to a logarithmic correction in N. The norm estimate (1.15)
is not expected to be sharp: we conjecture a delocalization bound of the form ||y ||C2>O <
2—N+o(N) Section3, in which the proofs of Theorems 1.3 and 1.4 can be found, also
contains (non-optimal) £°°-delocalization estimates for all eigenvalues strictly below the
threshold —fB. N in the paramagnetic regime. The optimal decay rates for excited states
are not known.

1.2.2. Spin glass regime I' < B.. In the spin glass phase the low-energy configurations
of the REM, which occur on the extremal sites

L, :={0|U(o) < —eN} withe € (0, B.), (1.17)

are also shifted by a deterministic, order-one correction by the transverse field as pre-
dicted by second-order perturbation theory. To characterize localization properties of the
corresponding eigenvectors in the canonical z-basis, i.e., the configuration basis (54 ) of
02(Qy), we let

Br(o) :={o'|d(s,0") <R},  Sr(o):={0'|d(0,0") =R)

stand for the Hamming ball and sphere of radius R, which are defined in terms of the
Hamming distance

T
d(o,0') = 3 Z loi —of
i=1

of two configurations o, 6’ € Qy.

Theorem 1.5. For I' < B, and § > 0 small enough there are events Qllt’,cr 5 With

probability
PNy = 1 —e N

; . . 1 .
for some ¢ = ¢(T', §) such that the following applies for sufficiently large N on Q /\(;CF 5

1. The eigenvalues E of H = I'T + U below —(B. —8) N and low-energy configurations
U (o) are in a one-to-one correspondence such that

_ r’ ~1/4
E=U(o)+ Ulo) +Ors(N ). (1.18)

In particular, the estimate Or,g(N’]/‘L) is independent of 0 € Lg,_s.
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2. The ¢*-normalized eigenvector \ corresponding to E and & concentrates near this
configuration in the sense that:
(a) Close to extremum: For any K € N and for all 0’ € Sk (0):

(@) =O0rsxk(N75), and Y |y (0)> = Orsx(N~5D).
0'¢Bk (0)

(b) Far from extremum: For any 0 < « < 1, there is ¢, € (0, 00) such that

Y W@ e, (1.19)

0'¢Byn (0)

This theorem covers states in the extreme localization regime in which the eigenvec-
tors are sharply localized—each in its own extremal site of the potential. In this regime,
the estimates on the decay rate of the eigenvectors close to the extremum are optimal and
far from the extremum they are optimal up to determining the decay rate c,. Concrete,
non-optimized values of the energy threshold —N (8. — §) as well as more precise values
of the error terms can be found in the proof of Theorem 1.5 in Sect.4. In essence, the
localization analysis in Sect.4 proves that resonances and tunneling among different
large deviation sites does not play a role in this energy regime. An upper bound for our
technique to fail is at § = B./2. The energy threshold at which eigenvectors are believed
[9,14] to occupy a positive fraction of Qy is strictly larger than —Np,/2 and for small
fields yet smaller than —NT".

The precise low energy statistics of the REM U beyond the location of the mini-
mum (1.7) is well known. Utilizing the rescaling (1.8) around its minimal value, the
point process

> 3,1y — PPP(e ™ dx) (1.20)

0y

converges weakly to the Poisson point process with intensity measure e dx on R
(i.e, when integrating the random measure against a continuous compactly supported
function, the resulting random variables converge weakly, see e.g. [17, Thm 9.2.2] or
[46]). Theorem 1.5 implies a similar result for the low energy statistics in the QREM.

Corollary 1.6. Let I" < B, and let

In(N In2) + In(4 r?
SN T) = —pN 4 MVIn2) +In@x) 7 x (1.21)
2B Be  Be
Then, the rescaled eigenvalue process spec H of the QOREM H = I'T + U converges
weakly

Y Sty — PPPe " dx). (1.22)
Eespec H

In particular, the ground state energy converges weakly
In(N In2) + In(47) F2> X
—_ — % —_
2B. Be Be

where X is a random variable distributed according to the law of the maximum of a
Poisson point process PPP(e™ dx) with intensity e dx on the real line.

inf spec H — (—ﬁCN + (1.23)
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Proof. Corollary 1.6 is a straightforward consequence of Theorem 1.5 combined with
(1.20). O

Theorem 1.5 in particular covers the ground-state of the QREM and thus extends
the result [6, Lemma 2.1] on the leading asymptotics of the ground-state energy in the
parameter regime I' = k /N with ¥ > 0. The proof already contains more information
on the ¢2-properties of the ground-state eigenvector, which we record next. More can
be said on its £!-localization properties. The latter is of interest in the context of the
interpretation of the QREM in population genetics [7,8,39].

Theorem 1.7. For I" < B, there are events Qlﬁcr with probability
P(Q]OC ) 2 1 _ e*L‘N

for some ¢ = ¢(I'") such that on QIOC or all N large enough there is § > 0 and o €

Lp.—s such that the positive 02- normallzed ground state ¥ of the QREM Hamiltonian
is concentrated near o in the sense that:

1. the 02-distance of  and Sg IS |1V — ¢ I?> = Or (%) and its first order correction

. Fz
£:= [1— ,32N Zs,, (1.24)

0651

has the same energy as \ up to order one, and | — &[> = Or (#)

2. the £'-norm of ¥ converges to a bounded constant:

Il =) ¥(o) = ﬁ’g_c

- +or(1), (1.25)

and, forany 1 < p < o0o: |lyr|h = > [¢(0)|” = 1+or ,(1).
o

It is natural to assume that the configuration oo on which the ground-state is asymp-
totically localized and the classical minimal configuration o i, := argmin U agree.
While this is true with high probability, it does not hold almost surely. In the situation
of Theorem 1.7 one may show that there are two constants C > ¢ > 0 such that for N
large enough:

c C
v = P(oo # 0min) = Ik (1.26)
The reason for this is found in the following description of low-energy eigenvalues,
g r? 5/4 1 /
Ey = U(o) — i ﬂZNZ +OR(NTY, Zg = ~ > U@,

o’eS| (o)

which is proved in Lemma 4.3 below and which takes into account the next leading term
in comparison to (1.18). The random variables Z, are standard normal distributed and
independent of the large deviations U (') witho € Lg._s and§ > 0 small enough. Since
the extremal energies form a Poisson process with mean density of order one, the normal
fluctuations in the energy-correction of order O(1/N) are able to cause the event (1.26).
More generally, the method presented in this paper allows for a systematic control of
subleading corrections in an expansion of the energy eigenvalues. As we will see, they
are determined by potential fluctuations on increasing spheres around the extremal sites.
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1.2.3. Critical case I' = .. We complete the picture on the ground state by describing
the situation in the critical case ' = f., where the quantum phase transition occurs.
Adapting techniques, one may also prove that typically one observes a paramagnetic
behavior at criticality.

Proposition 1.8. Let I = .. On an event of probability 1 — O(N~'/?) the ground state
is at inf spec H = —T'N — T'~! + O(N~Y*) and the eigenvector  is paramagnetic in
the sense that || — gl = O(N~Y*). On an event of probability O(N~'/2) the ground
state is at inf spec H = min U — I + O(N %), and the eigenvector  is localized in
the sense that ||y — 85,| = O(N~Y4).

The heuristics explanation for this is the following. For I' = . the ground state
energy of I'T is given by —B.N, whereas the classical minimal energy is given by
minU = —B.N + CIn(N) + O(1) with C > 0. The logarithmic correction in this
expression ensures that the paramagnetic behavior is dominant. This argument also
suggests that the phase transition should be observed at the N-dependent field strength
"y, where the energy predictions of Theorems 1.3 and 1.5 agree,

1 , 3N
—I'yN — — =minU + —
'y min U
which leads to
minU 1 N min U 1
'y =— + — - — +o(N7). (1.27)
N N \min U N

Indeed, in an o(N _1) neighborhood of I'y one can observe a sign of critical behavior,
the exponential vanishing gap of the Hamiltonian.

Proposition 1.9. Let Ay(I') > 0 denote the energy gap of the QREM Hamiltonian.
Then, for some ¢ > 0 and N large enough

min Ay () < e~V (1.28)
>0

except for a exponentially small event. The minimum is attained at some I'y, satisfy-
ing (1.27).

The proof of both Proposition 1.8 and 1.9 are found in the extended arXive version
[49]. It relies on a spectral analysis of H and is completely different from the derivation
in [1].

1.3. Free energy and partition function. The spectral techniques presented here also
allow to pin down the pressure @y and its fluctuations up to order one in N in all three
phases of the QREM: the spin-glass phase as well as the classical (unfrozen REM”) and
quantum paramagnetic phase, cf. Fig. 1.

Theorem 1.10. 1. IfT" > T'.(B) the pressure ® (B, I') is up to order one deterministic
and one has the almost sure convergence

B

Oy (B, 1) = (ncosh(FIIN — ot

(1.29)
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2.IfT' < T'e(B) and B < B, the pressure © (B, ') differs from the REM’s pressure
O (B, 0) by a deterministic B-independent shift of order one, i.e., one has the almost
sure convergence

dn(B,T) — Dy (B,0) > I'2. (1.30)

3.IfT < T'c(B)and B > B, the pressure @y (B, ') differs from the REM’s pressure by a
deterministic B-dependent shift of order one, i.e., one has the almost sure convergence

I'’g

Cc

QN (B, T) — PN(B,0) — (1.31)
The proof of the almost-sure convergence, for which the probability space is the product
[1%=; 2w of independently redrawn variables for every single N, is based on a Borel-
Cantelli argument and contained in Sect. 5.

At all values of 8 > 0, the fluctuations of the REM’s pressure @y (3, 0) below
its deterministic leading term NpREM(B) have been determined in [20] (see also [17,
Thm. 9.2.1]). Their nature and scale changes from normal fluctuations on the scale
exp (—%(ln 2—-8 2)) for B < B./2 into a more interesting form of exponentially small
fluctuations in the regime 8 € (B./2, B.). In the spin glass phase 8 > f,, the fluctuations
are of order one [34] and asymptotically described by Ruelle’s partition function of the
REM [59]. More precisely, one has the weak convergence [20, Thm. 1.6]:

L o0
¢~ NBFe=In 21+ IV In2y+indr 7 g ) _)/ BB PPP (e dx).  (1.32)
—00

As a consequence of Theorem 1.10, we thus obtain the analogous result for the QREM.

Corollary 1.11. If " < T'.(B) and B > B., we have the weak convergence:

8 ﬂrz (e ¢]
o~ NIBBe—In2+55- (In(N In2)+Indr] - G Zy(B,T) — / B/ Be PPP(¢* dx).
—0oQ

Proof. By the continuity of the exponential function, this follows immediately from (1.31)
and (1.32). |

The fluctuations of the QREM’s partition function outside the spin glass phase are
expected to be much smaller—for I' < I'.(B8) and 8 < B, most likely on a similar scale
as in the REM and for the paramagnetic regime presumably even smaller. The methods
in this paper do not allow to determine fluctuations on an exponential scale.

1.4. Comments. We close this introduction by putting our main results into the broader
context of related questions discussed in the physics and mathematics literature.

In the past years, the QREM has attained interest in the physics community as basic test-
ing ground for quantum annealing algorithms [40,41] and, somewhat related, physicist
have started to investigate many-body localization in the QREM [9, 14,22,32,45]. Based
on numerical computations and non-rigorous methods such as the forward-scattering ap-
proximation and the replica trick, they predict a dynamical phase transition between er-
godic and localized behavior in the parameter region I' < I'.(8), B < B.. This transition
is expected to be reflected in a change in the spread of eigenfunctions at the correspond
energies, which in the ergodic regime is neither uniform nor localized. It is an interesting
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mathematical challenge to investigate this. As this requires a good understanding of the
eigenfunctions far away from the spectral edges, the methods presented in this paper are
not yet sharp enough to tackle those problems.

In simplified models of Rosenzweig-Porter type, such non-ergodic delocalization
regimes have been predicted [44,61] and confirmed by a rigorous analysis [68]. In an
even more simplified model in which one replaces T by the orthogonal projection onto its
ground-state —|®y) (Py|, a fully detailed description of the localization-delocalization
transition has been worked out in [5].

Focusing on the physics of spin glasses, the independence of the REM is an over-
simplification. This was the main motivation for Derrida to introduce the Generalized
Random Energy Model (GREM) [30,31], in which the basic random variables are corre-
lated, but still with a prescribed hierarchical structure. The free energy of the GREM has
been studied extensively [18,19,23,59]. On the quantum side, the specific free energy
of the QGREM has been determined in [52]; and in [53] the effects of an additional
longitudinal field have been considered. We expect that our methods can be adapted to
the case of a finite-level QGREM to derive analogous results as in Theorems 1.3, 1.5 and
1.10. More precisely, we conjecture that the multiple phase transitions in the QGREM
are reflected in the behavior of the ground state wavefunction, i.e., at the critical field
strengths 'y the wavefunction undergoes a transition from being localized in the block
o to a delocalized states in the respective part of the spin components. The infinite-
level case might require substantially new ideas, as standard interpolation techniques
do not reveal order-one corrections. Our methods, however, are strong enough to cover
non-Gaussian REM type models, i.e., a centered square integrable i.i.d. process, whose
distribution satisfies a large deviation principle (see also [52, Assumption 2.1]). Clearly,
explicit expressions in analogous versions of Theorem 1.3, 1.5 and 1.10 will depend on
the distribution of the process as already the parameter . is specific to Gaussians.

Among spin glass models with a transversal field, the Quantum Sherrington-
Kirkpatrick (QSK) model, in which one substitutes in (1.1) for U the classical SK
potential, is of particular interest [62]. In contrast to the classical SK model, which is
solved by Parisi’s celebrated formula, such an explicit expression for the free energy
of the QSK is lacking, and its analysis remains a physical and mathematical challenge.
So far, the universality of the limit of the free energy has been settled in [25], and in
[2] the limit of the free energy was expressed as a limit of Parisi-type formulas for
high-dimensional vector spin glass models. Unfortunately, despite the knowledge of a
Parisi-type formula, the qualitative features of the phase transition in the QSK could
only be analyzed by other means, adapting the methods of [4,21]. In terms of the glass
behavior, the analysis in [48] shows that the glass parameter vanishes uniformly in I for
all B < 1. This is complemented by [47], where the existence of a glass phase has been
established for 8 > 1 and weak magnetic fields I".

The localization-delocalization transition for the QREM differs drastically from re-
lated results on a finite-dimensional graph such as 74 (see e.g. [3,43] and references).
Unlike on Z¢, all low-energy eigenvectors on Qy are delocalized in a regime of large
I (a regime, which is also absent if one takes I’ = «/N as in [6]). The localized states
appear only for small I". Although the norm of the adjacency matrix 7 is on the same
scale N as the random potential U, which is not the case for the any of the variety of
unbounded distributions studied on subsets of Z4, the localization of eigenvectors for
extremal energies is even stronger on Q . For the Gaussian distribution studied here, the
mass of the eigenvectors sharply concentrates not only for a finite number of eigenvalues
in one of the extremal sites of U, but rather for all eigenvalues below a threshold (cp. [38]
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with Theorem 1.5). In the finite-dimensional setting, the ground state and the first few
excited states concentrate on a small, but growing subdomain of Z¢ and, hence, a finite
¢'-norm for the ground state is specific to the QREM. This seemingly contradictory
strong localization property compared to Z? can be traced to the adjacencies matrix’s T
bad localization properties to balls, on which we elaborate in Sect.2: the spectral shift
due to localization on a ball of radius K is of order N and not K ~2 as on Z¢. This to-
gether with the sparseness of the potential’s extremal sites does not allow for resonances
(cf. Lemma 4.4). In this sense, our proof is in fact somewhat simpler (and hence also
stronger) than existing proofs of localization in the extremal sites of a random potential
on Z4. E.g. most recently and notably, in [15] the statistics of a finite number of eigen-
values above the ground state and the localization properties of their eigenvectors were
studied for single-site distributions with doubly exponential tails (see also [43] for more
references). While the degree of localization in the I' < f phase is significantly stronger
than in the models studied in [15], we observe a similar exponential decay of the local-
ized states for larger distances, and in both cases the extremal statistics is governed by a
Poisson process. In the study of the parabolic Anderson model, an interesting question
is how the shape of the localized eigenstates and the speed of convergence depend on
the underlying distribution of the random potential [43]. For the sake of concreteness,
we only study the most prominent case of a Gaussian distribution. Although several
quantities such as the constant 8. depend crucially on the Gaussian nature, we expect
the qualitative aspects of the localization—delocalization transition to be persistent even
with other unbounded distributions (e.g. those which meet [52, Ass 2.1]).

The operator T coincides up to a diagonal shift N with the Laplacian, i.e., the gener-
ator of a simple clock process on Q. This correspondence gives rise to yet another link
with the parabolic Anderson model on Z?. The dynamics of the Anderson model is a
vast research topic and its study has revealed many interesting phenomena such as age-
ing. The spin glass nature is believed to be reflected in non-equilibrium properties and
a slow relaxation to equilibrium. However, aging in spin glasses is typically not studied
under an unbiased random walk, but rather under the Glauber dynamics for which the
transition rates depend on the sites’ energies. In the case of the REM, the related Glauber
dynamics has drawn considerable interest as a well treatable case for metastability and
aging [10,11,24,35,36]. Our spectral methods might provide some further insights into
the dynamics of REM-type clock processes.

2. Adjacency Matrix on Hamming Balls

This section collects results on the spectral properties of the restriction of 7 to Hamming
balls. We focus on the analysis of the Green’s function, which by rank-one perturbation
theory, is closely related to the ground state for potentials corresponding to a narrow deep
hole - a situation typically encountered in potentials of REM type. Most of the spectral
analysis in the literature related to 7' is motivated by the theory of error corrections
(see e.g. [16,26,33] and references therein). The methods we use are rather different
and neither rely on elaborate combinatorics nor a Hadamard transformation, which is
applicable on a full Hamming cube only.

2.1. Norm estimates. In the following, we fix 09 € Qy and 0 < K < N € N. The
restriction Tx of T to the Hamming ball Bg (0¢) is defined through its matrix elements
in the canonical orthonormal basis on ¢2(Bg (60)), which is naturally embedded in
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Q)

(851T85/) ifa,a’ € Bx(ap)

8 T 3 7y =
(06 | Tk 8q7) 0 otherwise.

(2.1)

We start with two known results on Tk . The first part of the following lemma has
been already proved in [33] in case K = oN, and a simpler proof is included in [49].
The second part is just a special case of the spectral symmetry of any bipartite graph’s
adjacency matrix (cf. [26]).

Proposition 2.1 (cf. [33]). For the restriction Tk to balls Bk (6¢) of radius K < N/2:

1. The operator norm is bounded according to

1Tk || <2/ K(N — K + 1), (2.2)

and for any radius oN with0 < o < 1/2:

En(o) :=infspec Tony = —[Ton |l = =2/ 0(1 — @) N +0o(N). (2.3)

2.If ¢ is an eigenvector of Tk, then ¢ given by ¢(o) = (—1)¥@-90¢(0) is also
an eigenvector of Tx with (p|Tx ) = —{@|Tx ). Consequently, the spectrum is
symmetric, spec(Tx) = — spec(Tk).

If K is of order one as a function of N, we have || Tx || = O (+/N). This drastic shift
of the operator norm due to confinement should be compared to the finite-dimensional
situation where this shift for a ball of radius K is propartional to K 2.

In the remaining part of this section, we will analyze Tx and its Green function in
the two extreme cases in relation to N: (1) fixed-size balls in Sect. 2.2, and (2) growing
balls with radius K = oN with some 0 < o < 1/2 in Sect. 2.3.

2.2. Green function for balls of fixed size. The Green’s function of the operator Tx on
€>(Bg (00)) is defined by

Gi(o,00. E) := <5<,| (—Tx — E)’1500>. 2.4)

Before we derive decay estimates in case E & [—|| Tk ||, || Tk ||], we recall some general
facts:

1. By radial symmetry, Gk (0, 0¢; E) only depends on the distance d (o, o).
2. All £2-normalized eigenvectors (¢;) of Tk with eigenvalues (E;) can chosen to be
real, and we have

Gr(o.00: E) = Z €01(g)€ij 5;70) _ Z( 1)d@.00) Qﬂj_(‘;)(/)j_(fzjo)
J

= (=)0 Gy (o, 00; —E),

where the second equality follows from the symmetry of the spectrum stated in
Lemma 2.1. Thus, it is sufficient to derive decay estimates for E < —||Tx]||.
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3. The Green function at E < —||Tk || is related to the ground-state ¢ of the rank-one
perturbation

HP = Tx —a®185, ) (8, (2.5)

on (*(Bk(dg)). More precisely, by rank-one perturbation theory
aB) .= Gg(oo,00; E)~! is the unique value at which H® has a ground-state
at E < —||Tk||, and

1 ¢(0)
a® (o)’

cf. [3, Theorem 5.3]. By the Perron-Frobenius theorem, ¢ and hence the Green
function is strictly positive on Bk (6). A decay estimate for Gk (-, 0¢; E) translates
to a bound on the ground state ¢ of H®) and vice versa. Our proof of the localization
results in Sect. 4 will make use of this relation.

Gk(o,00; E) = (2.6)

In order to establish decay estimates, we employ the radial symmetry and write the
Green function as a telescopic product

dist(o,00)
Gk@,00;E) = [] Tk E) @.7)
d=0
with factors 'k (0; E) := Gk (09, 0¢; E) and
Gk(o,00; E . . .
Cx(d; E) = M, if1 <d =dist(o, 09) = dist(a”’, 0g) — 1.
Gk(o’,00; E)

The choice of o € S;(0¢) and ¢’ € S;_1(0¢) in the last definition is irrelevant due to
the radial symmetry.

The fundamental equation (—Tx —E)Gk (-, 09; E) = §. ¢, yields for a configuration
o with 1 <d =dist(o,09) < K

0=[(Tk — E)Gk(-,00; E)](0)

d—1 d d+1
=—d [Tk E)— E]] Tk E) = (N —d) [ [ Tk (s E)
j=0 Jj=0 j=0

d
d .
_ (m —E+(N—d)Tg(d+1; E))}:!)FK(L E),

where we use the convention I'g (K + 1; E) := 0. In the case d = 0, we have 1 =
(=NTk(1; E) — E)T'k(0; E). That translates to the following recursive relation of
Riccati type:

lg(d; E) = Mg e(T'g(d+1; E)), 0<d<K. (2.8)
with the fractional linear transformation acting on C:
max{d, 1}
M N= —7m—. 2.9
160 = = T 2.9

We now analyze the behavior of solutions to the recursive relation in the various regimes
of interest.
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Proposition 2.2. For any K € N there is some Cg < 00 such that forany N > 2K and
E < —||Tk|| we have

—1/2 d(o,00)
GK(G,ao;E)SC—K< N ) <W> ) (2.10)

|E + [Tk |l| \d(a, 00) |E]

Since the proof of Proposition 2.2 is arguably simpler than the one of Proposition 2.4,
we refer to [49] for the arguments.

2.3. Green function for growing balls. We now turn to the behavior of the Green’s
function on balls, which grow with N. This will require a more detailed analysis of the
recursion relation (2.8). To see what to expect, we first derive an estimate on the Green’s
function of the full Hamming cube.

Lemma 2.3. Forany N e N, E < —N = —||T||ando,00 € Q-

G B <« 1 NN T 2.11
V@00 E) = T (E) (d(«n«m)) ' @1

Proof. The Neumann series formula readily implies the operator identity

1 ! 1
=Y xkexd 2.12
1— X ; 1 — X (2.12)

for any operator with || X|| < 1. Setting d = d(o, 0¢), we thus obtain

. —1 1 1 T4
(5.,\(T —E) 5.,0> - ?@,,ya —T/E) 300> = =7 80|75 800 )

since terms in (2.12) corresponding to k < d vanish. Radial symmetry of the Green
function yields

<5,,|(T - E)—15,0> - <2’)_1 3 (&;I(T - E)_l&yo)

0€Si(00)

N\ 'V2N P MNhrNy
< o (ol boy) = =) —,
d E4 T—-E d |E| |E| — N
where ®g(0) = 27V/2 denotes the lowest energy eigenfunction of 7', and we applied
the eigenfunction equation, T ®y = —N Py, in the last step. O

A main difference between the small versus large ball behavior of the Green’s function
is in the factor (\/ﬁ/|E|)d in (2.10) versus (N/|E|)? in (2.11). In the case of interest
where |E| is of order N, we arrive at a decay of the order N ~%/2 versus e~ ¢4

There are at least two strategies to derive upper bounds on the Green function
Gon(o,00; E) for E < En(0) = —2y/o(1 —@)N +0o(N)and 0 < o < 1/2, cf. (2.3).
The first strategy is to apply the arguments, which led to (2.11) and which yield

: 1 En@©)\* Wo(ao) (N\™'
GQN(d,ao,E)SEN(Q)_E ( 5 ) V(@) (d) , (2.13)
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with ¥, € Ez(BQ ~(00)) the £2-normalized, positive eigenfunction corresponding to
En (o). It then remains to establish a bound on the ratio W, (a¢)/ ¥, (o). We, however,
will instead proceed by an analysis of the factors I', y defined in (2.7).

Proposition 2.4. Let 0 < o < 1/2, and ¢ > 0. Then for E < En(0) — €N, all
o € B,n(00) and all N large enough:

1 NN mindoe) mo)
G ,o0; E) < 27 mmateo.9). fole 2.14

oN (@, 00 E) = eN <d(ao,a)> ( )
where 0 < po(0) < o is the unique solution of the equation 2,/o0(1 —po) = 3

Vool — po). Moreover, for any fixed K € N there is some Cx < oo such that for
all N large enough:

1 Cx N \?
1. forallo € Sk(00): Gon(0,00; E) < — d( .

eN JNK \d(0p,0)
C
.2 K
2. Z GQN(O',O'O, E) < W
0 ¢Bk(00)
—-1/2
Proof. Tt is convenient to separate the combinatorial factor ( A GIX 6)) / and study
) N 1/2 d(@,00)
G,n(o,0 ;E):=< ) G,n(0,00; E) = I',ny(d; E). 2.15
oN 0 d(ag, ) oN 0 }i[() oN ( )
By direct inspection of (2.15) one obtains the relation f‘Q N(d; E) = % Fon(d; E)
for d > 1, which in turn implies the recursive relation
A 1
Lon(d; E) = forl <d <oN

vy — m(dTon(d; E)

I _ [arnw—a
with  V(d) = Jd(N —d), m(d) '_W and

Pon(@N +1; E) =0, [yn(0; E) = Ton(0; E) = Gon(00, 00; E).  (2.16)

We will now analyze the solution of these recursive relations.
We first claim that for all N large enough:

[on(d; E) < 1foralld € [ooN, oN1. (2.17)

This is proven by induction on d starting from d = oN + 1, where it trivially holds.
For the induction step from d + 1 to d, we recall that Ey (0) = —2/0(1 — @) +0,(N)
from (2.3). The monotonicity of V (d) and m (d) then implies that for all oo N < d < oN
and all N large enough:

|E| € 1+1/(eoN) -1
2 . m(d) < mgoN) = | —LLD _ 1 0,n ),
v 2T ajon g M =N =TT oy T e

Inserting these estimates into the recursion relation (2.16), the claimed inequality (2.17)
follows.
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We now control the recursion relation in the regime 1 < d < goN. To this end, note
that the definition of oy implies that for any d < pN and N large enough: |E|/V (d) >
3+e/(2+/p(1 — p)). Using f‘gN(QoNH; E) < 1onereadily establishes f‘QN(d; E) < %
inductively as long as m(d) < 2. The monotonicity m(d) < m(l) = V2 (1+ON"Y)
implies that this is true for any d > 1 at sufficiently large N. The proof of the claimed
exponential decay (2.14) is then completed using the trivial norm bound

) N L
Fon(0: E) = Gon(00.00: E) = |(Toy = E)7" | = dist(E. spec(Tpn) ™" = —.

Let us finally consider the case of fixed integers K . Note that for any K > 1 we know

by the above f‘g N(K +1; E) < 1/2. The recursion relation (2.16) then yields for any
1<d<K

dx
\/_

with some constants dx = dg (p). This completes the proof of the first item. For the
second item we organize the summation into sums over spheres of radius greater or equal
to K +1:

> Gon(o.00: E)?

Pon(d; E) <

0¢Bk(00)
K 00N D oN D
=[[fon@ B Y. T[] fon@EX+ Y T[] Tontd: E)
d=0 D=K+1d=K+1 D=go,N d=K+1

The product in the prefactor is estimated by Ck /(¢>NX*?) using the first item. The
second product is dominated by 4X~P such that the summation over D > K + 1 is
bounded by a geometric series. The last product is bounded by 45~/ gsuch that the
sum is bounded trivially by this exponential factor times o N. This completes the proof.

]

The decay established in Proposition 2.4 for fixed distance K to the center of the ball
agrees in its dependence on N with the result of Proposition 2.2. Moreover, the rough
decay estimate (2.14) is ’qualitatively correct’ in the sense that we expect an estimate
of the form

1 N \'?
Gon(o,00; E) < — e*L(E,Q,d(Uo-,U))N
¢ = eN\d(a9,0)

with some positive function L(E, o, d(d¢, 0)). However, it is clear from the proof of
Proposition 2.4 that we did not attempt to derive a sharp bound for L as it requires a

more elaborate analysis of the factors f‘g n(d; E).

3. Delocalization Regime

3.1. Spectral concentration. The analysis of the low-energy spectrum in the paramag-
netic phase is based on the Schur complement method [3, Theorem 5.10] for which we
define the spectral projections for ¢ € (0, 1)

Qe =1 eneny(T)  Poi=1-—Q,, (3.1)
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which separate eigenstates of 7 with energies at the center of its spectrum from the
edges. Here and in the following, 1(-) stands for the indicator function. A Chernoff
bound shows that the dimension of the range of P; is only an exponential fraction of the
total dimension of the Hilbert space:

N
dlm PE = Z <k> S 2N+1 e—szN/Z. (32)
k=% 1>

The exact asymptotics of dim P, is in fact well-known, Indim P, = (y (12;8) +0o(1))N,
in terms of the binary entropy y defined in (1.16).

The following spectral concentration bound expresses the exponential smallness of
the projection of symmetric random multiplication operators to the above subspace. It
will be our main working horse in the paramagnetic phase.

Proposition 3.1. Let ¢ > 0 and W (o), 0 € Qp, be independent and identically dis-
tributed random variables such that

i. the mean is zero, E[W (0)] =0,
ii. the variance of W (o) is bounded by one, i.e. E [W(a)z] <1, and
iii. W is bounded, i.e. |W oo < My with some My < oo, and M]%,N dim P8/2N <1

Then there are (universal) constants ¢, C € (0, 00) such for any A > 0:

dim P,
P <||P5WP8|| —E[|PWP] > 3y = ) < e, (33)
Moreover, we have the following bound:
dim P,
E[|P-WPI] < CVN Z—NS (3.4)

Proof. The first statement follows from Talagrand’s concentration inequality [64] (see
also [66, Thm. 2.1.13]) by considering F : R&¥ — R given by F(W) := ||P.W P¢|.
We need to show that F is Lipschitz continuous and convex. Convexity, i.e., F(aW +
(1 —a)W) <aF(W)+ (1 —a)F (W) for all « € [0, 1], is evident from the triangle
inequality. To establish the Lipschitz continuity, let W, W' € RN and ¢ € P.£>(Qx)
with ||| = 1 be such that | P,(W — W) P || = (¥, (W — W/)y). Then, one has

[F(W) = F(W)| < (¥, (W = W)y) =Y [¥()*(W(e) — W (o))

< IW =Wihllyli <IW =Wl < max /(8¢ | Pedg) W — Wlla.

The first estimate is the triangle inequality. The next two estimates are special cases
of Holder’s inequality, in which we also use ||| = 1. The last estimate results from
the Cauchy-Schwarz inequality applied to |V ||c0c = maxg |[(Peds|1)| and the fact that

| Pedo || = +/1{P:dg |84 ). Since by symmetry for any o € Qp:
dim P,

2N
we conclude that F is Lipschitz with constant 2~/ /dim P;. This finishes the proof
of (3.3).

(80| Pedo) = (3.5)
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The second statement is derived from the matrix Bernstein inequality [55,67]. For its
application, we note that the matrix under consideration is a sum of independent random
matrices,

P.WP. =) S(@), with S(@) := 95~ W(o) [y(0)) (¥ (o),

where | (0)){(¥(0)| denotes the rank-one projection onto ¥ (o) := d]m 7 P.és,

which in view of (3.5) is a normalised vector. By assumption the matrices S(o) are
centred, E [S(o)] = 0, and bounded

ISl < M dim Pg _ dim P,
o .
=PNTONT =V NN

The mean variance matrix of P.W P; is

> E[s@’]= (dlmpg) ZE[Wer oo = LS

The last inequality follows from the assumption, E [W(a)z] < 1, as well as the fact that
(8¢ ) form an orthonormal basis. Consequently, [67, Thm. 6.6.1] together with the trivial
bound, dim P, < 2V, on the dimension of the matrices implies

In 2N+ dim P,
E[|P.WP|] < (vV2In2N+! + £,
[l Pe e”]_< n 3\/N> N

which completes the proof. O

Alternatively to Talagrand’s concentration inequality, the concentration of measure
part of the matrix Bernstein inequality [67, Thm. 6.6.1] would also have been sufficient
for proving a slightly less sharp upper bound on the upper tail of the large-deviation
probability (3.3).

As an application, we state the following straightforward corollary. Its assumptions
are tailored to fit in particular the case of the REM.

Corollary 3.2. Suppose that W (o), ¢ € Qy are i.i.d. random variables which are

i. mean zero with variance wy = E [W(G)Z] < N and obey a moment bound
E [W(O')S] < ¢ N* for some ¢ < .
ii. linearly bounded in the sense that there is some ¢ < 0o such that |Wl|eo < c¢N.

Then, there is some C € (0, 00) such that for any t € (0, 1) there are events Qn . with
P(Qy..) > 1 —e N/C (3.6)
such that for all sufficiently large N and at ¢ = N e

|P.WP|| < CNe N'/4, (3.7)

|

|P-WPP|| < CN% forall pel,4] (3.9)

P.(W? —wy)P.| < CN3e N4, (3.8)
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Proof. The proof of these inequalities follows by three applications of Proposition 3.1
with different W’ always at the same A = +/N. We note that by (3.2) our choice
e=NT implies dim P, < 2N+1o=N%/2 This in turn yields for any polynomial My
and N large enough M 12vN dim P, /2" < 1, which indeed checks one of the assumptions

of Proposition 3.1. We then construct three events Q%)r with j € {I, 2, 3} each with
probability P(Q%)t) > 1 —371e=N/C with some (universal) C < oo and all N large

enough. Their intersection Qy ; := Q%)T N Qﬁ)r N QS)T then defines the required
events.
More specifically, for a proof of (3.7), we take W/ (o) = W(o)/\/ﬁ. The event QE\I,)T
on which (3.7) holds then satisfies the required probability estimate.
The proof of (3.8) follows again from Proposition 3.1 with W/(¢) = VA We)? -
wy)/N and the prefactor ensuring E [W’(a)z] < 1. In this way, we construct Qﬁ)r
By Jensen’s inequality (yr, WPy)*/P < (v, W*y) for any p € [1, 4], it suffices to
establish (3.9) for p = 4. We choose W'(0) = ¢~/ (W(a)* — E[W(a)*])/N? to
define QS)T O

3.2. Proof of Theorem 1.3. We now use the estimates of the preceding subsection in
our Schur’s complement analysis for the proofs of Theorem 1.3 and 1.4. These results
will actually follow from a slightly more general theorem on operators H = I'T + W of
QREM-type. As a preparation and motivation of the following lemma, we collect some
basic facts about these operators. The kinetic part of the block component Q. HQ, =
'TQ:+ Q:WQ, is estimated by

ITQell = &N, (3.10)
which implies
— |Wlleo —Te N <infspec Q. HQ; . 3.11)

Foranyz € CwithRez < ||W|s—T¢ N, the operator Q. H Q. —zishence invertible on
0:£%(Qy) with inverse denoted by R (z) := (Q.H Q. — zQ,)~". The latter features
in Schur’s complement formula for the resolvent of H projected onto the subspace
Pt (Qn):

Pe(H —2)"'P. = (Pe(H — 2)Pe — P-WQ:R:(2) Q: WP) ™! (3.12)

Our main observation is that Schur’s complement is approximated by an operator pro-
portional to the identity.

Lemma 3.3. Consider the operator H := I'T + W on £>(Qy) with W satisfying the
assumptions in Corollary 3.2 and let Qy r with T € (0, 1) be the events constructed

there. Then on Qy ; and at ¢ = NrT_l forall N large enough:

for all z € C such that min{|z|, dist(spec Q. H Q.,z)} > d N withd € (0, 1].

T

w C _
PSWRS(Z)WP8+PSTNH < max{l, F}d_z NTI’ RE(Z):Z(QSHQS_ZQE)_la

(3.13)
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Proof. We use the resolvent equation to write

wN 1
Pe <WR8(Z)W+ 7) P, = ng (wy —WOW+WR:(2)Q:HQ:W) P

= lP@(wzv - WO W)P: + lPs (WR:(2) Qe H Q)W) P, (3.14)
z z

and estimate both terms in the second line separately. For the first expression we rewrite
Pe(wy — WQW)P: = Po(wy — W) Po+ P.WP WP . (3.15)

According to (3.7) and (3.8), the norm of the two terms in the right side is negligible in

comparison to N T for all N large enough. It hence remains to estimate the norm of
the second term in the right side of (3.14). To do so, we split the terms as follows

1 1 1
ZPgWRs(Z)QsHQsWPs = ZPSWRS(Z)QEFTQSWPé‘ + ZPé‘WRS(Z)QEWQSWPE

and use (3.10) together with ||R:(2)|| < (dN)~' (since dist(spec Q. HQ,,z) > dN )
and ||P:W|> = ||P.W?P,|| < CN by (3.8). On Qy , for all N large enough, we thus
conclude:

_ C
12l I PaW R ()T T Qe WP || <

C 1
= oylTQll= N2 (3.16)

Similarly, we estimate
2l I PWR() Qe W QW Pl < [ IPaW I IIR()I| W Qe W P
C
= AN \/H P.WQW2QWP|.  (3.17)

In order to estimate the norm in the right side with the help of (3.9), we rewrite

P.WQO.W?>Q,WP,=P.W*P,—P.W*P.WP,—P.WP,W3P, + P,WP,W>P,WP,.
(3.18)

On Qy . the norm of this operator is bounded by C N2 for all N large enough by (3.9).
This concludes the proof. O

These preparations enable us to prove the following general result.

Theorem 3.4. Consider the operator H = T'T + W on £*(Qy) with W satisfying the
assumptions in Corollary 3.2 and let Qn  with t € (0, 1) arbitrary be the events
constructed there. Then on Qy 1 and for all N large enough the eigenvalues of H below

—1
—[[Wlloo — nN with n > 0 are found in the union of intervals of radius Or (N 7)
centered at

wWN
(2n — N)T

withn € {m € No |2m—N)I' < —||W|coc —nN}. Moreover, the ball centered at (3.19)
contains exactly (2’) eigenvalues of H if I' > n+ || W||lx/N.

2n — N)T + (3.19)
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Proof. We write H using the block decomposition of £2(Qy) induced by P, and employ
the Schur complement method. Since the Q, block is lower bounded according to (3.11),
all eigenvalues E of H strictly below —||W||oo — ['e N can be read from the equation

N
0 € spec (T.(E)) with T(E) := P, (FT + E) — E+Y.(E),
N
Y.(E) == P.WP. — (PEE + PSWRE(E)WPS) . (3.20)

Lemma 3.3 combined with (3.11) and (3.7) implies that for any n > 0 at e = N@=D/2
and on the event Qp ; in Corollary 3.2

sup IY.(E)|l < Cmax{1,T}n > N'T (3.21)
E<—|Wloo—nN

for all N large enough. As a consequence of standard perturbation theory [13, Corol-
lary 3.2.6] and using the explicit values (1.4) of the spectrum of 7', within this energy
region the solution of (3.20) are found within the union of intervals of radius at most
C max{1, T}np~2N©=1/2 from the solutions to the equation

n—NT+2¥ _ =0
Z

with integers 2n < N(I' — || W|lco — 1)/ T". This leads to
2n — N N

) 2n — N)T

which completes the proof of (3.19). The assertion concerning the range of the spectral

projections on the small intervals around the above points follows from the monotonicity

of T, (E) and the fact that the eigenvalue 2 — N of 7 has multiplicity (7). O
Theorem 1.3 now immediately follows.

Proof of Theorem 1.3. On Q%’%z the REM’s extremal values are bounded by ||U ||co <

N (B¢ +n). Moreover, E [U(a)z] =Nand E [U(a)g] = 105 N*, so that U satisfies all
requirements on W in Corollary 3.2. The claim is thus a straightforward consequence
of Theorem 3.4 with W = U. |

z M= /@n— NP2 +wy = @n - N)T + +or (N7,

3.3. Proof of Theorem 1.4. The proof of our second main result, Theorem 1.4, is based
on delocalization properties of the eigenprojection of 7', which will be derived using the
semigroup properties of 7. More generally, let B C Qy be any subset of the Hamming
cube and T (B) the corresponding restriction, i.e, the operator with matrix elements
(86 1 T(B)84) == —14(s,6)=11p(0)1p(c"). For Hamming balls Bk () the operator
T (Bk (00)) was studied in Section 2 and abbreviated there by Tx . Standard semigroup
techniques may be used to obtain for any V: B — R the bound

0 < (85 | e PTBNVIg )y < ommin BV 5. 1o PTB)g 1y, (3.22)

forall 8 > 0 and o, 0’ € Qp, cf. [49]. Since —T (B) and —T have nonnegative matrix
elements and (34 | (=T (B)) 8¢/) < (8¢ | (=T) 84} for any o, 6, we also conclude

(85 1ePTB) s,y < (85 | e P 851) = (cosh B)Y (tanh B)* @), (3.23)

where the last equality is by an explicit calculation using the Hadamard transformation,
i.e., the representation of 7 in terms of Pauli matrices.
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Proposition 3.5. Let B C Qy and V : B — R a potential with V. > —vN for some
0 < v < 1. Then the eigenprojection Pg = l(_oo g)(T(B) + V) onto eigenvalues
E € [-N(1 +v), —vN] satisfies:

max (8, | Prdo) <27 exp (Ny (”‘;ﬂ)) (3.24)

with the binary entropy y from (1.16) and v(E) := % + v. Moreover, for all normalised
states r € 02(B):

1Pew |2 <2 Vexp (Ny (%)) . (3.25)

Proof. The spectral theorem combined with an exponential Markov inequality im-
plies for any B > 0: (85 | L—0o.£)(T(B) + V)85) < ePE(55 | PTBVI 5,y <
ePYEIN (cosh B)N . An elementary optimization with respect to 8 concludes the proof
(cf. [49)). |

We are now ready to complete the proofs of the main results in the paramagnetic
regime.

Proof of Theorem 1.4. Wepickt € (0, 1)and0 < n < (I" — B.) /4 arbitrary and restrict
our attention to the event Qper N QREM on which the assertions of Corollary 3.2 for

W = U and Theorem 1.3 are vahd
For a proof of the first assertion, we apply Schur’s complement formula to the ground
state Y = Y1 +ynof H = DT+U. Wesplity intoyr; € P£2(Qy)and ¥, € Q:£2(Qn)
such that:
(PPHP, — E — P.HR.,(E)HP:)y1 =0
Vo = —R(E)Q:HP:Yy,

where £ = inf spec H = —I'N — L+ Op(N %) is the ground-state energy according
to Theorem 1.3 since 'N — ||U||C>o > 2(F BN > nN on SZRE};/I by the choice for

n. Sticking to the notation (3.20), from the proof of Theorem 1.3 we conclude that the
first equation can be rewritten in terms of

P.HP, — E — P,HR.,(E)HP, = P.TTP, + (NE~! — E)P, + Y. (E),

with ||[Y:(E)|| < Or(N r2;1). Since T has an energy gap 2 above its unique ground state
Dy (cf. (1.4)), we thus conclude

1L = @) (@uDyall < OF (NF).

To further estimate the norm of ¥, = —R.(E) Q. U1, we recall that || R.(E)| < Tr
and [Uy|> < [[PU%P;]| < O(N) by Corollary 3.2. Hence, [|y[I> < Or (3;). We
thus arrive at

lv — @l = Or (N). (3.26)

For the second part, we recall the bound (1.7), and write H = I'(T + U/ I'). The claim
now follows directly from Proposition 3.5. O
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4. Extreme Localization Regime

4.1. Deep-hole geometry. The proof of our main results in the spin-glass regime are
based on the deep-hole geometry of the REM. They rest on the fact that the large
extremal sites Lg__s of the REM, which were defined in (1.17), are well separated on
Oy atleastif § € (0, B.) is not too large.

Definition 4.1. Let ¢, § > 0 and « € (0, %). Then U : Qn — R is said to satisfy:

1. alocal (¢, §, a)-deep hole scenario on Byn(0) witho € Lg._s if:
(a) |U(6")| < &N forall ¢’ € Byy (o) witho' # o,
(®) u(0) = 35 Ygres, (o) U@ < N7V4
2. a global (g, §, a)-deep hole scenario if:
(a) U satisfies a local (¢, 8, )-deep hole scenario on By (o) forall o € Lg, s,
(b) Byn(0) N By (c') = @ for all pairs o, 6" € Lg,_s witho # o’.

The probabilistic estimate for the occurrence of a global deep-hole scenario in the
REM is the subject of the following lemma.

Lemma 4.2. Let ¢,5 > 0 and o € (0, 1/2) be such that
2y (Bar) + 82 — §) < &2. 4.1)

The event QN (g, 8, a) = {Usatisfies a global(e, 8, a) — deep hole scenario} occurs
with probability exponentially close to one, i.e., there is some c(g, 5, a) > 0 such that
for all N sufficiently large:

P(Qn(e, 8, ) > 1 — e CESON (4.2)
Proof. We first bound the probability of the event
Qn(e,8,a) = |30 € Lp,_s, 0’ € Bign(0)\[o} .. [U(0)| > eN}.

On its complement, all 0 € Lg,_s satisfy the first requirement in the local deep-hole
definition on By (0) C B3y n (0), and the balls of radius e N around the large deviation
sites are disjoint., i.e., the second requirement in the global deep-hole definition is also
checked. By a union bound and independence, we conclude:

P(Qnsm)< Y > PWU@) <—(B—8N) P(U@")]| > eN)

0eQy 0'€B3un(0)\{0}

2,62
< oN+1 |B3aN|e—(ﬂc—é)zN/Ze—szN/Z < e(V(3a)+ﬁc5—“§ +0(1))N.

The second line is a result of the usual Gaussian-tail estimates and the fact that the
volume of a Hamming ball of radius « N < N /2 is asymptotically given in terms of the
binary entropy, In |Byn| = N(y () + o(1)) as N — oo. Using assumption (4.1), we
see that the above probability is exponentially small in N.

The proof is concluded by showing that the event

N

QY = { max u(o) < N_1/4} (4.3)
[ 419)
occurs with a probability, which is exponentially close to one, i.e.

PE0o € Oy st u(o) > N~1/4) < 22N =N2/2, (4.4)
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For a proof of this bound, we rewrite the moment-generating function of u (o) for any
t > 0 in terms of a standard normal variable g:

E[etu(a)] _ E[etN*3/2|g|]N < 2N]E[etN’3/2g]N _ 2Net2/(2N2)‘

By an exponential Chebychev-Markov estimate with 7 = N7/4, this then yields P(u (o) >
N_1/4) < 2Ne_N3/2/2, and hence the claim by a union bound using |Qy| = 2N, O

4.2. Rank-one analysis. If U satisfies a local (¢, 8, o)-deep hole scenario on B,y (o) at
some fixed o € Lg, _s, it is natural to consider the Hamiltonian Hyy(0) = I'Tyny + U

restricted to £2(Byn (0)), i.c.

(82| Han (0)877) = (82| HErr) L,y (0) (D) LB,y e (T,

A spectral analysis of these self-adjoint matrices is facilitated by rank-one perturbation
theory. Since §4 is a cyclic vector for H,n (o), the spectrum can read from zeros of the
meromorphic function given by

(8| (Han(0) —2) 1 84) ' = U(0) — T(a, 2),

_ 4.5)
$(0,2) == —(8s|(H)y(0) —2) '85)7",

where HO/{ (o) coincides with the matrix Ho’[ (o) when setting U (0) = 0. Moreover,
an ¢%-normalized eigenvector ¢ corresponding to E € spec Hyy (o) is given in terms
of the free resolvent, i.e.,

0E(T) = —U(0) 9£(0) (8| (H,n(0) — Eq) "

for any T € Byn(0), cf. [3, Theorem 5.3]. The deep-hole scenario then entails the
following information about the low-energy part of the spectrum.

3s), (4.6)

Lemma 4.3. Suppose U satisfies alocal (¢, §, o)-deep hole scenario on By y (0) at some
o € Lg, 5 with

ra(l —a) +e < Be — 26. 4.7

Then for all sufficiently large N, the spectrum spec g, Hyn(o) := spec Hyn(o) N

(—o00, Es) below Es := —N (B, — §) consists only of one simple eigenvalue Es which
satisfies
N r?
Eg=U(@@)+——+— Y  U()+Ors, (N_5/4)
Eq p
o’'eSi(o)
N 1/4
=U(o)+ +0 (N* ) 4.8
(o) Uty T O (4.8)

The £2-normalized eigenfunction Vg corresponding to Es satisfies:

1. forany K € N and for all 6’ € Sk (o)

(@) =O0rsxk(N°5), and > ¥ (0"))> = Ors g (N~K*D). (4.9)

o'¢Bk (o)
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2. for any a’ € (0, a] there are C = C(T', §), ¢ = c(a, ') € (0, 00), such that

Y s> < CNexp(=Nc). (4.10)
o'¢B, (o)

Proof. The deep-hole scenario together with (2.3) and (4.7) implies that for all suffi-
ciently large N:

H\(6) =TT,y —eN > —(B. — 28)N > E;. @.11)

By rank-one perturbation theory, there is exactly one zero of (4.5) and hence one simple
eigenvalue Eq of Hyy (o) below inf spec H, (). A Rayleigh-Ritz bound

Es < (8¢|Hun(0)86) = U(0) < Es (4.12)

provides a first, crude estimate on this eigenvalue. According to (4.6) the corresponding
£2-normalized eigenvector V4 satisfies for all 6’ € By (0):

Vo (0') = —U(0) Y5 (6) (86| (Hyy (0) — Eo)q ds)
~U(0) (85'| (T Tun — (Eq +&N) ™" 86)

IA

—U@) T (84 (TaN — (U(o) +8N)F_1) 5g). (4.13)

IA

As in (4.11), these inequalities are consequence of the deep-hole scenario, the crude
bound (4.12) combined with the positivity of the semigroup, cf. (3.22). The asser-
tions (4.9) and (4.10) concerning the decay rates of the eigenfunction are now a straight-
forward consequence of Proposition 2.4. For its application, we note that the assump-
tion (4.7) ensure that dist(I' ~! spec Ty, U(0) +eN) = T "1 (Es —U(a) +8)N > & N.
The first inequality in Proposition 2.4 then yields

-1/2
o = P2 Y 2 minld(@,0), poleN}, (4.14)
s \d(oo,0)
where we also used that the function U +— % is monotone increasing in U on

(—o0, x). Hence, (4.10) follows after a summation over the spheres S;(0) with d €
(@'N, aN]. The above binomial decay factor is thereby exactly compensated by the
volume |S;(0)| = (1:]]) The claimed bounds (4.9) follow analogously from the respective
bounds in Proposition 2.4.

For a proof of the asymptotics (4.8), we first consider the eigenvalue equation at any
o’ € S1(0):

Ec¥o (@) =U@)Wo(6) —T¥s(0) =T Y Yo"

o"eS1(0)\{o}
=U(0)e(0") = TYg(0) + Ors(N 7). (4.15)

The uniform Or s(N ~1) estimate is a direct consequence of (4.9). This equation can be
rewritten as

A ) -1
Vo () == (Vo @)+ Orsvh), (4.16)
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which we insert into the eigenvalue equation at o':

EcYs(0) =U@)Ys(@) =T Y ¥o(o’)
o’'eSi (o)

FZ
U(U)Iﬁa(ﬂ)+E—

o

3 Yo (0)+Ors(N7hH
1 —U(6")/E4

o’eSi (o)

2N 1?2 U(o')
U@)+——+ = >

o o

Ve () + Or.5. (N4,

o’eSi (o) o

4.17)

The third equality follow from a second-order Taylor expansion with an error estimate
using |U(6")|? < eN|U(c")| as well as the bound on u(¢) in the deep-hole assumption
in Definition 4.1. Since Y5 (o) = 1 + O(N~Y, the first identity in (4.8) follows. For
a proof of the second identity, we again use the bound on u(o) as well as our crude
estimate (4.12) to estimate the last term in the above square brackets by Or s (N —1/4y.
This concludes the proof. O

4.3. Spectral averaging. In order to control the probability of resonances between dis-
tinct extremal sites, we will use the spectral averaging technique from the theory of
random operators [3, Chapter 4.1].

Lemma4.4. Let ¢,§ > 0 and a € (0, 1/2) be such that (4.1) and (4.7) holds. Then,
there is some ¢ = c(&, 8, o) > 0 such that for all N sufficiently large and

1. for any real interval I:

P (Ela € Lp.—s 5.1. specg, Hyn(0) N1 # VJ) <2|I| eﬁ“‘w_‘szN/2 +e N,
(4.18)

2. foranyr > 0:

P(30,0" € Lp, 5.0 # o' st dist (specg, Hyn(0), specy, Hun(0')) <)

< dre@PS=0IN | oV (4.19)

Proof. For a proof of the above estimates, we may thus restrict attention to events in
Qn (e, 8, a), cf. Lemma 4.2.

1. According to Lemma 4.3, under the deep-hole scenario specg, Hyn (o) N1 # ¥ if
and only if E; = inf spec Hyny (o) € I. Since ¥4 (0)? > 1/2 by Lemma 4.3 for
sufficiently large N and all 0 € Lg s, the latter implies (85 |P;ds) > 1/2, where
P; denotes the spectral projection of Hyy (6) onto I. A union bound hence enables
to estimate the probability of the event in the left side of (4.18) and its intersection
with Qy (e, §, @) by

Z P (o € Lp,—sand (8¢ |P1ds) > 1/2) <2E[1[o € Lp.—s] (85| Prds)].

0eQy
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The inequality is a Chebychev-Markov estimate. Conditioning on all random vari-
ables aside from U (o), the integration of p;(U (o)) := (¢ |P1s) With respect to
the random variable U (') is bounded with the help of the spectral averaging lemma
(also referred to as Wegner estimate, cf. [3, Thm. 4.1]).

2. On Qy(g, 8, o), we may assume that By () N By (6') = @ for all pairs o, 0’ €
Lp.—s. This ensures that the random variables E,/ = inf spec H, y(o’) and U (o)
are independent of all random variables in B,y (o). Using the strategy as in 1., we
thus bound the probability of the event in the left side of (4.19) and its intersection
with Qn (e, §, o) by

> E[llo’ € L£g,—sand By (o) N By (o) = 0]
0,0'eQpN
x P (G € Lﬂc—a and <80' |P(Ea/7r,Ea/+r)80) = 1/2 | BO{N (6)C>:| =< 22N+2e_(.3(-—8)2Nr.
where P(:| By n (0)€) denotes the conditional expectation, conditioned on all random
variables aside from those in B,y (o) and P; is still the spectral projection of Hy y (o)

onto /. The last inequality resulted from an application of the bound from 1. to the
conditional expectation. O

4.4. Proof of Theorem 1.5. The proof of Theorem 1.5 makes use of the deep-hole ge-
ometry of the REM. If U satisfies a global (e, §, «v)-deep hole scenario, we study the
auxiliary Hamiltonian

H:=| € Hu) |EPH. (4.20)

(IE,CﬂC_5

with operators Hy (o), whose action is restricted to the non-intersecting balls By (o)
around extremal sites 0 € Lg _s. These operator have been introduced and studied in
Sect. 4.2. The remainder H, is that part of H which purely belongs to the complement
of the union of balls,

(8c|Hpbe) = S| Hp) [ 1= Y Ippor@ | [ 1= D Lo (™)

Geﬁﬁcﬂs Geﬁﬁcﬂs

The difference between the Hamiltonian of interest H = I'T + U and the auxiliary H’
is

H—H=—-TA=:—-T @ Ag.
oclp.—s

It describes the hopping between the balls and the complementary configuration space,
ie.,

(0z1Agéyr) = Lar,vy=1Laz,0)=an Lax’ ,0)=aN+1 + La(z,0)=an+1 Lar/,a)=aN)-

The norm of A can be bounded as follows

1Al = max [Agll < [ Tan+1ll = 2NVa(a = 1) + 04 (N), 4.21)
o ﬂ(?73



1288 C. Manai, S. Warzel

where the last equality is (2.2). It is easy to see that || A|| is indeed of order N. However,
for energies below Es = —N (B, — §), the perturbation is of a much smaller magnitude.
This is the basic idea in the proofs of our main results for the localization regime. As a
preparation, we also need the following result, which is implicitly contained in [52].

Proposition 4.5 (cf. [52]). For all T',§ > 0 the truncated Hamiltonian H := T'T +
Ulys—(g.—s)N acting on 02(Qy) is lower bounded by

inf spec H > —N max({I', B, — 8} + or s(N)
except for an event of exponentially small probability.

Proof of Theorem 1.5. We only study the joint event Qy (I, §, &) on which 1) the bound
in Proposition 4.5 applies, and ii) U satisfies a global (¢, §, o)-deep hole scenario with
parameters

e="- and & € (0, min{B. — T, B./8}),

and o > 0 small enough such that (4.1) and 2I"'\/a(l — @) < /8, and hence in par-
ticular (4.7) is satisfied. Together with Lemma 4.2 this ensures that Qy (", §, &) occurs
with a probability of at least 1 — e~ N with at some ¢ = c(T", 8§, o) > 0. Moreover:

1. From Lemma 4.3 we learn that for any o € Lg,_5 the spectrum spec Hy y (o) below
Es = —N(B. — §) consists of just one eigenvalue E5 = inf spec Hyy (0), which is
given by (4.8) with an error term Or s (N -l 4) uniformly for all o € Lg, 5.

2. By the variational principle and the natural embedding of Hilbert spaces, the ground
state energy of H, is bounded from below by that of 'T+U 1y >_(g.—s)n On 22(9n).
The lower bound in Proposition 4.5 then shows that

inf spec H, > —N (,BC -5+ 0115(1)) .

Hence, H, does not contribute to the low-energy spectrum of H' below Es;» = —N(B.—
§/2) for all N large enough. Moreover, the spectral projection Ps := 1(—oo,E;) (H "
can be written as

Ps = > Vo) (Vo (4.22)

Geﬁﬁcﬂg, Eqs<Es)

in terms of rank-one projections of the £2-normalized ground states ¥, of Hyy (o). We
thus conclude for some C = C(I", §) < 0o, and ¢ = c(a) > 0

2\ 1/2 .
1APs = max Aol < Al max (Y |ye (@)f) " sC NN,
O'E[,ﬂ(:,(; oel o —
o'eSyn(0)

(4.23)

where the inequalities follow from (4.21) and (4.10) together with the fact that A5 only
acts on the part of ¥/ on Syn(0).

We then rewrite H using the block decomposition of £2(Qy) induced by Ps and
Qs := 1 — Ps and again employ the Schur complement method. Since H' is diagonal
in this decomposition and its Qs projection has a spectrum above the threshold energy
Ejs ), it remains to investigate the blocks of the perturbation I'A:
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1. Since Pj is supported entirely on the balls, the first diagonal term vanishes, i.e.
PsAPs = 0. The operator norms of the off-diagonals || PsA(1 — Ps)|| < ||APs| are
exponentially small by (4.23).

2. The operator QsA Qs is bounded from below by —|| A|| which is estimated in (4.21).
We thus conclude that for all N large enough:

\

OsH'+ Q35405 = Esp — Al = =N (fc = 6/2+ 20 Va(l =) +ora (1)
=N (Be — /4).

Consequently, the Schur complement matrix

v

S5(E) := (QsH' + QsAQs — E) '

is well defined on Qs¢2(Qy) and bounded, ||Ss(E)| < (Es/q — E)~!forany E <
Es4.

The spectrum of H below Es/4 = —N (B — 6/4) is thus characterized using Schur’s
method, which yields:

1. E < Ej/4 is an eigenvalue of H if and only if E € spec (PaH/ — PgASa(E)APa).
2. The ¢%>-normalized eigenvector v corresponding to E and H satisfies:

(PsH' — EPs)Yr = PsASs(E)APsyr
Qs = —Ss(E)APsy. (4.24)

We now proceed with the completion of the proof of the assertion on the spectrum and
eigenvectors separately.

Spectrum: The spectrum of H below Es/g is determined through the above Schur com-
plement method. Since forall E < Es/gatatsome C = C(I', §) < ocoandc = c(a) > 0

| PsASs(E)APs|| < |ISs(E)|l |APs||*> < C N3 e N, (4.25)

the eigenvalues below Es/g thus coincide with the eigenvalues of PsH " below this en-
ergy up to an error, which is exponentially small in N [13, Corollary 3.2.6]. Since the
eigenvalues of PsH' are given by (4.8), the assertion in Theorem 1.5 follows.
Eigenvectors: We concentrate our attention on energies below E; = —N (B, — s) with
s € (0, 6/8] small enough such that 28.s < ¢ with the decay rate ¢ > 0 from (4.25).
This ensures that e=*N < ¢=2PesN—:r(s) for all sufficiently large N. According to the
spectral averaging Lemma 4.4, since s < §/8 and the condition (4.7) is monotone in §,
the event

{Vo.0" € Lp. 5,0 #0’: dist(specy Hyn(0), specy, Hun(a")) > r(s)}
(4.26)

has probability of at least 1 —4e¢™* N _¢=<N for some ¢ > 0. We may therefore assume
its occurrence.

Perturbation theory based on the above Schur complement analysis and (4.25) (com-
bined with the characterization of eigenvalues established in Theorem 1.5) then guar-
antees that the eigenvector ¢ of H corresponding to the eigenvalue £ = U(o) +
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2N JU(@@)+ON /4y which is uniquely characterized by o € Lg,_, is norm-close
to the ground-state eigenvector ¥4 of Hyn(0), i.e.,

Iy — Yol < I1Ps¥r — Yo ll + | Qs V|l
- |PsASs(E)APs]|

+ISs(E) |APs|| < Ce™. (427)
r(s)

Here, the inequalities combine (4.24)—(4.26). The rest of the claim on the £2-estimates

of the eigenvectors then follows from the respective properties of ¥, established in

Lemma 4.3. The event QIISCF s 1s then defined by specifying a value for ap = ao(T’, )

and intersecting Qy (T, 6, o) with (4.26). O

4.5. Proof of Theorem 1.7. All assertions concerning the £2-properties of the ground-
state can easily be collected from the proof of Theorem 1.5.

Proof of Theorem 1.7 (£>-properties). According to Theorem 1.5 for all events aside
from one of exponentially small probability, there is some og € QN such that the
ground state eigenvector is approximated by ||V — 8,,0|| n = = Or ( ) The estimate

Or ( ) does not depend on § anymore as we may fix 8, if we only consider the ground
state. This will be always assumed in the following. Moreover, the ground-state energy is

E=U(og)++= U(a 5+ Or (N_1/4), where U (0 () is one of the REM’s extremal energies
for which we may assume that

|U(00) + B.N| < O(VN), andhence |E + B.N| < OKN) (4.28)

at the expense of excluding another event of exponentially small probability stemming
from deviations to the known extremal statistics of the REM, cf. (1.7).

It thus remains to establish the assertion on the first order perturbation & € 22(On).
That (§|HE&) agrees with the ground state energy up to order or(1) is a result of a
simple calculation and a comparison with the above formula for E. It remains to prove
v — &)> = Or(N~2). To this end, we revisit the proof of Theorem 1.5. From the
validity of the global (8./2, 8, «)-deep hole scenario specified there and in view of
(4.9), it suffices to show

2
2 2
‘w«m)—,/l - BN =Or(N™?) and Y |¥(e)— AN =Or(N7?).
¢ aeSi(00) ¢
(4.29)

For a proof of these assertions, we use the eigenvalue equation (4.16) on S;(o)
together with () = 1 + Or(N~!). If we pick ¢ € S (0 0), this yields

I _ I 1)
VO e = i) (1+0r(v) N
LU@ | o v,

~ B.N(E - U(0))
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Here the last step also relied on the estimate |U(a)| < &N valid in the (¢, §, o)-deep
hole scenario, as well as (4.28). With a suitable constant C = C(I") < oo, we then have

2

=5 Y U@ o)

0€eS(00)

3 ‘w(a) ~ L

o ESi(00) PN
An exponential Chebychev-Markov estimate leads to P(NV -2 Y ses (oo U (0)2=N)) >
1) < e~V for some ¢ > 0. Thus, except for an event of exponentially small probability

the second claim in (4.29) holds. Since v is £2-normalized, this leads to

FZ
Y)Y =1- ) 1/f(0)2+0F(N_2)=1—ﬁZ—N+Or(N_2),

geSi(o0) ¢

which readily implies the first claim in (4.29).

For a proof of the £'-estimate on the ground state eigenfunction, we need to sharpen
estimates on the large-deviation geometry of the REM. To this end we define fore, § > 0
the following tripartition of the Hamming cube:

Ai(e) :={0 € QN [|U(0)| = eN}
Az(e,0) :={o € Qn[eN < |U(0)| = (Bc — )N}
A3(0) :={o € QN [|U(0)| > (Bc — )N}

A modification of ideas used in the proof of Lemma 4.2 and [51, Lemma 2] yields:

Lemma 4.6. For any ¢ > 0 there exist K = K (¢) € N and a family of events Q¢ n such
that for N large enough

(i) Forany o0 € Ax(e,8) U A3(8):  |Ba(o) N (Az(e,8) U A3(8)| < K on 2 N.
(i) P(Qen) = 1 —27N.

Proof. Let Q2. n g be the event, where the assertion (i) holds true with constant K. It
remains to show that the complement satisfies P(2  x) < 27N for an appropriate
choice for K and N large enough. To this end we estimate

P(QC y x) = P 0 € Ax(e, §) U A3(8) s.t. | B4(0) N (Az(e, 8) U A3(8)| = K)

< Z P(|U(op)| = eN)P(I K — 1 differento1,...0x—1 € Ba(og)\{o0}s.t.
0eQn
|lU(@j)|>eNforj=1,...,K—1)

4
- (KN— 1> WV B(U(00)| > eN)K < N*KoN KN /2,

Here the second line is a consequence of the union bound and the third line follows from
the independence and a simple counting argument. Choosing K > 41n2/¢2, we see that
P(Qg v x) < 27N for N large enough. O

As a final preparation, we also need the following elementary observation on the size
of large deviation sites.
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Lemma 4.7. Forany 6 € (0, B.) and all N:

P (143®)] = 2P0V ) < N2

Proof. The cardinality |A3(8)] is a sum of 2"V independent Bernoulli variables with suc-

cess probability p = P(|U(0)] > (Be—8)N) < 2¢~2Be=9N quch that E[| A3((8))]] =
2N p. The claim thus follows from a standard Markov estimate. O

We are finally ready to finish the proof of our main result in the localization regime.

Proof of Theorem 1.7(£P-properties). We first observe that the claims on the £7-
norms immediately follow from the £'-norm asymptotics (1.25). To see this, recall that
Y(oog) = 1+or(l) forsome og € Oy, and that (o) < ¢ N~ forall o # 0. Hence
forany 1 < p < oo:

» ch! ch1
Tror() < Wl < 14 o D0 ¥(0) < T+ ¥l = 1+or (D).

0#£00

It therefore remains to establish (1.25).
Recalling that the ground state wavefunction v is positive, we can write ||y ,1 =
> s ¥(0). The eigenvalue equation for ¢ leads to

EY (o) =+TY (Ty)(@)+ ) (U)e)=—-TNY ¥(0)— Y U@)¥()

(4.30)
= —INY Y@ +U@)y )+ ) Uy

0#£0)

The second equality follows from the fact that each o has N neighbors. The main idea is
now to show that the remainder term ) _ . U (0)y (o) can be controlled by the other
two terms on the right side. Here, we use the tripartition Aj(¢g), A2 (e, §), A3(5) of the
configuration space and bound the contribution of each A; separately.

In the following, we fix §, @ > 0 small enough, such that the REM satisfies a global
(Bc/2, 8, a)-deep hole scenario with a probability which is exponentially close to one.
Moreover, we pick ¢ > 0 arbitrary and fix K = K (¢) € N the assertions of Lemma 4.6
hold on a joint event on which the global (8./2, 8o, ®p)-deep hole scenario applies as
well. This event still has a probability of at least 1 — e ¢G.ON with some ¢(8, &) > 0,
which is independent of ¢.

Contribution of A1(¢): In this case we use the trivial estimate,
eN|Ylg.

Contribution of A3(8): We only consider § < §p, such that sites 0 € A3(8)\{oo} lie
outside the ball By,y (o). In particular, there is some ¢ > 0 such that for all N large
enough and all ¢ € A3(8)\{oo} the ground state is uniformly bounded, ¢ (0)| <
e~ N We now pick § := min{do, c¢/(4B.)} and shrink the considered event such that
|A3(8)| < 2 &N/ 4, According to Lemma 4.7 this event still has a probability greater
than 1 — =¢GN with some ¢(8, @) > 0. On this event, we conclude for all N large
enough

Ygen, U@V (0)] <

Y. U@Ie) <e V2

ocA3(8)\{oo}
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Contribution of Aj(e, §): We first consider the configurations in A;(e, §) close to the
center oo, which we estimate for N large by

E |[U(o)|¥ (o) <|A2(e,8) N Ba(op)]  max [U(o)|y (o) <CK
g€By(oo)\{oo}
0 €A2(8,0)NB4(00)

with some C = C(I'). We use |U(0)| < B.N/2 due to the validity of the global
(Bc/2, 8, a)-deep hole scenario as well as the pointwise bound ¥ (o) < CN ~1 for all
0 € By(og) with o # 09.

It remains to consider o € As (¢, 6)\Ba(0o(). The eigenvalue equation reads

E-U@)|y@) =T > (o).

o’'eS (o)

Since E < (B, — 8/2)N for N large enough, we obtain for 0 € A(e, §) the bound

or
vy Y, V).

a’eSi(o)

The essence of the following argument is that the value of any ¥ (o) is comparable to
the mean on the corresponding S; (o) sphere and, thus, v cannot take especially large
values on A; (¢, §). To make this intuition precise, we separate the A3(§) configurations,
which we possibly encounter in the spherical mean and repeat the procedure for the
remaining ¢’ € S1(o). This leads to

2
Vo) < = > ww’n% > > e

<
o’eS1(0)NA3(8) o’eS1(0)\A3(8) a”€S1(0")
2r 82 ,
< — ')+ o),
sy 2 v am‘”” sz 2 Ve
o’'eS1(0)NA3(8) o'eS (o)

which for N large enough implies

vf(o)s:—; Y. Y >+ Zw(w

o’'eS(0)NA3(S) o'eS (o)

We now further shrink the considered event to ensure that ||U|l~ < 28.N holds true.
This happens for all but an event of exponentially probability, cf. (1.6). Thus, for N large
enough

Y. U@Y©)| <28.N Y ¥o)
0€A2\B4(00) 0€A2\34(60)
88.I"
= Y (= X e 82N Z ¥(@))
0€A2\Ba(00) o’'eS1(0)NA3(8) o’'eS (o)

86.KT 168K ~Nes , 16B.I?
s—— 2 Y@+ — Wl =TV —— Ko
oeA3d)\{oo}
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In the third line we used the observation that each configuration & € Qy appears in the
summation at most K times due to Lemma 4.6. The last step is a consequence of our
exponential bound on ¥ (o) on the A3(8)-configurations.

Combining the partial results on each Ay, we arrive with some C = C(I") at the
bound

| Y U@W@)] = Qe+ Ok r (NNl +4CK

(T;éa()

which is valid on with probability of at least 1 — e~V with some ¢ > 0 which in

independent of ¢. Since ¢ > 0 was arbitrary, the claimed convergence now follows
from (4.30).

5. Free Energy Asympotics

For our proof of Theorem 1.10 we exploit that the partition function is determined by
the eigenvalues close to the thermal averages

a . TIr Ue PU pm _Tr Te BT

(Whp = Tre—pU (Mg = Tre AT’

depending on the phase. To determine their behavior we consider the local region around

o € L, where ¢ > 0 has to be allowed to be arbitrarily small. In this case, we cannot

guarantee anymore that all balls Br (o) are disjoint. However, we will show that this

is still true for isolated extremal sites ¢ € L., which are in the majority. Then, we

establish the order-one corrections of Theorem 1.5 for those isolated large deviations.

Based on these results, we prove Theorem 1.10 via a suitable approximation argument
using auxiliary operators on cut domains of the configuration space.

(5.1)

5.1. Basic large deviations. We first record some standard facts in the statistical me-
chanics of the pure REM and pure paramagnet.

Proposition 5.1. 1. For any § > 0 we have (T)I/;m = —N tanh 8. Moreover, for any
B > 0,68 > 0 there exists some ¢ = c(B, §) > 0 such that
Tr 11— N (tanh f+8),— N (tanh p—s)] (T e PT
Tre AT

2. For B < B. we have almost surely (U)fgl = —(B + o(1))N. Moreover, for B < B,
and § > 0 there exists some ¢ = c¢(f, 8) > 0 such that

>1—e N, (5.2)

Tr 1—n(pes).—N B-)(U)e PV
Tre AU
except for an exponentially small event.
3. For B > B. we have almost surely (U)EI = —(Bc + o(1))N. Moreover, for B > .
and § > 0 there exists some ¢ = ¢(8) > 0 such that

>1—e N (5.3)

Tr 1(—oo.—N(p.—5)(U)e PY
1o, TN(ﬁiﬂaL)]]( Je S eeN, (5.4)
re
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The proof for the expressions of the thermal averages (T)%m, (U )%1 is by differentiating
the explicit formulas for the pressure with respect to 8. The results on the concentration
of the Gibbs measure are then of Cramér type and follow from the usual convexity
estimates of the (explicit) free energy.

5.2. Spectral analysis on clusters. In the proofs of Theorem 1.5 and 1.7 we derived
the order-one correction of the energy levels U (o) caused by extremal sites 0 € L,
with ¢ ~ B, from a local analysis on non-overlapping balls Bg (o) of some radius R.
For the proof of Theorem 1.10 however, we need good control on all eigenvalues with
energy below —eN with ¢ > 0 arbitrary and, thus, the large deviation set £, has to
be considered for any & > 0. The balls Bg (o) then have a nonempty intersection and
the aim of this subsection is to deal with this modified situation. Let us introduce some
definitions and notation.

k
Definition 5.2. Let ¢ > O and k € Ng. We denote 0 ~ ¢’ <= d(0,0’) <2k+2. We
k
call aset G C L, (k, &)-connected (with respect to ~) if for any o, 6’ € G there exists
a sequence o0 = d@ oM ... M = g suchthat e € G and ¢ @ 3 a D for all
0<i<m-1.1fG C L;is (k, &)-connected and for any (k, £)-connected G" with
G C G' C L. itfollows G = G, we call G a (k, ¢)-component. We denote the family
of (k, &)-components of L. by Gy ..
We call 0 € Qp (k, ¢)-isolated if G = {0} € Gy, and I  denotes the collection of
(k, &)-isolated configurations.

The case k = 0 coincides with the notion of ’gap-connected’ used in [S0-52].
The extremal set L. naturally decomposes in its components, i.e., £ = Ugeg, G-
We define for each (k, €)-component G the corresponding cluster

Cr(G) = U By (o).

oeG

By construction d(Cr(G), Cr(G")) > 2 for different k-components G # G'.
We start with a combinatorial lemma which shows that the size of (k, £)-components
remains bounded and that most (k, £)-components are isolated.

Lemma 5.3. Let ¢ > 0 and k € Ny be fixed, but arbitrary.
1. There exists an M = M (k, &) € N such that

Qy.m(e k) = { max |G| < M}. (5.5)

GeGie
occurs with probability P(Qy .y (k, €)) = 1 — eV for some ¢ > 0.

2.Lete < a < band b < B.. Then for all events, but one of exponentially small
probability:

War DIl _ pmetnps (56)
|£a,b|

where L p := L4 N L; and ()¢ indicates the complement of that set.
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3. Leta = B. — 8 and suppose that 82, — 8) < 2. Then, besides of an exponentially
small event

LoNIf, =0 (5.7)

Proof. For aproof of the first assertion, we estimate for any M € N using a union bound

B
P( max |G| > M) < 2N<| ‘2k+2)M|>e—582MN.
GeGr e M

As the binomial coefficient is a polynomial in N the claim follows for M > 21n2/g?,
For a proof of the second assertion, we rewrite [Lq 5| = ), Zg, Where Zg are i.i.d.
Bernoulli variables with success probability

\/N(b — a) e*sz/z

=P(o € L,p) >
PN ( b) Nir

(5.8)
Since b < B, the average size E[|L,5|] = 2V py is exponentially large and, by a
Markov estimate, the same applies to all events aside from one of super-exponentially
small probability, i.e., P(|Lqs| < 2V~ 1py) < e~ for some C > 0. Similarly, the
conditional probability Py := P (-|{o'}“) of the configuration to not be (&, k)-isolated
equals the probability to find on Bz”k +2 = Bors2(0)\{o} another large deviation in L,
and hence P (3 0’ € I{, N By, ;) < |ng+z|e—N£2/2 < N2K+2,—Ne?/2 by the union
bound and the Gaussian-tail estimate. This allows us to estimate

2
E[1Lap NI ] = D E[llo € LiplPolo € I(,)] <2V py N2 N/
0eQn

5.9)
with py from (5.8). Excluding the event on which |£, 5| < N1 PN, we thus arrive at

2N /4 oy

—g2 —
P(ILas NIl 2 e NAILL 1) = E[1Can NI +e™

2N=1py

by a Chebychev-Markov estimate. Inserting the bound (5.9) completes the proof.

For the last assertion, we note that by Lemma 4.2 the condition on § implies that
for « > 0 small enough a global (¢, §, a)-deep hole scenario occurs with probability
exponentially close to one. O

The next lemma establishes the spectral properties of the restriction Hc, (g) of the
QREM Hamiltonian to the Hilbert space £2(Cr(G)) of a cluster corresponding to G €
Gk . For its formulation, we define for § > 0 the spectral projections

Ps(G) := L(—oo,—sN)(Hcy (), Q5(G) =1 — Ps(G).
Recall the events Q’;V defined in (4.3) and Qp u(k, €) defined in (5.5).

Lemma 54. Let ¢ > 0 and k > 2. On the event QY N Qy y (g, k) the following
assertions are valid for all N large enough:

1. max ||He,6) — Ucyc)ll = Ork.m(V'N).
Gegk.s
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2. If ¥ is an £*-normalized eigenfunction of Hc, Gy with (¥, Hey) V) < —%EN, we
have

1Y (0)| = Or g p.e (N~ 981Gy, (5.10)

and

Il oneVI? = Orame(N 7D, o)V I? = Orame (N5, (5.11)

where 1jc,(G) is the natural projection onto the boundary of Cr(G). In particular,
all estimates are independent of W and G.

3. sup  sup (861032(G)86) = Or e (N7,
GeGy e 0€L2:NG

4. If G = {09} is (k, )-isolated and U (6g) < —2&N, then the ground state energy of
Hc, (c) is given by

2

—1/4
Uloo) +Orie(N ). (5.12)

Eq, = inf spec Hc, () = U(op) +

Proof. 1. We write Hc, () = Uc,(6) + I'Tc, () and recall that Cy(G) is a union of
at most M Hamming balls By (o) with o € G. Thus, by the triangle inequality and
Proposition 2.1 we obtain || T¢, G)l| < M cxv/N, and hence the claim.

2. We introduce the modified spheres S, (G) for 0 < r <k,
S (G) := Cr(G\Cr—1(G) = {0 € Ci(G) | dist(a, G) =r}

and for the eigenvector ¥ the maximal values on the spheres, s, := maxges, (G)
Y (0)]. We use the convention So(G) = G and note that S (G) = IC(G).
Moreover, we observe that forany o € S,(G) and 1 <r <k:
[S1(@)N S (G =M, r=|Si(6)NS—1(G)| =rM,
N—@+DM <[Si1(6) N S41(G) =N —r.

We now use the eigenvalue equation

—Ey@)=T Y () —U©)(),

o’'eSi (o)

to derive the claimed decay estimate. Inserting the above geometric bounds into
the eigenvalue equation, we obtain for all 1 < r < k with the convention si4+; = 0:

—Es, <T'rMs,_1+T(N —r)sy41 + (eN +T'M)s,. (5.13)
We claim that for all 1 <r < k and N large enough

2MTk

S < —5_1.
"=1E|—eN—TM !

This is immediate from (5.13) in case r = k (even without the factor 2). In case
1 < r < k, the bound is proven recursively. If the inequality holds for r + 1,
then (5.13) implies

2NTZk

|Els, <TrMs,_ 1+ ————
|E|—eN —T'M

+eN + FM) Sy,
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and hence the claimed inequality for all N large enough. Since 5o < 1, this estab-
lishes (5.10) by iteration.
The first claim in (5.11) follows from (5.10) using |G| < M. Indeed, for some C =
C(T,k,M,¢)

K K
2 —2r . _ —r _
E ¥ (o) SCE N~ |{o | dist(o,G) =r}| < CM E N =N_1
o#0( r=1 r=1

Since [dCi(G)| < M N* the second inequality in (5.11) follows similarly.

3. We will repeatedly make use of a coupling principle which follows from 1., namely
the fact that the eigenvalues of Hc, () and Uc, (G) agree up to a uniform error of order
Orx.m(N1/?). Since |£c N G| < |G| < M, this implies that dim P3,/2(G) < M for
any component G € G . if N is chosen large enough. By the pigeon-hole principle,
for any component G we find some a = a(G) € [3¢/2, 2¢] such that

Po—e1om)(G) — Pareom)(G) = L(—(a+e/@M)N,—(a—e/@M)N (Hey)) = 0.
(5.14)

Since 03¢/2(G) < Q4(G), itis enough to prove the assertion with Q3,2 (G) replaced
by 04 (G).

To this end, we fix a component G € Gy . and observe that the coupling principle and
(5.14) yield

L, NG| =dim P, (G)=:m, (5.15)

with a natural number m, < M. We denote by ¥, ... ¥,,, the normalized low en-
ergy eigenfunctions of Hc, () corresponding to P,(G), which form an orthonormal
basis for this subspace. The first inequality in (5.11) bounds the contribution of each
eigenfunction to Cx(G)\G. Moreover, the eigenvalue equation readily implies for
o€ G\L;:
, 2MT , 2MT
1@ < 2 W= == > W@l = T

o’eSi(o) o’'eS(o)

|Ej —U(o)

with E; = (¥, Hcy)¥j) < —aN the eigenvalue corresponding to ¥ ;. The second
inequality follows from (5.14) and the last step is a consequence of the Cauchy-
Schwarz inequality and ||y ]| = 1. As |G\L,| < M, we also conclude that

C
. 2 .=
E V(o))" = N

0 eCr(G)\Ly

withauniformC = C(T', k, M, ¢) < oo. Wethuslearnthatsup; |12,nG ¥j—V; I <
C/N.Lemma 5.5 below shows that (with P = 1 ng and FF = P,(G))

C

C
sup  (861Qa(G)és) = [1Qa(G) g, G|l = 4(Vma +ma)2N =< 16M2N

oel,NG

Since a < 2g, this proves the claim.
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4. By the Rayleigh-Ritz variational principle, we have Es;, < —2¢N, and hence the
results of 2. apply to the corresponding ground state wavefunction ¥ € £2(Ci(G)).
By (5.11) this ensures ¥ (gg) = 1 + Or,k,s(N_l/z). Following the steps in anal-
ysis (4.15)-(4.17) of the eigenfunction equation, in which we use (5.10) and the
assumed bound on u, we thus conclude that (4.8) remains valid. This concludes the
proof of (5.12). O

In the proof of Lemma 5.4 we used the following result on finite-rank projections:

Lemma 5.5. Suppose H is a finite-dimensional Hilbert space, P an orthogonal projec-

tion of rank m and f1, fa, ... fm a sequence of m orthonormal vectors in H, which span
the projection F. If for some ¢ < 0o
max ||Pf; = fjll < ¢, (5.16)
j=1,... m

then |P — F|| < (m +24/m)c.

Proof. We employ the triangle inequality ||P — F|| < |PF — F||+||PF — PFP| +
||P — P F P]| and bound the three terms on the right-hand side individually. For the first
term we invoke that P F — F vanishes on the orthogonal complement Im F L and, thus,
a Frobenius norm estimate yields

IPF=Fll< |S 0P =F)filk= | Y IPf— fiI2 < Vme.
j=1 j=1

Our bound on the second term, relies on the norm estimate for the first term, |PF —
PFP| = |P(F — FP)| < ||F — FP| = |PF — F| < y/mc, where we used that
|P]| = 1 for the first bound and applied the elementary identity ||A|| = ||A*|. For
the last term, we employ the operator inequality 0 < PFP < P and the fact that the
operator norm is bounded by the trace norm || - ||1:

m
|P— PFP| < |[P—PFP|1 =Tt P—Tc PFP =Y (y;. (1 — P)y;) < mc.
j=1

This completes the proof. O

5.3. Proof of Theorem 1.10. Before we dive into the details of the proof, we fix some
notation. For k € N and ¢ > 0, we will use the restricted Hamiltonian corresponding to
the collection of all clusters Cy(G),

H(C) = @ HCk(G)
Gegk,s

acting on the complete Hilbert space £2(Qy). We further denote by

P = 1( oo —3ne2)(H) = @ P32(G), 09 :=1-PY
Gegk,s

the spectral projections of H(©). The factor 3/2 is motivated by the third assertion of
Lemma 5.4. The subspace corresponding to Pa(c) represents the "localized" part of the
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QREM and Qgc) corresponds to the "delocalized" part. Corresponding to this block
decomposition, we set the diagonal parts of H as well as their partition functions:

D . : : 2) . : :
HY = POHPY, H? = 0VHQY, (5.17)
ZJB.1) =2V e P =102, (5.18)

Here the traces Tr ;(-) run over the natural subspaces S(C)EZ(QN) incase j = 1, or
fo)ﬂz(QN) in case j = 2, on which H) acts non-trivially.

The key observation is now that Ps(c) commutes with the restriction of H to the clusters
H©_If we denote by A the adjacency matrix between the inner and outer boundaries

of the clusters Cx(G), we see
POHQY =TPOAQY. (5.19)

We recall that d(Ci(G), Cr(G")) > 2 for two different components G # G’ € Gy ¢,
which implies that the adjacency matrix A is a direct sum of operators Ac, () corre-
sponding to each cluster Cy(G). This in turn yields

Al < Mcgv/'N (5.20)

by Proposition 2.1on the event on which the assertions in Lemma 5.3 apply. We further
observe that A only acts nontrivially on the boundaries dCy (G). Exploiting the decay
estimate (5.11) from Lemma 5.4, we arrive at

1P H QN = Or e (N~ED2),
We conclude that for any £ > 2:

Zn(B, T) = errhme Mz 4 7). (5.21)

The proof of Theorem 1.10 now reduces to an analysis of ZI(\}) and Zﬁ).

Proof of Theorem 1.10. Since our claims in case = 0 and I' = 0 are trivial, we fix
B, ' > 0 away from the phase transition, and pick

1
0<e< gmin{ﬂ, Be, I' tanh BT, min{1, ﬂ_l}lncoshﬂr}.

In the following, we will only work on the event Q%E};f N QY N Ly um(e, k), where
the conditions of Lemma 5.3 are valid at k > 2 and some M. According to Lemma 5.4
and (4.4) as well as (1.7), this event can be chosen to have a probability of at least
1 —e N,

We now proceed in four steps. We first analyze the localized part ZI(\}). As a second

and third step we derive an upper and lower bound for Zﬁ). The last part then collects
these estimates. ‘ ' . ‘
Step 1—Analysis of Zx): Let us first remark that H) = P9 H P = pl g© pL©

and hence H (I)PS(C) =H© PE(C). It thus remains to consider the low energy spectrum
of H(©). We abbreviate

vmui= im o= G35
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by Proposition 5.1. Since 8¢ < —u, the dominant energy levels of U are not effected
by the projection PS(C). We now split Zj(\}) into the contribution arising from energy
levels within Js := [(u — )N, (u + §)N] with 0 < § < min{—u/2 — 3¢/4, e2/(16B)}
arbitrarily small, and a remainder:

1 _ _ (1) _ (1)
zVp.m) =2 N(Tre BHO Y, (HW) + Tr e PH 1(_00,_35N/2)\15(H<1>)).

The second term is estimated using Lemma 5.4 and subsequently Proposition 5.1, which
yields some ¢ = ¢(8, §) > 0 such that for all sufficiently large N:

Tre P 1 g, (HD) < fOren VN e P15 0 (U) < eV 2V Zy (8, 0).
(5.22)

The remaining term is decomposed further into the contribution of isolated and non-
isolated clusters:

Tre P, (HD) = 37 Tre MO, (Heyq)
Gely e

+ Y Tre PO 1, (Hey)). (5.23)
GEgk,S\I]::,g

Since supgeg, . IHcw6) — Ucyo)ll < Orm(¥/N) by Lemma 5.4, we bound the
second term for all sufficiently large N as follows:

Z Tr e_ﬂHCk(G)ﬂ‘](S (Hck((;)) < e—ﬁN(u—S) Z Tr ]ljz(S (UCk(G))
Gegk,e\llf_s GEgk,é\\I]f’g

< o~ Ne/4,3BNS > Tre U1, (Ucyo)) < eV 2V Zn(B.0). (5.24)
GEgk,e

At the expense of throwing out another event of exponentially small probability, we
consult Lemma 5.3 and assume in case u > — f. the validity of (5.6) witha = —u — 2§
and b = —u + 25 and in case u = —pf, the validity of (5.7) with a = —u — 26.
This guarantees that non-isolated clusters are exponentially rare. The last inequality is
a consequence of the choice of § and of the fact our definition of the partition function
Zy includes a normilisation by 27V,

The first term on the right side of (5.23) can be expressed using the energy correction
formula (5.12) for isolated extremal sites. At the expense of excluding or including small
subintervals at the boundary of Js, which are negligible in comparison to the main term
by Proposition 5.1, this first term is of the form

) PU@ o) _ g p

O—Elk,gﬂﬁuﬂi.uﬂ?

where, similarly to (5.24), the remainder is again bounded using (5.6):

2
R = Z o B @)+ g5 +o(1)) <N N 7,(8,0).

JEIE’EmLufﬁ,M&

The main term is



1302 C. Manai, S. Warzel

2y
Si= Y VOt (o) € gy,

oeQy

By definition of Js and since the REM’s partition function concentrates around u by
Proposition 5.1, S equals 2V Z (8, 0) plus an error which is bounded by e =V 2V Z (8, 0).

In summary, in this first step we have shown that for any § > 0 small and N large
enough:

_BC o)) ) _BC o)
e u=b ZN(B,0) < Z) (B, T) <e  ws ™V ZN(B,0). (5.25)

Step 2—Upper bound on Zﬁ): We write U := Ulys—2ey and US := Uly-_2.n as
well as Ug := U1y <2¢n, and estimate using the Jensen-Peierls inequality [12]:

Y205, 1) — Trge PO ITHUZ 4007 010

. (c) (c) (c) (c)
<Tr Qgc) efﬁ[l"T+UE<+QE Uz 0s7] < Trefﬂ[[‘T+U£+Q5 Uz 0s ].

The last inequality follows from a trivial extension of the trace and the monotonicity of
eigenvalues in the potential, U~ > U,. From Lemma 54 we learn that

maxges,, | 0984112 < CN~!. Moreover, if ¢ € Ci(G) for some component G, the

projection fo) 8¢ has only support on Cx(G). As any cluster C;(G) has at most M
configurations o € L, these observations result in the norm estimate

10©U7 09| < CM|U N~

Since on the event considered we also have || U ||so < 28, and the operator fo) u; Qﬁf’
only acts non trivially on the clusters Cy (G), we thus conclude that for some D € (0, 00):

QU7 QY >V i=-Dlc=-D Y lgw, C= |J G(©G)
Gegk,a‘ Gegk.s

To summarize, we have thus shown that Z,(\%) (B,T) < 27 NTp e AINT+UAV]

From here, there are at least two possible ways to continue the proof. One could show
that the potential U, + V meets the requirements of Theorem 3.4. Then, one needs to
control V, which is a little bit technical. Instead, we will employ a convexity argument. To
this end, we introduce for A € R the family of pressures and corresponding Hamiltonians

on £2(Qy):
OB, T,A) =2 VTre PA®  HO) =TT +U, +1V (5.26)

The pressure (B, I', A) is convex [60] in A, and A = 1 is the case of interest.

Let us first discuss the case A = 0 in which case Theorem 3.4 is applicable with
W = U,. Since | U |loc <2¢N and E[U.(0)*] < N(1 — ¢=2¢°N) < N, Theorem 3.4
guarantees that all eigenvalues of I'T + U, below E < —4¢ N, counted with multiplicity,
are shifted with respect to the eigenvalues E of I'T to E + % + o(1). Since (I T)%m =
—NT tanh BT" < —8¢e N, Proposition 5.1 allows to spectrally focus the partition function
onto an interval around (FT)gm of arbitrarily small size 0 < § < I'tanh BI" — 4e. A
similar argument as in Step 1, then yields for all sufficiently large N:
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B
dy(B,T,0) < NI hpl+ ——————— +o(1).
V(. T.0)y = Nncosh T+ o gr — + o)
Next, we consider general parameters A. Recall that 1 stands for the orthogonal pro-
jection onto the subspace of the union of all clusters, and that 1¢e is the orthogonal
complement. In terms of the operator A introduced in (5.19), the norm estimate (5.20)

yields: |H(A) — 1cH(W)1c — Lee H(W)1ee|| < |A|l < C+/N and hence
Tre PHO) < (CVNTy = BUcHO) Lot lee HO)Lee)

— (YN [Tr lee PAeHMLe) 4 p ﬂcce—mccm)ﬂm]

at some C < oo, which is independent of N and A. Each of the traces in the right side
is now estimated separately:

27 NTr 1o PUcHMI) < AlleHMIcl < exp (,3 (CF\/N+ 2¢N + AD))

where we used the triangle inequality for the operator norm as well as (5.20) again. Since
H(}) and H (0) agree on Lcc £2(Qp), we also have

27 NTr Loee PlecHMee — o= Ny e~ Flec HO)Lce

<27 VTr 1pee PHO < (O BTO),

The first inequality relied on the Jensen—Peierls estimate, which allows to pull down the
projections [12].

Since @y (B, ', 0) > 4BeN, the correction to the pressure at Ay := %, is still of
order O(+/N):

Oy (B, T, 20) < Oy (B,T,0)+ CVN.
We are now in the situation to exploit convexity:

OB, T, 1) < (1—25") @y(B,T,0) +25 On(B, T, 20)

< NlIncoshgI" + L +o0(1).
['tanh BT — §
Step 3—Paramagnetic lower bound: To show that the upper bound of Step 2 is also an
asymptotic lower bound, it is more convenient to work with the full partition function

Zn, which by (5.21) is a lower bound on Zﬁ) up to a multiplicative error of ¢!,

For an estimate on Zy, we split the potential U = U, + V,, where V, := U1[|U| >
2¢]. The pressure @y (B, ',0) of H(0) = I'T + U,, which is defined in (5.26), was
already analyzed in Step 2. Here, we now consider the following family of Hamiltonians
H() = T'T + U, + AV,, which differs from the one in Step 2. By a slight abuse of
notation, we nevertheless denote the corresponding pressure again by ®x (8, ', 1) :=
InTr2=N¥Tre #H®  The convexity of the pressure in A is again the basis for our argu-
ment.

Since on the event considered, we may assume |[U| < 28.N, the potential W =
U; + AV, meets the requirements of Theorem 3.4 with |W|. < N max{2e, 218.}
and E [W(a)z] < N - e_ngN) < N. Thus if A < ¢/B, the eigenvalues of H()\)
below E < —4eN, counted with multiplicity, are shifted with respect to the eigenvalues
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Eof I'T to E + % + 0(1) and we have ®n (8,1, A) = On(B, T, 0) + o(1). Fixing
Ap 1= % < 1, convexity implies:

1
Oy, I 1) = PN (B, T,0) + rO(QN(ﬂ, I, %0) — on (8, T, 0))

. B
= N lIncosh(BI') + Tanh B0 <3 fanh BT 6 +o0(1).

The last step, which holds for all § > 0 sufficiently small, is the desired lower bound,
again relied on an explicit estimate based on the concentration of the partition function
of I'T around energies near —I" tanh BI", cf. Proposition 5.1.

Step 4—Completing the proof. Away from the first-order phase transition at I' = I'.(8)
described in Proposition 1.1 and on the event on which Step 1-3 are valid, the partition

function (5.21) is either dominated by the REM-term ZI(\}) incase I' < I'¢(B), or by the

paramagnetic term ZI(\%) incase I' > I'.(B).

More precisely, in case I' < I'.(8) and since the probability of the event, which is
excluded in Step 1-3, is exponentially small in N and hence summable, we conclude
for any ¢ > O:

B2
P{|® , N —® ,0) + ——
NEZI (‘ N(B, T) N(B,0)+ “B)

> 8) < 00. (5.27)

The claimed almost-sure convergence then follows by a Borel-Cantelli argument. The
analogous argument establishes the claim in case I' > ' (B). |
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