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Overlaps between eigenvectors of spiked, correlated random matrices: From matrix principal
component analysis to random Gaussian landscapes
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We consider pairs of Gaussian orthogonal ensemble matrices which are correlated with each other and subject
to additive and multiplicative rank-one perturbations. We focus on the regime of parameters in which the finite-

rank perturbations generate outliers in the spectrum of the matrices. We investigate the statistical correlation (i.e.,
the typical overlap) between the eigenvectors associated to the outlier eigenvalues of each matrix in the pair, as
well as the typical overlap between the outlier eigenvector of one matrix with the eigenvectors in the bulk of the
spectrum of the other matrix. We discuss implications of these results for the signal recovery problem for spiked
matrices, as well as for problems of high-dimensional random landscapes.
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I. INTRODUCTION

Spiked random matrices, i.e., random matrices deformed
by additive or multiplicative perturbations, have been the ob-
ject of investigation since the foundational works of random
matrix theory [1-3]. A huge amount of work has been de-
voted to characterizing the effect of low-rank perturbations
on the spectral density of matrices extracted from invariant
ensembles, i.e., in determining the statistics of the isolated
eigenvalues, or outliers, generated by the perturbations (re-
ferred to as spikes, following a terminology introduced in
Ref. [4]). For perturbed Wishart matrices, it has been shown
by Baik, Ben Arous, and Péché that in the limit of large
matrix size, the outliers pop out from the bulk of the eigen-
values density in a sharp phase transition [5]; with reference
to this seminal work, the spectral transitions associated to
the emergence of outliers are generically referred to as BBP
transitions. They have been discussed extensively in the math-
ematical literature; see, for instance, Refs. [6—14]. Deformed
random matrices and their outliers have been shown to play a
relevant role in a variety of contexts: Examples can be found
in finance [15], inference and detection problems [16,17],
constraint satisfaction problems [18], quantum chaos [19],
localization of polymers by defects [20], and theoretical ecol-
ogy [21,22]. The eigenvectors associated to the outliers play
a relevant role in these applications: Their projection on the
subspace spanned by the low-rank perturbations remains large
in the limit of large matrix size [7,23], a phenomenon akin to
condensation [24].

When interpreted as signal versus noise problems (the
low-rank perturbations representing the signal), the spiked
matrices are a prototypical example of a transition between
a phase in which signal recovery is impossible (because the
spectral properties of the deformed matrix are completely
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determined by the random contribution and are therefore iden-
tical to the ones of the unperturbed matrix) and a phase in
which information on the signal can be recovered, at least
partially. This is done by determining the extremal eigenval-
ues of the matrix and the associated eigenvectors—that is, by
means of principal component analysis (PCA). In this context,
it can also be relevant to determine the projection of bulk
eigenvectors on the subspace spanned by the perturbation, and
results in this direction are given for instance in Refs. [25,26].

In this work, we are interested in characterizing the squared
overlaps between the eigenvectors of pairs of correlated ran-
dom matrices extracted from a Gaussian orthogonal ensemble
(GOE), which are deformed by rank-one additive and mul-
tiplicative perturbations. Our analysis builds on the work
in Refs. [27,28] (see also the comprehensive discussion in
Ref. [29]), which (among other results) present the explicit
expression of the overlaps of eigenvectors of matrices of the
form H + W@, where H is a (possibly random) matrix in
common to both elements of the pairs, while the W@ with
a =0, 1 are independent GOE matrices. Our generalization
consists in deforming the statistics of the matrices along one
single direction in the basis space, by means of a combination
of rank-1 additive and multiplicative perturbations. In certain
parameter regimes, these perturbations generate outliers in
the spectra of the pair of matrices: We determine the overlap
between the eigenvectors of the outliers, as well as between
the eigenvector of the outlier of one matrix and any other
eigenvector associated to eigenvalues in the bulk of the other
matrix.

Our analysis is motivated by the study of high-dimensional
random landscapes: Indeed, it can be shown [30-33] that the
local curvature of simple Gaussian landscapes in the vicinity
of their stationary points (local minima, maxima, or saddles) is
described by matrices having exactly the statistics considered
in this work. Determining the overlap between eigenvectors of
the Hessians (the matrix encoding the information on the local
landscape curvature) is relevant to understand the geometry
of the landscape, in particular how the curvature is correlated
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in different regions of the landscape. This is an important
piece of information whenever one is interested in optimizing
high-dimensional landscapes, to characterize how geometrical
features affect its exploration by means of local optimization
algorithms [34,35]. As a byproduct, our analysis allows us to
address a question that may be of its own interest in the con-
text of spiked matrices problems: Namely, it gives us access
to the correlations between different estimators of the signal
vector, obtained from different sets of noisy measurements in
which the noise is correlated.

The work is structured as follows: In Sec. II we introduce
our matrix ensemble of interest and summarize its spectral
properties. In Sec. III we present the results of our calculation,
namely the explicit expressions of the eigenvectors overlaps.
In Sec. IV we give an overview of the calculation, discussing
how to obtain the relevant overlaps from the calculation of
products of resolvent operators and their finite-size correc-
tions. Section V contains a discussion of applications of our
results, while the conclusions are given in Sec. VI. Details of
the calculation are given in the Appendices.

II. PERTURBED, COUPLED GOE MATRICES

A. Matrix ensembles

We consider pairs of correlated random matrices with a
perturbed GOE (Gaussian orthogonal ensemble) statistics. We
recall that a GOE matrix of size N is a symmetric real random
matrix with off-diagonal entries distributed as N0, o? /N)
and diagonal entries as N(0, 202/N), where A/ denotes the
Gaussian distribution. In our model of interest, the perturba-
tion is given by a special row and column in each matrix of the
pair, whose entries are correlated to each other in a different
way. More precisely, let M@ witha = 0, 1 be a pair of N x N
matrices with the following block structure:

miy
(a) :
M@ — B S
My _1 N
miy cee My y o Mgy

where the B are two N — 1 x N — 1 correlated GOE matri-
ces with components bf; having zero mean, and correlations
given by '
a 1b 02 61-21
E[b; by, = 8abﬁ + (- Sab)ﬁ (Bikdji + 8udji)  (2)

for a, b € {0, 1}. The two GOE matrices B have equal vari-
ance N!0, and for all i < j the component b{; is correlated
only with b};. Similarly, the entries mg, for i < N have zero
mean and correlations given by

a b AZ A%
E[miymiy] = (8t + 0 =8a) 3 )0 )

for a, b € {0, 1}. Finally, the diagonal entries m{, have a
nonzero average:

E[miy] = tar  a€{0, 1}, @)

and covariances given by
b vz Vi
E[miyy myy] — tatts = <5abﬁa + 1 - 8ab)ﬁ> (5
for a, b € {0, 1}. The choice of correlations in Eq. (2) implies

that the matrices B®, B() can be written as the sum of two
GOE matrices:

BY=H+W%, 4e{0,1}, (6)
where Hisan N — 1 x N — 1 GOE matrix with
%
E[H;jHy] = W((Sikaﬂ + 8udji), (N

that is in common to both elements of the pair, while
WO WO are N —1 x N — 1 independent and identically
distributed GOE matrices satisfying

2
0
E[WiWi] = Ww(aikaj, +8u8x), aefo, 1} (3
and clearly ol = 02, + ov%,. Thanks to Egs. (3) and (5), the
entries belonging to the last row and column admit a similar
decomposition in terms of independent random variables,

m?}\/ = hiN + w;;\/v ac {09 1}1 (9)

with hiy ~ N (0, N7'A}) and wiy, ~ N(0,N~'A} ) fori <
N, while hyy ~ N0, N~'v?) and wiy ~ ./\/'(,ua,N_lviya).
Of course, A2 = AZ+ AZ  and vZ =v] + 02, fora=0
anda = 1.

Each matrix of the form (1) can be rewritten as a GOE
matrix perturbed with both additive and multiplicative rank-
one perturbations along one fixed direction identified by the
basis vector ey (corresponding to the last row and column).
We can indeed write

a

M@ = F@ . X@ . F@ 4 (Ma + Q%) eNeK,, (10)
where X@ is now an N x N GOE with variance N~ !o2,
g9~ N(0, 1) is an independent standard Gaussian variable,
and the terms F@ and ¢, are introduced to reproduce the
correct variance of the entries belonging to the special row
and column of the matrices (1); more precisely,

A,
F@ =1 — (1 - —>eNe,C, (11)
o

while ¢, = (v? — A;‘/Uz)% is chosen in such a way that
méy ~ N (pa, N~'02) is recovered. The matrix F@ repre-
sents a deterministic, multiplicative perturbation to the GOE,
while the second term in Eq. (10) is the additive one.

We introduce the notation uf{, ..., u§, for the eigenvectors
of the matrix M@, and A¢,..., A4 for the associated real
eigenvalues. In the rest of the paper, we give for granted that
the index a can be either O or 1, and every time it appears it is
understood that that property holds for botha = 0 and a = 1.

Let us comment on the connection between the matrices
we consider and those discussed in Refs. [28,29]. There are
different sources of correlations of M® and MY): First, the
noisy part is correlated, since the two matrices share the
components A4;; which are in common to both elements of
the pair. Moreover, when Ay = A; or uy = u;, additional
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correlations are due to the fact that the matrices are sub-
ject to the same multiplicative or additive perturbation. In
the latter case, the matrices can be cast in the form M@ =
VCX@/C when p, = 0, and M@ = X@ 4 C when A, =
v, = o. These matrices are of the same form as those con-
sidered in Refs. [28,29], with the caveat that the population
matrix C is of rank-1 and that the noise X® has always GOE
statistics (correlated whenever oy # 0).! We also remark that
each of the two matrices M@ has a statistics that is not rota-
tional invariant, since there is a basis vector ey that identifies
a special direction along which the statistics of the entries
is special. Nonetheless, rotational invariance is preserved in
the subspace orthogonal to ey, given that the corresponding
blocks B = H + W@ have a statistics which is invariant
with respect to changes of basis.

As mentioned in the Introduction, our motivation for look-
ing at matrices with this structure is due to the fact that
they describe the local curvature of random Gaussian func-
tions defined on high-dimensional manifolds (for instance, on
high-dimensional spheres). These random fields are studied
extensively as toy models of energy landscapes in the theory
of glassy and complex systems, of fitness landscapes in evo-
lutionary biology, of loss landscapes in problems of learning
(see Ref. [36] for a recent review). The landscape at two
different configurations is correlated, and so is its curvature,
described by the Hessians matrices of the random function.
It can be shown that such Hessian matrices at two different
configurations have correlations described by the formulas
above. In particular, due to the isotropy of the random field,
the statistics of the Hessians is almost rotational invariant (the
matrices are of the GOE type), except for one single direction
which can be identified with ey in the formulas above, and
which corresponds to the direction connecting the two con-
figurations in the manifold. We discuss this mapping in more
detail in Sec. V.

B. Spectral properties and outliers

We summarize here the main features of the eigenvalue
distribution of matrices of the form (1) [equivalently Eq. (10)],
and refer to Appendix A for more details. Notice that the
matrices M© and M1 have the same structure; each one
has a statistics fully described by the parameters o, A,, v,,
and pu, for a = 0, 1. Since the spectral properties discussed in
this section involve only eigenvalues and eigenvectors of one
single element of the pair of matrices, they are independent of
the parameters Ay, oy, and vy, describing the correlations be-
tween the entries of the two matrices in the pair. We therefore
drop the superscript a and denote the single-matrix parameters
simply with o, A, v, and u in this section.

In Refs. [32,33] it is shown that the perturbation given by
the special row and column of M can generate a transition
in the eigenvalue density in the large-N limit, occurring at a
critical value of the parameters A, u, o; this transition sepa-
rates a regime in which the eigenvalue density is independent
of A, nu and simply coincides with the eigenvalue density of

!In Ref. [28], the authors consider matrices of the form +/CX®+/C
with X@ uncorrelated Wishart matrices.

N
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FIG. 1. The figure represents the regions in the plane (A, u)
where 2 (upper white zone), 1 (center and lower right red zone), or
0 (lower left light blue zone) isolated eigenvalues emerge out of the
bulk of the spectral density of M. The plot is given for o = 6. As
discussed in the main text, the existence conditions and the typical
value of the isolated eigenvalue(s) are independent on v. Inset. A
particular realization of the spectral density for a random matrix M of
size N = 300, witho = 6, A = 25, u = 10 belonging to the “white”
zone, thus presenting two outliers. For simplicity, we took v = O (this
parameter does not affect the eigenvalue density in the large-N limit).

the GOE matrix X in Eq. (10), from a regime in which one or
two isolated eigenvalues are present; see Fig. 1. These isolated
eigenvalues )iy, are detached from the bulk of eigenvalues
forming a continuum density in the limit N — oo. These
types of spectral transitions belong to the BBP-like transition
family [5]. For GOE matrices, the BBP transition has been
widely investigated in the case of an additive finite-rank per-
turbations [2,7,29], corresponding in our setting to A = o. We
now discuss the results holding in the general case A # o, and
refer to Appendix A for the technical details.

In an expansion in N~! the average spectral measure of the
matrices M reads

1 1
A ) = Dy O+ iy 3 b= ) + 0<1W>

12)

where py(A) is defined for |A| < 20 and it admits the expan-
sion

1

on(L) = ps(A) + N

o)+ O(}%) (13)

The leading-order term in this expansion reduces to the eigen-
value density of the unperturbed GOE matrix X,

Vao? — 32, (14)

1
a)\ -
Po (1) 7752
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while the subleading correction equals to

() = V4o — A2 sgn(})
P T 0m02—40?) Va2
1
+ - 8(A + 2x0); (15)
x;l 4

see Appendix A for a derivation. The é peaks in the measure
(12) correspond to the isolated eigenvalues Az 1. It can be
shown that the eigenvalues are real solutions of the equation

A—u— A%, (1) =0, (16)

where for A real such that || > 20 one has

8o () = 2%@ s —4d0d),  (I7)

and g, is the Stieltjes transform of the unperturbed GOE
matrix X, obtained from

1 1
+(z)= lim —E|Tr . 18
0,(2) = Jim [ (Z_X)} (18)
Depending on the strength of the perturbations u, A, the ma-
trices can exhibit either none, one, or two isolated eigenvalues,
as we report in Appendix A2 and summarize in Fig. 1. In
particular, for any choice of A > 0 one isolated eigenvalue

exists whenever
0% — A?
[t >a<l+—2), (19)
o

and it reads

_ 2p0% — APp—sgn(u) A%/t — 4(0? — A?)

Miso,— =
o 2(02 — A2)

(20)

This expression was first obtained in Refs. [32,33], and we
rederive it in Appendix A 2. It is simple to check that for u <
0 it holds Aiso,— < —20, meaning that the isolated eigenvalue
is the smallest eigenvalue of the random matrix; similarly, for
> 0 the isolated eigenvalue is the largest one. To connect
with known results, it is convenient to express these quantities
in terms of the inverse of Eq. (17), which for real y is defined
in [y] < o~! and reads

-1 [
g, )= y +o%y. 2D

It has been shown in Ref. [32] that the isolated eigenvalue (20)
can be equivalently written as

Miso.— = 8, (g7(1)) = +olge(n),  (22)

1
g5 (1)
with & = (62 — A?)2; this expression is well-defined for
lgs(11)] < o=, which corresponds to the existing condition
(19). From these equations one easily obtains the well-know
expression of the isolated eigenvalue in the presence of a
purely additive rank-one perturbation [2,7,29]: It suffices to
set A — 0,0 — 0 and use the fact that limz_ ¢ gs(it) = =
to get

A—o 02 1 1
)"iso,— > U + =9, . (23)
I n

As derived in Appendix A2, when A > +/20 a second
isolated eigenvalue exists in the regime || < A0~ — 20,
and equals to

—210% + A — sgn() A%/ 2 + 4(A2 — o2)

2(A2 — 52)

)Viso,+ =

(24)

This case was not discussed in Refs. [32,33] and, to the best
of our knowledge, has not be considered in previous literature.
The eigenvalue Aiso + has a sign opposite to that of u; thus, for
# > 0 one has i + < 0 < Ajgo,—, while for p < 0 it holds
Aiso.— < 0 < Ajso,+- These existence conditions are encoded
in Eq. (12) by choosing

AZ
o = @<|,U«| — 20 + —)
o

2
oy = O(A — ﬁo)@(—m — 20 + %) 25)

C. The outlier eigenvectors

The eigenvector u;, — associated to the isolated eigenvalue
(20) has a projection on the basis vector ey corresponding to
the special line and column of the matrix, which remains of
O(1) when N is large; the typical value of this projection has
been computed in Ref. [32] and reads

(uiso,f . eN)2 = qcr,A()\iso,fv M)a (26)
where we introduced the function
Jo,a (X, 1)

sgn(M)AZV/A2 — 402 — A(202 — A?) + 2uo?

2A%/u? —4(c? — A?)

= sgn(u)

27

It can be shown rather easily that whenever Eq. (19) is satis-
fied, then Eq. (26) is positive, as it should be. This can be done
by considering separately the cases 4 > 0 and u < 0 and by
using the expression of Ajy, —. In particular, since Ajs, — and
1 have the same sign, one can show that the condition (19) is
equivalent to

—|Aiso,~ 120 — A%) +2|ulo* > 0,

which immediately implies the positivity of Eq. (26). In par-
ticular, Eq. (26) is zero if and only if |Ais, —| = 207, which is
equivalent to |u| = 0~ (20% — A?), i.e., the isolated eigen-
value is at the edge of the bulk.

The explicit dependence of Eq. (26) on the parameters
o, A, ureads

[A2(ju| + B) — 202 E + sgn(A%—o2)/k]
4E(A? — 02)

2
(uiso,— . eN) =

9

(28)

where E = (u? — 402 +4A2)% and k = (A2|u| — 202 |u| +
A’E)? —160%(c? — A?)%. In the case of a purely addi-
tive perturbation (A = o), using Eq. (23) one sees that this
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expression reduces to
(W0, - eN)2 — 11— - 29)

consistently with previous results [7,29]. We remark that for
the matrices (1) the joint isolated eigenvalue-eigenvector large
deviation function has been determined as well [32], general-
izing the case of a purely additive perturbation [37].

III. EIGENVECTORS OVERLAPS

In this work we aim at characterizing the correlations be-
tween eigenvectors of pairs of correlated matrices with the
distribution (1), similarly to what is discussed in Ref. [28] for
unperturbed GOE matrices. In particular, our objects of inter-
est are the averaged squared overlaps between eigenvectors
associated to different eigenvalues of the two matrices:

oA\, A1) := NE[(u0 - u;1)?], (30)

where A% are eigenvalues of M@, u,. the corresponding
eigenvectors, and the expectation value [ represents the aver-
age over the distribution of all the entries of the two matrices.
In the limit of large NV this quantity remains of O(1) for values
of A belonging to the continuous part (henceforth, the bulk) of
the eigenvalue density of the two matrices. We are interested
in computing both the overlap between eigenstates associated
to eigenvalues in the bulk, as well as the overlaps involving
the eigenvectors associated to the isolated eigenvalues of the
matrices, whenever they exist. In the first case, the average E
over different realizations of the random matrices can be re-
placed by an average, for fixed randomness, over eigenvectors
associated to eigenvalues within windows of width dA > N~!
centered around A%, A': As a matter of fact, the quantity (30)
is self-averaging in the large N limit [28].

Consider now the overlaps involving the eigenvectors as-
sociated to the isolated eigenvalues. As we have discussed in
the previous section, any element of the pair of matrices in
Eq. (1) can present zero, one or two isolated eigenvalues. Such
eigenvalues pop out of the bulk of the spectral density, which
at leading order in N is given by the Wigner’s semicircle law.
Two isolated eigenvalues, denoted by A, _, exist for each ma-
trix a € {0, 1} only when the noise from the special row and
column is considerably bigger than the variance of the main
GOE blocks, i.e., A, > /20 In the following, we restrict to
the case in which only one isolated eigenvalue exists, equal to

Al _. To simplify the notation, henceforth we set

AL =4 (31

180 150, —

meaning that )L?;O is the isolated eigenvalue (20) of M, and
analogously for . . All of the results presented in the follow-
ing can be easily generalized to the other isolated eigenvalues
of the random matrices, whenever they exist.

We also remark that in the case in which both the eigenval-
ues in Eq. (30) are isolated, the relevant quantity to determine
is the rescaled function:

0 41
B0, 1h) = Tt g Y] )
This is because both eigenvectors have an O(1) projection on
the special direction ey given by Eq. (26), so that their overlap

is at least of the order of Eq. (26). This clearly indicates that
the quantity that remains of O(1) in the limit of large N is the
rescaled quantity (32).

The overlap (30) takes a different form depending on
whether the considered eigenvalues (either both or one of
them) belong to the bulk of the eigenvalues density of their
respective matrices, or are isolated. Our main results are the
explicit formulas for the overlaps in all the different cases,
as a function of the parameters defining the statistics of the
matrices. An overview of the calculations leading to these
results is given in Sec. IV, and details are reported in the
Appendices. In the following subsections we report the final
explicit expressions.

A. Eigenvector overlaps of bulk-bulk eigenvalues

Each element of the pair of random matrices defined in
Eq. (1) has a GOE block B having the same statistics
(only the matrix elements in the special row and column have
a statistics that depends on a). The bulk spectral densities
P (1) of both matrices in the large N limit are determined
by these blocks, and thus are exactly the same for both ma-
trices, given by Eq. (14). The spectral densities are supported
on the interval [—20, 20]; when the respective eigenvalues
A9, Al € [—20, 20], the overlap between the two correspon-

dent eigenvectors reads
+0 ! (33)
N/

4
Ay =%(\/402 (02 4 ky/Ao? — IR

0'2 2
+ (1 — —W) (A0 — A2,

207 (1= 5) 00 = 212

o0\ = A
k=+

with

(34)

202

This expression depends only on the parameters o, oy defin-
ing the statistics of the GOE blocks B@, and it is consistent
with the results of Ref. [28]. Indeed, Ref. [28] presents the cal-
culation of the overlap between bulk eigenvectors of matrices
of the form C 4+ A + D@, where C is a deterministic (pop-
ulation) matrix, while A and D are N x N GOE matrices
with variances pj; and Gaz — p12, respectively. The overlap is
shown to be independent of the matrix C, and to coincide with
Eq. (33) with 0} — p12 and o, — 02 — p12, as expected.
Notice that the case considered in Ref. [28] corresponds to
vanishing finite-rank perturbations (A, = v, = o, ©, = 0);
therefore, no isolated eigenvalue(s) are present in that case.
Equation (33) shows that the finite rank perturbations do not
affect the overlap between bulk eigenvectors, to leading order
in N. We remark that the 1/N contribution to (33) can also be
determined explicitly; we discuss this in Sec. IV C.

A numerical check of Eq. (33) is given in Fig. 2. We briefly
comment on how the numerical simulations are performed. To
obtain the eigenvectors overlaps numerically, we generate the
three GOE random matrices H, W®, and W'; similarly, we
generate the Gaussian variables h;y, w?N, wl.lN. The elements
m% and my, are simply set equal to wo and 1) respectively,
i.e., we set vgp = v; = 0O; this is motivated by the fact that, as
we show below, to the 1/N order we are interested in, all of
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FIG. 2. Plot representing the theoretical curves of the bulk-bulk
overlap (33) with their respective numerical simulations (colored
crosses). We used oy =6, A, =25, A,0=2,A41 =15 0=
w; =0, and we plot the overlap for x=1°=0 and y=21! €
[—20,20], for several choices of oy: The central peak height is
inversely proportional to the value of oy . The numerical simulations
were carried out by generating 500 times pairs of random matrices of
size N = 200. As for Fig. 1 we set vy = v; = 0 given that the final
results do not depend on them, to leading orders.

our analytical results are independent on the variances vy, v;.
After having generated such entries, we sum them up to get
the two matrices M® and M, according to Sec. IT A. We
then diagonalize them and consider eigenvectors associated to
eigenvalues in the intervals [x — dA, x +dA]and [y —dX,y +
d )] respectively, with dA > N~!. Then for each pair of such
eigenvectors of the two matrices, we compute their squared
dot product, and average them together. We repeat this pro-
cedure over many realizations: The numerical points in the
Figures correspond to averages over the realizations. All the
Figures reported in the following are generated in this way,
with the slight difference that when isolated eigenvalues are
considered, there is no window dA on which to perform the
first average, and thus the number of realizations has to be
increased significantly.

B. Eigenvector overlaps of isolated-isolated eigenvalues

‘We now consider the case in which both Ai()so and Ailso exist,
and we give the expression for the rescaled overlap (32) of the
corresponding eigenvectors. Given the function

95(2) — 95(8)
§—z— sz[/(ga(‘i:) - ga(z))’

we find that the overlap can be compactly written as

V(z, §) =

(35)

&)()‘?ﬁo’ )“ilso) = {o,A ()“?so’ MO)qU,Al ()‘ilso’ ,LL])
1
x [A0W (0 M) + 117+ O(ﬁ)’ (36)

where ¢, a is defined in Eq. (27).

1.00

0.88

0.75

- 0.62

-0.50

-0.38

— 0.25

FIG. 3. Density plot for ®(1) , Al ) for matrices subject to

purely additive perturbations (A, = oy, Ay o = Ay = ow) with
n = o = iy = 10. The black dashed lines are level curves.

Let us comment on some limiting values of this expression.
In the case in which the two matrices M® have uncorrelated
entries in the special line and column (meaning that A, = 0)
then the overlap reduces to g4, ()L?So, Moo, A, (Ailso, 1) and
thus it coincides with the product of two terms like (26), one
for each matrix. In fact, it is natural to expect that when the
entries are uncorrelated, the eigenvectors corresponding to
the isolated eigenvalues are orthogonal in the subspace that
is complementary to the special direction ey, implying that
their overlap is fully determined by their projection on the
special direction ey. More precisely, given the decomposition
W = (u}"?so - ey)ey + v with v being the projection of W
on the space orthogonal to ey, the above assumption corre-
sponds to v* - v! =0, which implies (w0 - w1 )* = (w0 -
ev)’(u,1 -ey)?, which using Eq. (26) is precisely Eq. (36)
for A, = 0. This is the minimal value one expects for the
overlap. However, when the two matrices are fully correlated
(ow = 0= Ay 0= Ay,) the overlap is maximal and equal
to one, as it can be checked from the above formulas. The de-
pendence of ®(A) , Al ) on the variances oy, oy is shown in
Fig. 3 for the particular case in which the perturbation is fully
additive, and identical in strength for both matrices. Further
comparisons of the formula (36) with numerical simulations
are given in Fig. 6 in Sec. V, where we discuss the special case
of matrix PCA.

C. Eigenvector overlaps of bulk-isolated eigenvalues

Consider the case in which at least one of the two matrices
M@ MO has the isolated eigenvalue. Without loss of gener-
ality, we take such matrix to be M®, meaning that Eq. (19)
is satisfied and A%O exists (it is clear that all results will hold
if we exchange the two matrices). We impose no condition on
M@, and we pick a bulk eigenvalue y := A! € [-20, 20]. In
this case, the formula for the overlap is rather cumbersome, as
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(D(Aigo'y)

FIG. 4. Plot representing the theoretical curves of the bulk-
isolated overlap (37) with their respective numerical simulations
(colored crosses). We used oy = 6.5, 00 =3, Ap0=2,A,1=
1.5, wo = 15, 11 = 4, and we plot the overlap for x = 12 and y =
'€ [—20, 20] (were clearly o = \/o} + o) for several choices of
Ay: The function value at y = 20 is proportional to the strength of
Ay. The numerical simulations were carried out by generating 1000
times pairs of random matrices of size N = 500. As for Fig. 1 we
set vp = v; = 0 given that the final results do not depend on them, to
leading orders.

it is given by the following expression:

4A602 bc — ad

V |:)"?so:|2 - 40’2 c2 + d2

bicie; — aidie; — ajcy fi — bidy fi

(D( 0 ) _ o, A ()\%Os MO)
o 277 po ()

— 402A2
(et +df)(ef + 1)
NEN: bycrer — ardrer — arer fy — brds f>
T80 5y 2 2\(.2 2
(3 +d3)(e3 + f7)
AGATEs (A2,) bics — azds
oA, — po)(y — 1) 3 +d3
1
+ O v ) (37)

The quantities a, b, c, ay, by, c1, az, by, ¢, as, b3, c3 are func-
tions of A% and y, and depend explicitly on the parameters
o, ow, and A. For compactness, we list their explicit expres-
sions in Appendix D 2. We also recall that the expressions for
90> Po, and g, A are given in Eqs. (14), (17), and (27).

In Fig. 4 we show that the complicated parameter de-
pendencies of Eq. (37) are exact, and numerical simulations
perfectly agree with our theoretical results.

As it is evident from Egs. (33), (36), and (37), the expres-
sions for the overlaps do not depend on the parameters vy, vy, 4
which control the strength of the fluctuations of the matrix ele-
ments m¢,, at the scale N~!/2; however, they depend explicitly
on the average values u, of those matrix elements, which
are of O(1). More generally, the bulk properties of the pair

of matrices M® depend only on the parameters o, oy, ow
defining the statistics of the blocks B@ [see, for instance,
Egs. (14) and (33)]: The O(N~'/?) fluctuations of O(N?)
matrix elements contribute to these quantities to leading or-
der, while the fluctuations and correlations of a subleading
number of matrix elements (such as those in the special line
and column) matter only at the subsequent order in the 1/N
expansion. However, the isolated eigenvalues and eigenvec-
tors [which give a subleading contribution to the eigenvalue
density with respect to the bulk; see Eq. (12)] are sensitive
to the O(N~'/?) fluctuations of the O(N) entries m¢, for
i <N, as well as to changes in the averages u, that are
of O(1); this appears evident from the Egs. (36) and (37).
However, the fluctuations of a single matrix element mg, at
the scale N~!/2 are not strong enough to shift the typical value
of these quantities (even though they affect the large devia-
tion functions describing the probability that these quantities
take atypical values, as shown in Ref. [32]). We naturally
expect that the dependence on the parameters vy, vy, , Will
appear in typical values only at the next orders in the 1/N
expansion.

IV. OVERVIEW OF THE COMPUTATIONS
A. A formula to extract the overlaps

In this section, we aim at giving an overview on how the
computation of the overlaps (30) is carried out in the three
cases presented in Sec. III. The derivation is similar to that
discussed in Ref. [28]. We begin by introducing the auxiliary
function

1
V(8= BTl - M"E —MD)y, (38)

which will be useful as a computation tool. For finite N, the
spectral decomposition of the matrices yields:

Y(x —in,yxin)

_1 ! 1 0. 1)2
_N;E[x—in—xgyiin—xg(““ uﬁ)}

1 2
= s LR 081 V0L w)))

where we defined

1

RE (A x)= )
k(s 1) xX—A—iny—x xin

(39)

In the large N limit, the sums over the eigenvalues can be
turned into integrals over the spectral measure of the matrices,
taking care of the presence of the subleading terms due to the
isolated eigenvalues.

The above expression hence becomes equivalent to

Y(x —in,y=xin)

= / drdy ps(M)ps (XORS,, (hs XD, X)

1
+ N / d)tprr ()L)R;‘fy,n()‘" )‘ilso)qD()" )"ilso)
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1
37 f AP0 GORE, (4 )28 )

1 DA, AL)
+ R):cl:} 71( iso’ }so)%’
where p, denotes the continuous part of the eigenvalue den-
sities of the matrices M@, for a € {0, 1}, defined in Eq. (14).
We set g = lim,_,o+ ¥. The Sokhotski-Plemelj identity im-
plies

Re[yo(x —in, y +in) — Yolx —in,y — in)]
=272 D(x, ¥)po (x) 6 ()

2

+ _CD()Hso’ )’)Pa ()’)8( 150)
2

+ l@(x )L]lso)pa(x)a(y A‘]SO)

2

+ 7@()\&0, A'llso)s(x - )"?90)8()) )\'NO) (40)
We therefore see that to get the expression for ®(12 ,y)
we have to compute w(z, &) and isolate the 1/N correction
proportional to §(x — AL ) appearing in the formula above.
Instead, the term proport10nal to two & peaks will give infor-
mation on the overlap <I>()»lso, 1so) Notice that even though
we are focusing on the case in which one single isolated eigen-
value Ajso = Ajso,— exists, all calculations can be extended
straightforwardly to the second isolated eigenvalue, whenever
it exists.

The above computations show that the expressions for the
various overlaps can be obtained provided that the auxiliary
function ¥ is computed up to order 1/N. In the following
sections we give an overview of such computation.

B. Accounting for the finite-rank perturbations

The matrices M(®, M) have a block structure, implying
that (z — M@) can be inverted using Schur matrix inversion
lemma, recalled in Appendix A1l. We set M = N — 1, and
introduce, for a € {0, 1}, the M x M matrices

m¢ [ma]T

T
,m . (41
T i) @D

A7) = om = (miy, may -
Let us exploit Schur’s matrix inversion lemma. For i, j < M

one has

(=M = c-H-WY-A“Q);" (42
and
N—-1 m
(=MD == —U—@-My., 43
= Myy

k=1
while the remaining component reads

(2~ MO = (e —mipy)

(l
% 1+ Z kN IN( M(a))]:ll
k=17 MmN

(44)

It is thus convenient to decompose ¥ (z,&) as ¥ = Yo +
Yov + Yy wWith

N-—1
Yooz, €) =E| — Z(z M) E =MD,
B z] 1
B ) N—1
Yov@ &) =E| = e~ M) —M%&}
L i=1

Yy (z, &) =

1
E| @ =M E - M“%}v}. (45)
We make use of the expansion

1
z—H-W® —A@()

Gu(2) Y TA“R)G.()]". (46)

u=0
where the resolvent operator, defined as

Gu(z) i =z—H-W aeo,1}, (47)

does not depend on the components m,. For simplicity, we
first perform the average over the entries my{,, for i < N, with
a = 0, 1, since they do not appear in the resolvents. As shown
in Appendix C 1, the average of this operator expansion can
be computed term by term,” and the resummation of the
contributions up to order 1/N can be performed explicitly. In
particular, calling
AZ
f(Z» A(u Ma) = Azﬂ ’
72— pa — FTEG.(2)

aec{0,1}, (48)

we find

1
Yoo(z,§) = ZVTTE[GO(Z)GN%“)]
1/1
+5 <NTrIE[G§(z)G1($)])f(Z; Ao, o)

1
+ N( TrE[Go(2)G] (&)])f(s;m,m

1/ Al 1 2
+ <m> <NTTE[G0(Z)G1 (é)])
1
x f(&; Ar, wi)f (2 Do, po) + O<ﬁ) (49)
Ap+ AL

where we recall that A% = .- Similarly,

2 A2 A A
Yon(z, §) = N AZA? A2 F&s A n)f(z5 Ao, o)
1 1
X NTI'E[GO(Z)GI(s)] + 0(]@) (50)
and
Lyn(z, §) 1
— 2 10—, 51
Yl §) = N (z — o)(& — 1) * (Nz) G

2We remark that these expansions can be recovered making use of
the multi-resolvent local law proved in Ref. [38].
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with
1
Lyn(z,6) =1+ f(z5 Ao, Mo)ﬁTrE[Go(z)]
1
+ (&5 A, Ml)NTrE[Gl(é)]

1
+ f(z; Ao, o) f(&; A, Ml)m
x TrE[Go ()] TTE[G (§)]. (52)
We introduce the deterministic matrices
M = E[Go(x) G1(§)"'] (53)

for m, k nonnegative integers. It appears from the above ex-
pressions that to obtain explicit formulas for ¥ (z, §), one
needs to compute the leading-order contributions to the quan-
tities Hl,l» II, », and I, ;.

In Appendix B we compute Eq. (53) for general values of
k, m, to order 1/N. In the following subsection we report the
resulting expression, which is of its own interest and, to the
best of our knowledge, not given in previous literature. Given
this general result, we can obtain the explicit form of II; i,
I, », and II, ;, and thus get explicit formulas for Egs. (49),
(50), and (51) and therefore for ¥, see Appendix C 2. The ex-
pression for i can then be plugged inside Eq. (40), and from
there one could extract the formulas for the various overlaps.
These final steps are exposed in detail in Appendix D. We
remark that the fact that we can compute Eq. (53) to order
1/N also allows us to determine the 1/N corrections to the
overlap (33), which we also present below.

C. Multiresolvents products and finite-size corrections
to ®(A°, A1)

In this subsection we present the formula for the expected
matrix (53) to order 1/N and also summarize our results for
the 1/N corrections to the bulk-bulk overlap, whose leading-
order expression is Eq. (33). As we prove in Appendix B 1 we
have that

(_1)k+m ak om

My = “ml 3k Z)S_m]E[GO(Z) G ()] (54)

To leading order in N, the matrix E[G(z) G|(§)] converges
to a diagonal one with components given by Eq. (35) [29,38].
There are two types of 1/N corrections that contribute to the
next order: The first ones come from the fact that our GOE
blocks H + W@ have size N — 1 x N — 1 but have variances
rescaled with N; the other contributions are those normally
arising even for GOE matrices of size N x N. To distinguish
such contributions we introduced a parameter u, in such a way
that plugging u = 0 gives only the second type of contribu-
tions, while using u = 1 takes both of them into account. The
analysis of the second type of contributions is already found
in Ref. [39], in the standard case of N x N GOE matrices,
where however H is fixed and not random as in our case. The
additional computations are carried out in Appendix B, where
we took the results in Ref. [39], averaged over H and added
the first type of contributions, multiplied by u. As a result we

find

(g, 1
E[Go(z)G1(8)] = ¥(z, &) + %é) + O(]W) (55)

with
U(z, &) = Az, &) + ()9 W(z, §) + a(§)d: W(z, §)
+ B(2)07W(z, ) + BE)R V(. &), (56)

where
e o
«(x) == [ -oia] 1-owe@
905 (2) ( ngg(Z) —u>
[—olg,0\1-0%g@) )
oy
= T 5 57
PO = o2 a) o
and
i 1 0'293(Z)
A, &) = py
(2, 8) g_z_av%/gg(g)Jra‘?Vga(z)([l — @]

L wRg@  op@E) | udgl®)
1-0480) [1-0e2(6)]" 1-on9:&))
(58)
Equation (54) then implies that to order 1/N,
(_1)k+m 9k gm \D(l)(Z,E)
O, =—————|V¥(z, — . (59
= ot g aen | VO T Ty >9)

We now come to the 1/N corrections to Eq. (33). As
we see from Eq. (40), and from the terms that make up
¥, ie., Egs. (49), (50), and (51), the only term that will
give us contributions to the 1/N corrections of ®(A%, A!) is
N~I'TrE[Go(z)G(£)]. Then, the finite-size contributions at
order 1/N of ® (A%, A1), which we denote as @M (10, A1), can
be found as

1
——_limRe[¥ V(0 —in,
27205 0y () sy RELY O =

A +in) — e —in, A —in)l,  (60)

¢(1>(A0,Al) _

where W WD(z, £) := WW(z, &) — uW(z, £). The resulting ex-
pressions are rather long and cumbersome, and we do not
report them for brevity. We nevertheless verified their exac-
titude by comparing with numerical simulations; see Fig. 5.

V. TWO SPECIAL CASES

A. Repeated signal versus noise measurements with coupled
noise: Correlations of the estimators

We consider in this section the case of a purely additive
rank-1 perturbations to the GOE matrices. In our setting, this
corresponds to choosing Ay, = v, = oy and Ay g = Vyq =
ow for both a = 0, 1. This setting has a clear interpretation as
a denoising problem: The perturbed matrices (10) can in fact
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FIG. 5. (Top) 1/N corrections to the bulk-bulk overlap ®(x, y);
see Eq. (33). The plot corresponds to x = 0 (center of the spectrum
of the first matrix) and y ranging through the bulk of the spectrum of
the second matrix. The numerical points are obtained by diagonal-
izing pairs of random matrices of size N = 60. The parameters are
oy =18, 09 =6, Ay =0on, Ayo = Ay =o0w, ko = =0, and
vo = v; = 0. (Bottom) Respective comparison between the leading-
order term of the overlap ¢(y) := ®(0, y) (higher blue curve), and
the same quantity including the subleading 1/N corrections (lower
orange curve).

be written in this case as
M@ =X+, evey, (61)

where X@ are N x N GOE matrices with variance o2 identi-
fied with noise, while the rank-1 projector onto the unit vector
ey is identified with the signal (u,/o being referred to as
the signal-to-noise ratio). Let us consider only one element
of the pair and drop the superscript a. In the context of de-
noising, the relevant question is whether (for which values
of ) having access only to the matrix M and assuming that
the unit vector ey is unknown, one is able to recover some
information on the signal ey, i.e., on the direction it identifies
on the N-dimensional unit sphere. In the limit of large N, this
problem is known to exhibit a sharp transition at a critical

value p.: Detecting the presence of the signal is possible only
for || > wu. [40]. Moreover, in the case of dense Gaussian
matrices perturbed as Eq. (61) u. coincides exactly with the
critical © at which the matrices exhibit the BBP spectral
transition, i.e., u. = o: For || < . the eigenvalue of the
matrices are distributed with a continuous density (given by
the semicircle law) supported in the finite interval [—20, 207],
while for || > u. the isolated eigenvalue exists. This spectral
criterion is often referred to as matrix PCA. For || > u., the
eigenvector Wy, associated to the isolated eigenvalue is a sta-
tistical estimator of the signal ey: Its overlap (ujs, - €y)*> with
the signal remains of O(1) when N — oo [its typical value is
given in Eq. (29)], and thus ujs, provides some information
on the position of the signal on the N-dimensional sphere.
This information becomes exact in the limit @ — oo, when
the overlap converges to one and the signal can be exactly
recovered.

Consider now the case in which pairs of matrices M@ of
the form (61) are given, which differ from each other only
by the fluctuations in the noisy component X® (thus o =
= u1), the noise being correlated as described in Sec. IT A.
Such pairs may correspond to measurements performed at
different times between which the noise has changed partially,
without decorrelating completely with the previous configu-
ration. At both times the estimator of the signal is given by
the eigenvector uf  associated to the isolated eigenvalue of
the spiked matrix. The correlation in the noisy components of
the matrices implies that estimators uf will have a nontrivial

1

overlap with each other, which corress(;)onds to d(Y,, AL).
This function then quantifies the typical similarity between
the estimators u¢, of the signal, obtained from different mea-
surements of the signal corrupted by correlated noise.

For a purely additive rank-1 perturbation the isolated
eigenvalue reads riso = 1 + oz,u‘l, and g, A (Ajgo, ) =1 —
o2 u=2. The overlap (36) in this particular limit reduces to

~ 02 2 2
Dpca (Aisos Aiso) = <1 - E) [G[?Iw()hiso) + 1] s (62)

where

90 (2)
2+ (03 —20%)g,(2)

w(z) = }gg V(z, §) = (63)

In Fig. 6 we compare this expression with the overlaps
obtained from the direct diagonalization of the random ma-
trices, for different values of oy . As expected, at fixed oy the
overlap is equal to one in the case of fully correlated noise
(ow = 0), and decreases monotonically with the strength oy
of the uncorrelated part of the noise. At fixed oy, the overlap
also decreases with increasing oy, as the relative contribution
of the noise o = (03 + o)/ with respect to the signal
increases. For oy = 0, the noise in the two sets of measure-
ments is uncorrelated and the overlap converges to the square
of Eq. (29). As discussed in Sec. III, this corresponds to the
fact that the estimators ug  are orthogonal in the subspace
orthogonal to the signal direction ey .
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FIG. 6. Overlap of the eigenvectors associated to the isolated
eigenvalues of matrices subject to purely additive perturbations
(Ap =0y, Ayo= Ay =ow) with u = pg = ;. The points are
obtained from direct diagonalization of matrices of size N = 600 av-
eraged over 1500 realization, while the continuous curves correspond
to Eq. (62). As for Fig. 1 we set vp = v; =0 given that the final
results do not depend on them, to leading orders. (Top) Overlap as
a function of oy, for various oy and o = w; = 13. Higher curves
correspond to lower oy . (Bottom) Overlap as a function of u, for
various oy (from left to right the curves have lower oy ) and oy = 5.

B. Hessians of random landscapes: Correlations in the
landscape curvature

The analysis presented in this work is motivated by the
study of the geometrical properties of high-dimensional ran-
dom landscapes with Gaussian statistics. Random functions
defined in high-dimensional configuration space emerge in
a variety of contexts. A prototypical example is given by
functions £[s] parametrized as

|Dp!
Els] = T Z Wiy iyeveipSiy Siy ** * Siy (64)
i <iy-<ip

where s = (s1, - -+, sp) belongs to a manifold with a sim-
ple topology, such as the unit sphere (Zf): (s2=1). In
the simplest case, the coefficients a;,;,..;, are chosen to be

independent, centered Gaussian variables with unit variance.
The value of the landscape at different configurations s, ; is
correlated as

D
E[&[solEls1]] = £} (so-s1)P. (65)

For p > 3, typical realizations of this random landscape
exhibit an exponentially large (in D) number of minima,
maxima, and saddles, which are stationary points where the
landscape is locally flat [where the gradient of Eq. (64) van-
ishes]; the landscape is therefore highly nonconvex, or glassy.
Characterizing the distribution of stationary points in high-
dimensional random landscapes is relevant to understand how
these landscapes are explored by local optimization algo-
rithms. For models of the form (64), the large-D scaling of
the typical number of stationary points at fixed energy density
€ = limp_, o, D™'€ has been determined in the early works
[41-43], and the resulting expressions are by now known with
a mathematical level of rigor [44]. Subsequent works [30,45]
have investigated the distribution of pairs of stationary config-
urations Sy, $; as a function of their similarity or overlap,

g = lim sg-s;. (66)
D—oo

Interesting questions concerning the correlation between such
stationary points are however still open. In particular, one
may be interested in understanding how the curvature of the
random landscape in the surroundings of its stationary points
(which encodes for their linear stability) is correlated, as a
function of the energy density of the points and of their
proximity ¢ in configuration space. This piece of information
turns out to be crucial to characterize profiles of the random
landscape along paths interpolating between different local
minima, or more generally different configurations of the sys-
tem. We discuss in detail this application in a forthcoming
work, and here limit ourselves to commenting on the connec-
tions to the random matrix problem discussed here.

One usually studies A[s] := 4/2/DE[s]. The local curvature
of h[s] around a configuration s is described by the Riemann
Hessian matrix H[s] of the landscape, which is a random
matrix whose statistics depends on the constraints imposed
on the configuration s—for example, the constraint of being
a stationary point having a given energy density. Due to the
spherical constraint defining the space of configurations, the
Hessians matrices at different points s are defined on different
s-dependent subspaces of dimension (D — 1), which are the
(D — 1)-dimensional tangent planes to the sphere at the con-
figurations s. It can be shown that pairs of Hessian matrices at
two stationary points s, s; have statistical properties strongly
related to those of the matrices considered in this work. More
precisely, consider two stationary points sg, s; at overlap ¢ and
having energy densities €y, €;. Let t[s,] denote the tangent
plane associated to each stationary point. One can choose a
suitable orthonormal basis in each tangent plane, with respect
to which the rescaled Hessians can be written as

! H[s,] = M@ 2D 1 (67)
pe—S al = - €q L,
JD—1 Vo—1?

where the M@ are (D — 1) x (D — 1) matrices of the form
(1), while 1 is the identity matrix. We set N = D — 1. To have
such a representation, the basis of the tangent plane t[sy] has
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to be chosen in such a way that one vector, say ep_;[so], is
aligned along the direction connecting the two configurations:

(68)

1
ep_1[Sol = \/1—_7(51 —g80),

while all other vectors e;—; .. p—» span the subspace that is
orthogonal to both sy, s;. Similarly, the basis of t[s;] is chosen
in such a way that the first D — 2 vectors coincide with the
€;—i .. p—» chosen above, while

(69)

1
ep_i[si] = \/1—_7(50 —gs1).

When expressed in the corresponding basis, each matrix M@
is made of a (D — 2) x (D — 2) dimensional block that has a
GOE-like statistics (invariant under rotation of the basis in the
corresponding subspace), and of a row and column that are
special. The special lines are associated to the basis vectors
ep_1[s.], which are aligned along the direction connecting
the two stationary points in configuration space. This block
structure is a consequence of the fact that the statistics of
the landscape, encoded in the correlation function (65), is
isotropic; if no constraint was imposed on the s,, then the
statistics of the Hessians would be fully rotational invariant.
The constraint of the overlap breaks such an invariance as it
singles out one special direction (the one connecting the two
configurations), along which the statistics is perturbed.

We now discuss how the correlations of the entries of the
M@ depend on the parameter p characterizing the structure
of the random landscape, as well as on the parameters ¢, €,
with a = 0, 1 defining the properties of the stationary points.
This has been determined explicitly in Refs. [32,33] (see
also Lemma 13 in Ref. [30]). In the notation of Sec. II, one
finds

o =p(p— DIl —¢" 2], (70)

which fully specify the statistics of the GOE blocks. The
statistics of the special row and column is described by the
parameters Ao, A1, Ap, Ay.as Uns Vo, and p,. Since nothing
in the above calculation depends explicitly on vy, v,,, we can
neglect the corresponding expressions. One finds

_(p=DU —g")g* !
1 — q2p—2 ’

o =pp— g’ 2,

Ay = A7 =p(p- 1)[1

2 3 =gt
Ay =plp—1Dg"™ |:(P— 2)—(p—Dyg m}

¢+ = ]
7*(¢" — q) '

A = p(p— 1)[

The fluctuations of the elements mfy, fori < N =D — 1 are
thus determined uniquely by p and by the overlap g. However,
the dependence on the energies €, enters in the averages (.
We have

B V2(p — Dp(l — ¢*)(ao(q)er — a1(g)eo)
=g 2 (p— 12(g* + 1) = 2p — 2)pg?)
(72)

Ho

14
— &=-11
L — & =-1
10+ — £1=-0.9
= 8 — & =-116
o8 — & =-1.157
= 6f
©
4 4
0 5
27 y
0 % . H——p—r——x
-4 -2 0 2 4
y
FIG. 7. Profile of ®(A{ ,y) for Hessian matrices at two sta-
tionary points of the landscape (64), with ¢y = —1.167, g = 0.72.
Higher peaks correspond to lower values of €. (Inset) (A2, y) for
g = 0.67 and smaller values of €.
with
a@)=q"+¢"(p-2—(p— D)),
an(q) = g* + ¢ (1 = p+ (p = ), (73)
and
" V2(p = Dp(1 = ¢*)ao(@)eo — ar(q)eo)
1

T+ g (p— DXg + 1) — 2(p — 2)pgd)’
(74)

We observe that these formulas describe the fluctuation of
the entries of the two Hessians expressed in different bases,
differing by the last vector ep_;[s”]. The derivation of the
overlap formula given above assumes however that both ma-
trices are expressed in the same basis. It follows that when
applied to this Hessian problem, ®(x, y) gives the square of
the overlap between eigenvectors shifted by a quantity (related
to the components of the eigenvectors along the directions
ep—1[s?]), as we discuss in more detail in Appendix E. In
Fig. 7 we show the quantity ®(AY, ,y), which is related to
the overlap between the isolated eigenvector of M and the
eigenvectors associated to eigenvalues in the bulk of M(", The
plots are given for p = 3 and for fixed overlap ¢ and energy
density €, of the first stationary point. For the chosen values
of €1, the Hessian (67) at sy has a single negative mode given
by the isolated eigenvalue, while the Hessian at s; has either
an extensive number of negative modes (main panel) or no
negative modes (inset). As the energy density €; of the second
stationary point decreases (getting closer to €g), the peak in
the overlap shifts toward the lower edge of the support of
the eigenvalue density of M1, indicating that the direction
of the isolated mode of one Hessian becomes progressively
more correlated with the smallest modes of the other Hessian.
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VI. CONCLUSION

We have considered pairs of correlated GOE matrices
deformed with additive and multiplicative rank-1 perturba-
tions, giving rise to outliers eigenvectors in their spectrum.
We have determined the explicit expression of the overlap
between the eigenvectors of the two matrices: In particular,
we have derived expressions for the overlaps between the
outlier eigenvector of one matrix and arbitrary eigenvectors
(bulk or outliers) of the other matrix; see Eqs. (36) and (37).
Moreover, we have generalized the results of Ref. [28] by
computing the subleading corrections to the overlap between
eigenvectors belonging to the bulk of the two matrices. Our
analysis includes the special case of correlated GOE matrices
perturbed by an additive signal term, a case widely studied in
the literature and often referred to as matrix PCA. We have
shown how in this case the overlap between the estimators
of the signal takes a particularly simple form, see Eq. 62,
and quantifies the correlation between estimators obtained
from different sets of measurements with correlated noise.
As an intermediate result, we have determined the finite-size
corrections to the expectation of the product of resolvents of
correlated GOE matrices, see Eqs. (54) and (55), generalizing
known results for the leading-order term [38].

We remark that similar questions concerning overlaps be-
tween outliers have been considered in previous literature for
a rather broad class of covariance matrices. In particular, the
overlaps between the eigenvectors of population (averaged)
covariance matrices and those of sample covariance matrices
have been discussed in Refs. [15,27], and cases involving
outliers eigenvectors are discussed in Refs. [46,47]. For pairs
of sample covariance matrices, the problem is discussed in
Ref. [28]. However, we are not aware of results involving the
overlap between outliers of pairs of correlated, spiked covari-
ance matrices, so this remains a direction for future work. The
extension of our results to the case of complex matrices with
Gaussian unitary ensemble statistics can be performed rather
straightforwardly following the same steps presented in this
work, and we also leave it to future work.

The matrix ensembles considered in this work describe
the statistical properties of the curvature of high-dimensional,
Gaussian random landscapes. The overlap between eigenvec-
tors computed in this work give the correlations between the
eigenvectors of the Hessian matrices describing the landscape
curvature; therefore, our result allows us to determine, for in-
stance, how the softest modes at two nearby stationary points
of the landscapes are oriented with respect to each other. This
piece of information is relevant to determine, for example,
energy profiles along paths interpolating between minima and
saddles in the high-dimensional configuration space. This is
the subject of ongoing work.
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APPENDIX A: SPECTRAL PROPERTIES OF THE
PERTURBED RANDOM MATRIX ENSEMBLE

In this Appendix we discuss the spectral properties of ran-
dom matrices with the statistics given in Eq. (1). In particular,
we derive their averaged spectral measure and determine the
conditions on our parameters (i.e., o, A, i) that guarantee
the existence of isolated eigenvalue(s). We remark that in
the present section we are interested in properties of a single
matrix of the form (1), averaged over the ensemble. More pre-
cisely, this means that we consider an N x N random matrix
of the form

min

’

mMN_1N

mn s MN_IN my N

with B an N —1 x N — 1 GOE matrix of variance o2,

and m; N ~ ./\/(0, AZ/N), for i = 1, N ,N — 1, with myn ™~
N (e, v2/N). Given that the quantities we discuss in the fol-
lowing are independent of the particular choice of v (to the
order in N that we are interested in), we set v = O from the
start.

1. Perturbed matrix ensemble: Stieltjes transform

Given a matrix with spectral measure v(u) (which may
contain a continuous and a discrete part), we denote with g(z)
the Stieltjes transform:

a(0) = f dv(u).
7 —

u

(AL)

This function has singularities on the real line at points
belonging to the spectrum of the matrix: A branch cut in
correspondence to the continuous part of the eigenvalue den-
sity, and poles wherever isolated eigenvalues exist. For GOE
matrices Mgog with variance o, the transform (A1) depends
only on ¢ and reads [48]:

7 — sgn(Rz)v/z2 — 402
202

where the sign in front of the square root is chosen to guar-
antee that g, (z) — 0 when |z|] — oo. This formula coincides
with Eq. (17) when z is taken to be real. To find the average
spectral measure vy (x) of the N x N matrix M, we exploit the
inversion of Eq. (Al):

9,(2) = . 2¢[-20,20], (A2

1

vy(x) = — lim Im[g(x —in)l, (A3)
7T n—0t

where we can write Eq. (A1) also as

9(z) = %E[Tr(z -M

1 N—1 - -
= JE [;(z ~M);' + (z - M)N},}. (A4)

Given the block structure of the matrix M, the components
of the resolvent matrix can be obtained making use of the
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matrix inversion lemma:

[A B}l _ [ (A —BD-'C)"! —(A—BD"'C)"'BD"! ]

C D —D-'C(A—BD-'C)"! D-!'+D"'CA —BD-'C)"'BD"! (AS)

By using the formulas (42) and (44) in the main text and by averaging first over the components m;y for i < N (see also the
subsequent Appendices), we obtain

S 1 - 1 1 5 A2 1
E[;(Z—M)ii :| ZE[;(Z—H—W)ii +N;(Z—H—W)ii Z—M—AzﬁTr( I ):|+O<m> (A6)

z—H-W

At first, notice that to leading order in N, we have

N—1
L > A? 1 A2 1
NN Z_H_Wiz =——————90 o (Z +O<_)’ A7
N |:N i:l( )ll Z—u— Az]lvTr(ZHlW)] Nz—pu— Azgo(Z) -9 (2) N2 (A7)

where g, (z) is the transform of the GOE matrix H + W, and we made use of the identity:

L= L= 1
NE |:;(Z —H- W)ii2i| = _azﬁE [;(Z —H- W)ii1:| = —0.9,(2) + O(ﬁ) (A8)

We now focus on the first term in the right-hand side of Eq. (A6). To leading order, this term is g, (z). Two types of 1/N
corrections contribute to this term: One coming from the fact that the sum is only over N — 1 (and not N) matrix elements, and
one coming from the 1/N corrections of GOE resolvents already determined in Ref. [39]. To distinguish between these terms, we
multiply the first set of corrections by a factor u and eventually take u — 1 at the end of the calculation. Adapting the derivation
of Ref. [39] to the perturbed case we obtain

1 [ 4 1| z—+z2—40? uo’g3(2) 1
SE [Z(z —H-W); } = g, () + ﬁ[ T e e 0T O(ﬁ) (A9)

i=1
In here, the first contribution to the 1/N corrections is the one determined in Ref. [39]; the first term proportional to u arises
from the fact that we are considering matrices of size N — 1 with variances normalized by a factor N, while the second term

proportional to u is due to the fact that we are normalizing by N the sum over N — 1 components. Proceeding as above we also
find

1 11 _ 1 A? 95 (2) 1
ZVE[(Z_M)NN]_ﬁz—M—Azga(z)z—quO(m)’ (A0

and combining everything we finally obtain
1| z—+72—402 u 1 A? - (2) 1
g(Z) = ga(Z) + = ) ) - + — ) g - azgo(z) +0 _2) (A11)
N| 2[z2 —40?] V72 — 402 Nz—p—~Ag, (@) z—n N

The spectral measure can then be obtained using Eq. (A3). To leading order, one recovers the GOE density (14). The first
contribution to the 1/N correction, denoted with Eq. (15) in the main text, is obtained from

7 — /72 — 402 u
2[z? — 402] V2 —40? a
z=x—in

pM(x) = l lim Im
o 7T n—0t

(A12)

with u = 1 (instead, setting # = 0 would amount to consider matrices of size N x N). The term within brackets exhibits a branch
cut in the region z € [—20, 20], and two poles at the boundaries of the interval. Thus, this term gives rise to 1/N corrections
to the continuous eigenvalue density plus two § peaks at the boundaries. The second set of 1/N corrections arises from the
second term in Eq. (A11), which exhibits poles at the solutions of Eq. (16), which we recall reads z — i — A?g,(z) = 0. The
real solutions A5, + of this equation, whenever they exist, are the isolated eigenvalues of the matrix. We discuss extensively the
conditions for their existence in the following subsection.

2. Phenomenology of the isolated eigenvalue(s)

Isolated eigenvalues are real solutions z — X of Eq. (16). By using Eq. (A2) we can easily rewrite the equation as

A2 AZ
A<l - —2> —u = —sgn(k)ﬁ\/ A2 — 402, (A13)

20

024145-14



OVERLAPS BETWEEN EIGENVECTORS OF SPIKED, ... PHYSICAL REVIEW E 108, 024145 (2023)

from which we can take the square on both sides, keeping in mind that the equation to be satisfied by our final solution is
Eq. (A13), with the proper sign on the right-hand side. Taking the square we get

5 A? A? , A4

2uo? — A’ % sgn(u)A%/u? — 4(0? — A?)

2(c% — A?%)

which gives us the two solutions

)"iso,:t(luv Av G) = . (A14)

From this expression we get that the condition
w—4@*—=AH >0 (A15)

must be satisfied for the solutions to exist on the real line. We now discuss several cases for the parameters.

a. Case A =0

This case has been investigated already in the early work [2]. It corresponds to a GOE matrix perturbed by a rank-1 additive
term. The solution Ay, 4 diverges in this limit, while the solution A5, — converges to Eq. (23), that is

0'2

Aiso = Aiso,— = U+ —.
n

Both conditions (A13) and (A15) are satisfied provided that || > o. The (only) isolated eigenvalue thus exists (i.e., it is bigger
than 20 in absolute value) for any || > o.

b. Case A <o

This case has been already discussed in Refs. [32,33], and here we rederive those results. The isolated eigenvalues exists
whenever at least one among Ajg + 1S bigger than 20 in absolute value and the conditions (A13) and (A 15) are both satisfied. We
notice that in this setting, if they exist, then the eigenvalues satisfy sgn(Ais 1) = sgn(u). To study these existence conditions,
we plug the expressions for Eq. (A14) inside Eq. (A13) and find

|_Her-an) 207 - A

2 2 2
sgn(w)sgn| | 20° — A"+ A pE J02(0? — A) -

1| = —sgn(u),

where we are assuming that the eigenvalues are indeed isolated (to be verified a posteriori). This expression is equivalent to

2 2 2 _ 2 2 2
20— AL A2 1o Z AN 20 m A o Alreto Al 1oAY
12 402(02 — A?) 112

from which it is clear that the only acceptable isolated eigenvalue in this setting is Ais —, since otherwise we would have that
the sum of two positive quantities is smaller or equal than 0. By studying the second degree equation Ais, — (1, A, 0) > 20 we
find exactly that it is verified provided that Eq. (19) in the main text holds, which is the condition of existence of the isolated
eigenvalue. Under this condition it is straightforward to see that Eq. (A15) is automatically verified. Hence, in this setting there
exists only one isolated eigenvalue, whose explicit expression is precisely Eq. (20) in the main text. This eigenvalue appears as
soon as Eq. (19) is satisfied. For u > 0, this eigenvalue is the maximal eigenvalue of the random matrix, while for © < 0 it is
the minimal.

c. Caseo < A

This case is richer, and to the best of our knowledge was not discussed in previous literature. We notice that in this case
whenever they exist, then the isolated eigenvalues satisfy sgn(Ajs +) = Fsgn(u). Moreover, the condition (A15) is always

verified in this setting. By plugging Eq. (A14) into Eq. (A13) we obtain
£A2 1+ M2 A2 4 002
e

A2 14 M0 A2 4002500 £2
2(A? - 0?) ’

2(A% — o2) 202

sgn(p)sgn + 1| = —sgn(u)sgn

which gives us the condition

. A2 14 HES0D A2 420250 A2

2(A2 —o2) 202 +1]s0
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In the case in which we choose the sign —, this inequality becomes

4(A2— o2
A2 (20— A7) 14+ FE D)
n

from which we deduce that it is always verified when A > +/2¢ and it is verified only for || > 20 — A%/o when A < v/20.
The combination of these conditions leads to || > 20 — A%/o (in the first case 20 — A% /o becomes negative and therefore
any p will satisfy the condition). In the case in which we choose the sign +, the inequality becomes

H(A% — o2
0> A2 4 (202 — A |14 ZA 2D
n

which is never true for A < /20 and becomes true for A > /20 as long as || < A%/o — 20. It remains to verify that both of
these isolated eigenvalues are bigger than 20 in their domain of existence. By plugging the expression for Ajs + as in Eq. (A14),
it is straightforward to verify that both of these isolated eigenvalues are outside of the bulk if we take strict inequalities in the
existence conditions that we have just found.

Henceforth, we can resume our results as follows: i, _ is an isolated eigenvalue provided that |p| > 20 — A?/0; Aigo. 1 iS
also an isolated eigenvalue provided that A > V20 and || < A2 /o — 20 . In particular, notice that whenever Ajs, 4+ exists, then
also Ajgo,— exists.

3. The averaged spectral measure

Combining the results of the previous subsection with Egs. (A11) and (A3), we finally obtain that

1
W) = po () + 505 (%) (A16)
. _ sgn(Aiso,—)
+ Lo (1u1 = 20+ A7 )50— ho anah | A28 Chiso ) Ve T (A17)
N — <40 - X — Aiso,— )90 80, —» -
N o o e ’ . )Liso,— — M 202A—2
| z a1
— 5O(A = v20)0 —lul =20 + — )8(x = kiso+)do,a (hiso,++ 1) o (A18)
N o ' ' ' Aisot — M 202A72
1
+0 ) (A19)
where g, A(z, i) is given explicitly in Eq. (27), and it is obtained as
1
lim —Im—— =§(z— A4 o.A(Z, ). A20
e T 7 — n— A%g,(z) (2 = Aiso )04 (2. 1) (A20)
The identities
2 2 1 — A + sgn(Aiso,+)
A (T()\'iS X ) A (r()\is N ) 150 )‘izw —4o?
2 Botfed) 1= F0,a (Riso, ) folfiot) _ e (A21)
)Viso,:i: — M )\iso,j: — M 20 A

allow us to simplify the average spectral measure, and to recover Eq. (12) in the main text.

APPENDIX B: EXPECTATION OF PRODUCTS OF RESOLVENTS: DETERMINISTIC LIMIT
AND FINITE-SIZE CORRECTIONS

In this Appendix we discuss the behavior of the averaged matrices Iy, = E[Go(2)*"'G(€)"+!] introduced in Eq. (53).
Here the average is taken over the three (N — 1) x (N — 1) GOE matrices H, W®, W1 We set M = N — 1. We determine
both the N — oo limit of Iy ,, as well as the finite-size corrections to order 1/N. These finite-size corrections can be used to
compute the corrections to the bulk-bulk overlap ®(A°, A1), see Eq. (60). As recalled in the main text, the 1/N corrections to this
product have two different types of contributions. One type is generated by the fact that the matrices appearing in this formulas
have size M = N — 1, but their variance is normalized to N. Another type corresponds to the 1/N corrections that would be
present also in the case of N-dimensional matrices. To distinguish between the different terms, we multiply the first ones by a
constant u, and set # — 1 at the end of the calculation. By taking u — 0, we can recover the corrections to the standard case of
N-dimensional GOE matrices, with no perturbations. We begin by reducing the problem to the case k = 0 = m.
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1. From higher-order products to products of pairs

Let us prove here the formula (54). We introduce two infinitesimal parameters €, y and write

M = E[Go(@)" ™' Gi(®)"] = lim E[Go(2)-+ Go(z +ky)Gi(§)- - Gi(§ + me))

We aim at rewriting this product as a sum of single resolvent matrices. To do this, we make use of:
Lemma 1. If M is a symmetric real matrix and we denote A; := (je + M)~ ! for j € Z,e € R (such that je is not an
eigenvalue of M), then for any k € N> ;:

1 < k
Ao--Av=—=> (=i )a
0 K 6kk!jzo( )<j)

Proof We proceed by induction. Indeed notice that for k =1 we have AgA; = M) (e + M)~ ! = é((M)_l — (e +

M) = iAo — éAl. Now suppose that our Lemma is true for a certain k, we will prove that it works also for k 4+ 1. Let
us write:

1
Ao AvArpr = o kk, Z( 1)/( )A Ars = ka, Z( ()m(Aj—Akm

1 k+1 1 g k+1
Tk + 1) Z( 1)1( ) Z( DJ( )Ak“ Tk + 1)1 4 Z( ( j )A”

where in the last equality we used that the identity 0 = (1 — 1) = Zk+1( 1)/ (k+l) implies that % imo(—1) (k+')

— (=1t (k+}) —(—1)*1, Hence, the induction hypothesis is proved. [ ]
Applying this Lemma, we see that the expectation IT; ,, = E[G(z)*'G(£)"'] can be written as a linear combination of

terms of the form E[G(z + iy )G (£ + je)] for integer i, j. For instance, for k = 0 it holds

lim E[Go(2)G1(£) -~ Gi (€ +me)] = lim St
e—0 emn m

m

=Y (=D J(j)EHEwm),wu)[GamGl(g + je)l

j=0
_ (= am
m!  9&m
From this expressions, for ¢ — 0 one recovers an mth order derivative. The same holds for k > 0. Therefore, we finally get

Eq. (54). Hence, we see that to determine Il ,, one can focus on the behavior of the product ITy o = E[Go(z) G;(§)]. A precise
analysis of Il o and its finite-size corrections is carried out in the subsections below.

i E[Go(2)G1(8)].

2. Partial expectation over W@

Let us study E[G((z)G{(&)]. Consider first its expectation over W@ for both @ = 0 and a = 1, which are independent random
matrices. For GOE matrices of size N, this expectation has been determined explicitly in Ref. [39] to order 1/N. Adapting those
results to the present case, we find that the expectation value of a single resolvent over W@ admits the expansion

EwolGa()] = G (2) + }VGL”@ + 0(#) (B1)
where G(”(z) satisfies the self-consistent equation
GO() = <z ~ OGO - H>_l, ®2)
while
o Ry (z — %TrGéo)) %VTrRI%I (z— %TI’G((IO))

G,(ll)(Z) = P ) 5 . > RH( w TrGL(IQ))
I STeR (2 — HTGL)  [1— S TiR (2 — TG M

2 2
2w TrRy(z — Z2TrGO® 2
— a( u__ ()0) Ri,(z— —j}”TrGﬁ,‘”), (B3)
1 — 22TrRE (z — ¥ TrGy”)

where we have defined Ru(z) := (z — H)~!. Here G’ collects terms that are of O(N®) for fixed H. For u — 0, the result of
Ref. [39] is recovered. The normalized trace M _lTrGflo) (recall M := N — 1) is a random variable due to the randomness in H.
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It converges to a deterministic limit when N — oo, with fluctuations of order 1/N that we denote with 7,:
L g ()+1 (zH)+0 ! (B4)
—TrG,” = g, ~Ma(2; — |-
Mo e T T g e N>

Plugging this into Eq. (B2) we find

1 o2 n4(z; H) 1
GO = + X e + O<—) B5
z—H-o03g,(z) N [Z—H—G&,gg(z)]z N2 (BS)

which implies

1 1 1 o2 1 1 2 1
—EygTriGO =Ey| - Tr———— |+ Y By HEy| —-Tr( ————— ol—). B6
17 PTGy Hl o rz—H—Uv%,ga(z) + N H[7.(z; H)]Ex T —H-02g,0) + N2 (B6)

Here we are assuming that the expectation value on the right-hand side factorizes to leading order in N. However, Eq. (B4) also
implies

1 1 1
(O .
M]EHTrGa =g,(2)+ N]EH[na(z, H)] + (’)(Nz). (B7)
Equating these expressions allows us to to solve for Eg[n,(z; H)]. We use the fact that

1 1 2 1 1 a.(2) 1
Eg| =Tr{ ——————— = —0;Eg| =T =——>"2"" 1+ 0=, B8
H[M ‘”(z—H—aevga(z)” ‘ “[M r(c—H>};=z_a@gg<z> —ong,@ (N) ®Y

where we exploited the identity [29]

8o (2 = 01 80 (2) = 80 (). (BY)
Moreover, the analog of Eq. (B1) gives

1 1 1 opa (1) opa (1) ( 1 )
Ey| —Tr——— | = | g0, ({) + — i - i +0o= . B10
H[M rZ—H—ffvzv%@] [g * N([l—oés%,,m]z I—UH%H@)) N Lo o

It can be easily checked that the following identity holds:

949y, (2 — 078, (2)) _ o593 (2) B11)
[1-0702,c—ope, )] [1-cha@]"
leading to
N /1 ©9) 905 (2)
EH[’?a(Z,H)] - ([1 _ Ulglg%(z)]Z - ul _ 0.1?19(27(2) [ Wga(Z)] (Blz)

Assuming that the 1/N contribution to the trace, n,, is self-averaging in the large-N limit, we can replace it with its average in
Eq. (B4) and get the final expansion:

1 1 1
Eww[Ga(2)] = Ru(z — 0395 (2)) + ﬁz(z)Rﬁ(z — oy 00(2)) + NG;”(z) + O(ﬁ) (B13)

with Ggl)(z) given in Eq. (B3) and with

2 H O'(Z) H g(Z)
— o LT —u 10 B14
C(Z) v < [1 - Ogga (Z)]2 1 Hga (Z)) [ Wga (Z)] ( )

Consistency checks

We perform some consistency checks on the expansion (B13). First, for H = 0, o = 0 one recovers Eq. (A9) witho — oy,
as it follows from the identity

:—V22—402  o’gl(2)
2[z22 — 402] [1-0 g(,(z)]z'

(B15)
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Moreover, Eq. (A9) is recovered when taking the trace of Eq. (B13) and averaging over H. From Eq. (B10) together with the
identity (B9) it follows that

! 2 _ 1 chg@  wpg@ i
v En[TRa(z — o0, ()| = 9, () + ([1 g T-oin® ug, (2) | + O(NZ). (B16)

Making use of Eq. (B8), we see that the expectation of the second term in Eq. (B13) reads

lTrRiI(z - U%,gg(z))i| SN0 0N + O<i). (B17)

1
—3(2)E
y© H[N N1-02g,@) e

Finally, using that for { = z — 077 g, (z) it holds

1 1 3 1 1 1 1 1 g’ (2)
Egq|—-T¢1[ — = -9’Eg| —T " =—— Yo B18
“[M r(z—H—o&Vga(z)) } 2% [ r(: H>] O e O

we find that the expectation value of the trace of Eq. (B3) can be written as

1 1 o305() 1
En| <TrG () | = - —=2— 700 (2)g. o= ) B19
H[N 60| = 37 r g e e () + O (B19)
Combining everything, one gets
1 u 1|ofai@(1—0opg,(2) 1 opgl(z) uot g2 (2)(1 — o3 g, (2)
SEITG,] = (1 - 1 )80 () + | = (1 =o . ) 1 _oige@ g, G Y ) b ugo o2, 2)
N N N [1-02g2(2)] 21—079,() 1 —o0502(2)
1
+ O(N2> (B20)
It can be checked explicitly that
97195 (2) oy 84 (2) a’g;(2)
— T (1 - 09, () + 5 7 = 5 ot =of+op, (B21)
[1-of02@] W@ [1 -0 (2)]
as well as
1 -olg, 1
%8s @) _ o> = o} +op, (B22)

l-0502()  1-0%g2@)
which imply that Eq. (B20) is also equal to

1 _ 1| o’ uo’gl (2) 2 g (2) / 1
NE[TrGa] = go(2) + ]V|:[1 _ ngg(z)]z 1 ‘729(2;(1) + MUWQU(Z)(TZQ(%(Z) + ga(Z)) —ugs(2) | + O(]W)’
(B23)

which coincides with Eq. (A9), given that the sum in the round brackets vanishes.

3. Expectation over H: Leading-order term

We derive the leading-order contribution to Il o. From Eq. (B13) it appears that the leading-order contribution is given by
the term Ex[Ru(z — 02 85 (2)) Ru(é — 02 g5 (€))]. The resolvent identity implies

En[(z — 020,(2) —H) '] = En[(¢ — 02 g,(6) —H) ']
g_z_avzv(ga(é)_ga(z)) .

En[Ru(z — 090 (2)) Ru(& — o 90(6))] =
To leading order in N, thanks to Eq. (B9), it holds
Jim En[(z — oy 80 (2) — H)_l] = Goy (2 = 0 80 (2) = 85 (2).

This implies

90 (2) — 9o (8)
§—2z— Uv%/(ga(%_) - QU(Z))
with W(z, &) defined in Eq. (35). In the rest of the Appendix we derive the 1/N corrections to this term, and thus Eq. (59).

Jim Moo = lim En[Ru(z - 0i/ g0 (2)) Ru(§ — 0jy g, (§))] = 1=W( )1,
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4. Expectation over H: 1/N corrections

We determine the finite-size corrections to Il o. We recall that the terms proportional to u correspond to corrections that are
due to the fact that our matrices have size M = N — 1 and not N, while having variances rescaled with N. In getting Eq. (B13),
we have used the fact that traced quantities can be approximated with their leading order, deterministic contribution. Reasoning
in an analogous way and assuming everywhere { = z — o7, g, (2), we define

a(Z) = lim O-‘%/ — O'VZV _ 62 (1 . 0'2 g/ (Z))
o i - = 9w w9s(2)),
NS | BTYRY (2 — 029, (2) 1+ oW 080, (8)
04

b(z) := lim WWTI‘RI%I(Z — O"%/QG(Z)) . G‘j‘{, 3?9011 @) UéV EZ(Z)

._ o2 2 T A 7 =5 — ,

N (1 - WWTrRIz{(Z - Uv%/ga(Z))) 2 [1 + G‘%,E){gaH(g)] 2 1—oy9,2)
ﬁTI‘R — 02 - 2 .

i) = tim N REE— 06 @) ol @) 02901 — 024, (@), (B24)

N2 | SRR (2 — 02 g, (z) |+ 0w, (8)

and we set

= _ _ow 8,(2) ) 0710, (2) 9405 (2) 2
b(z) :==b(z) +¢(z) —ud(z) = 7% O’W<[1 mpEy (z)]2 — ul Ry — ug,(z) [1 — ana(z)], (B25)
so that
b
Eww[Ga(2)] = Ru(z — 0385 (2)) + %R%{(z — oy 8,(2) + %Rﬂ(x — 0y 80 (2)).- (B26)

We can then express

b(§)

E[Go(2)G1(£)] =Eu[Ru(z — 090 (@) Ru (& — oy, 9,(6))] + TEH[RH (z — o380 ()R (€ — 01y 05 (8))]

5
+ %EH[Rﬁ(z 0200 () Rat(€ — 029, (6))] + %EH[RH(z 0200 O)RY(E — 0300 (5)]
1
+ %EH[R%(Z — 000 (@) Ru(& — oy 9-(6))] + O(}W) (B27)

The expectations in the second and third line in this formula need to be computed to lowest order in N. Proceeding as above,
we find

o (§)

1
En[Ru(z — 0y 8, (2) Ry (§ — 0770, (£))] = G W(z,§) + Torg @ e S;)} 1+ O(ﬁ)’

2(1 - agvgg,(g))Q[

as well as

1
Eu[Ru(z — 0 8, ()R (§ — 0390 (§))] = — 9 W(z, £)1 + O( )

1— o2, (&) N

and similarly for the terms with £ — z. It now remains to determine the 1/N expansion of the first expectation value in the above
formula. Using the resolvent identity we obtain

RH(Z — oy ga(z)) - RH(“E — o} ga(s))
En[Ru(z — oy Ryu(€ — oy =E L Ll : B2
1[Ru(z — 079, (2))Ru (€ — 03y 90 (8))] H|: F—z—02g,E) +0la,() (B28)
Making use of Eq. (B16) we finally get
1 1 1
NEH[TI'RH(Z — 080 () Ru(§ — 0yy00(5))] = Wz, ) + IVA(Z’ £+ 0(@) (B29)
with the function A reads
_ 1 —ugy (2) + o0y (D) +1)  —ug,(§) + o059, (E)u+ 1)
Az §) = 2 2 2 - 2
§—z—oy8o(§) + oy 80 (2) [1-002()] [1—0pg2(8)]
_ 1 R wpgl@  opgl@) RO \ _ue e
E—2-030.E) T oyt @D \[I —oZg2x)] 1-0a0@ [1-o2g2@®)] 1-079:) r
(B30)
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Combining everything, we finally obtain

1 1 1
FETHGo()GI ()] = ¥z &) + m W V(. §) + O(W) (B31)
with
V(2 8) = Az, &) + ()0 W(z, §) + @(§)d: W(z, ) + ()7 W(z, §) + B(§)I; W(z, §) (B32)

and o, B defined in Eq. (57). Equation (55) in the main text is derived analogously, without taking the trace. The only difference is
in the 1 /N term, and stems from the fact that one is taking the trace of (N — 1) x (N — 1) identity matrices, normalizing them by
a factor N. For this reason, W' (z, £) in Eq. (55) differs from W((z, £) by a simple factor, ¥ (z, &) = W(z, £) + uW(z, &),
and similarly Az, &)= Az, &) +u¥(z, §), as it follows comparing Eq. (B30) with Eq. (58) in the main text. We recall that the
contributions coming from the fact that the matrices considered here are of dimension M = N — 1 are multiplied by the constant
u, which must then be set equal to 1. Instead, if we set # — 0, then we get the finite-size corrections to the case of unperturbed
matrices with size N.

APPENDIX C: COMPUTATION OF THE AUXILIARY FUNCTION v(z, &)

1. Computation of Y9, Yon, Ynn
In this Appendix we report how to obtain the expressions (49), (50), and (51). We begin by v/, defined in Eq. (45). By using
Eq. (42) and the Dyson expansion in Eq. (46) we can easily rewrite

+00

1
Voo )= Y STvEISenl, Sem = Go@IAP@G@I GIEMAVEGIEN", (C1)
k,m=0

where we used the subscript to stress that the trace is over a subspace of dimension N — 1. The definition for A is expressed
in Eq. (41). We compute the partial averages of the strings Sy, over the entries m%, mly, to order 1/N. Since the term with
k = 0 = m is independent of the entries my,, we focus on the remaining terms.

For either k or m different from 0, we need to evaluate

N—1 0 0 o
l 1 ir i my, N1
~TEG@AY @G @I GEOMNVEOGEM =< Y E|[Go@s, Mco@)m o NN Gy
N N = myy z—myy

i =1
mjymj y mt o omt
x G1(8)j, —5” s GIE)s --g_—n;N”;'cmg)jM}
We first take the average over mjy, for a € {0, 1} (they do not appear in the resolvents). Let us start from my;,,. We have
1 1 11 1)1 1 |
E 3 1\ _ D ' (=1) ’32‘ lagn 1[E|: 5 : ] (C2)
(z = myy) (& —myy) C(k=D! (m—1)! z—mdy E —mly,

The expectation is over the joint Gaussian distribution of the m,,,

—zu’v- 2 2
1 e Vo Vp
E 0 | = —~ V=(, ) (C3)
z—=myy & —myy VAr2detV (z — po — —)(S M1 — f) v, v
A simple expansion shows that
E 1 1 1 1 1 [ug (k+ Dk 1 v} (m+ m 1
(z— mR,N)k (& — myy) T @ Ho (€ — o) 2 (2= pol 2 E =y 2 (= p)" (2 — polk
k m 1
+v? ] + (’)(—). (C4)
"z — o)t (€ — )yt N?
Therefore,
TrE[S.n] 1 ST Nf E[Go@ii, - Go@ins1ji G1(E)jjs -+ G1(E) jypuni]
T ml] = —_ iy "t i . s e i i
R CETT TRV A PR
JIV Jami1=1
X E[miymy o N NN ] (€5
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The second average can be evaluated using Wick theorem, paying attention on whether the contractions involve matrix elements
with the same or with different a = 0, 1. Below, we determine the subset of contractions that contribute to leading order in N.
We begin by discussing some special cases.

Let us focus on the case k = 0. By Wick theorem, the average IEZ[mJI2 Nm]13 N mjl7 Nm}2m+1 ~1 appearing in Eq. (C5) will be
contributed by all possible pairwise contractions of the variables m! in» each one contributing with a factor of A? 1/N. To each
possible Wick contraction, there corresponds a contraction of the mdlces in the term G(§);,,G1(§),j, - Gl(é; ) jomeris AlSO
appearing in Eq. (C5). We now argue that there is a unique Wick contraction that contributes to Eq. (C5) to leading order, which
is the contraction corresponding to §;,;, - -8}, j,- As a matter of fact, as we argue below the products of resolvent operators
converge in the large-N limit to a deterministic matrix proportional to the identity. Therefore, each trace of such products is of
order N. For this reason, to get the largest contribution from the term E[Go(2)i,i,Go(2)isi, - G0(2)ine, 1 G1(5) 11, G1(E) s, -+ -
G (§)j,,..i] in Eq. (C5), one has to select the contraction of indices that corresponds to maximizing the number of resulting
traces, while recalling that some matrices have common indices and cannot therefore be decoupled into separate traces. For
k=0,m > 1 we see that Go(2);,;,G1(§)},;,G1(§),,.,.i, 1s the only block which cannot be decoupled. This term is of order 1/N.
Hence, in this case the only leading term is given by

1 1 A (1 1 ot 1
~ TE S0 —L [ —TrE[Go(2)G1(§)*] | < TrEG o= ) C6
tE[So,m(z,§)] = NG = M)’”( 1E[Go(2)G1(§) ><N r 1(5)) + <N2> (Co)
where we recall that A2 = A2 + A2 . The case k > 1, m = 0 is analogous, we get the leading contribution
Ltesis, o601 = + 20 (Lnmieoere o) (L6 o )
—Tr —_— T —Tr — .
N k,0(Z, N( o) 0(Z 1 N 0(Z N2

In the case k > 1, m > 1, the only coupled matrices are the two pairs Go(2)iy,,;;G1(§)j,;, and Go(2)i,i, G1(§)p0ii- A
reasoning analogous to the one above shows that the leading term in the 1 /N expansion is given by

A4 AZk—z AZWL—Z
N (z— po) (& — p)"

The dependence on A, appears due to the fact that the contractions corresponding to §;,., ,
corresponding to two different indices a € {0, 1}.

It is straightforward to check that the resummation of the 1/N contributions for arbitrary k, m leads to the expression (49) in
the main text.

Let us now discuss the partial average of term ¥y (z, £ ). From Eqgs. (45) we see that we have to compute the following:

1 1 2 1 k—1 1 m—1
NTrE[Sk,m]_ < TrE[G()(Z)Gl(%')]> (]T]TI‘]EGo(Z)) <NTI'EG1(§')) . (C8)

and §;

. 1 a
i» jomy IDVOlVE elements mf,

’ 1 N—1 N—1
N mpymiy(z —H =W —AQ@)) e —H - WD —ADE); ]
N (z = myy) (& —myy) 121:1(12:1
Notice that in this case we have to perform a similar analysis to the one of ¥y, with the exception that there are no terms at
zeroth order in 1/N. To obtain the correction at order 1/N, when using the Wick theorem we need to select the contraction
that decouples all the resolvents (i.e., which traces each of them separately) except for the first and last ones, which are clearly
coupled. An analogous analysis as the one above then immediately gives us the result (50).

Finally, let us consider the term Y¥yy(z, £). From Eq. (45) we have to compute the following:

Yon(z, &) = E|:

1 1
— ]E — _ M(O) —1 _ M(l) -1 — ]E 1 A( ) _ ) _ A(O) -_‘1
Yn(z, &) |:N(Z )NN(";: )NN:| N(Z — m?,N)(S mNN) + IJZI (Z) i(z — W (Z))U
N—1
x 11+ ) AVEuE —H-WD - ADE))!
k, =1

1

1
[N(z—mw@ —m,'wv)] *E[N@—mm)(s i)

=E

Tr[A(O)(Z)(Z —H- W(O) _ A(O)(Z))—l]i|

1

[N (2 = myy) (& = myy)
|

+E

TI'[A(D(E)(E _H-wWD _ A(l)(é'))l]:|

+E

TrA”(2)(z = H = W — AP () T AD(€)(E —H - W — A“)(s))-l]}.
N(z = miw) (€ = myy)
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This expression boils down to computing

CETHA()( — H - W — AO@) " = LE fT (A6, = ~ io 8 g <1T G ))k
N r INZ—H— - Z =N £ r 2)GalZ _Nkzl(Z—Ma)k NI'aZ
1 A2 < 1
=~ 3 —TrGa<z>),
Nz —pa— %TrIEGa(Z)] N

with which we finally obtain Eq. (51).

2. Formula for ¥

By combining Egs. (49), (50), and (51) and using the result in Eq. (59), we obtain the following expressions:

Yooz, €) = Bz, €) + 20D, £) — Lo, )20 ~ Laue e Af
"’ N Y N Y = Alge(r) N E =y — A2g,(6)
1 1 1
+ — ANz, +O<—>. C9
N T Ol = — Al ©)] T\ ©
Yon(z s>=3A2 ! ! W(z s)+0<i) (C10)
o N "z —po— A2go(2) & — 1 — A2g,(6) N2)’
1 1 2 2
S = — 1 0 o ! o
yw( ) N(z—uo)(%‘—m)[ e - A5, )" A ~ Mg, 6)° ©
b A (28, (&) +O(i) (1
2= to— DN2ga () E — 1 — Alg (8) 7 97 N2 )
Summing up we finally get the explicit expression for i:
1 A2 g(r(z)
s =Yz, —Jg® , 0 [—BZ\IJ , —]
Vs =t E”N{ @Ot e = T = aln ol eI e
A2 |: 95(§) i| 1 [ 4,2
+ —0:W(z, &) + + ATV“(z,
a1 L P | [ Py ey T | A
AZA2g,(2)gs (£) ]} < 1 )
2A2U(z, o Ul £ A A ol — ). C12
RO+ T Ne—un ] T\ (€12

APPENDIX D: COMPUTATION OF THE OVERLAPS

With the expression for 1, we can now use Eq. (40) to compute the three overlaps expressed in Egs. (33), (36), and (37) of
the main text.

1. Overlap between bulk eigenvectors

To recover the leading-order term in the overlap between bulk eigenvectors we have to neglect all 1/N corrections in
Eq. (C12). In general, we see that when applying Eq. (40), the square roots in ¢ will give rise to branch cuts, contained in
go and its derivatives. To face this issue we have to carefully take the limit of g, (x & in) when n — 0%. Since the branch cuts
come from all the terms of the form +/x2 — 402, we have to carefully analyze /(x & in)> — 402 as n — 0T. As is known, the
square-root function in the complex plane presents a branch cut, which we fix here to be toward the negative real axis (i.e., we
define angles between [—, 7 ]). With such convention, we simply have that the square root behaves as follows:

VX2 —402 x| =20
lim /(x £in)* — 40?2 = , (D1)
n—0* tsgn(x)ivdo? —x?  |x| <20

and by applying this to g,, defined in Eq. (17), we obtain
%Lz(x —sgn(x)v/x2 —40?)  |x| > 20

lim g, (x F in) = = gr(x) £ igi(x), (D2)
n—0 {2%2()6 +iv40?2 — x2) x| < 20

024145-23



ALESSANDRO PACCO AND VALENTINA ROS PHYSICAL REVIEW E 108, 024145 (2023)

where Im g(x) # 0 only if |x| < 20. Similarly, we set
lim ¢ (e 3 i) = x — 0y 8e(X) F iy 81 (x) = Gr(x) £ 88y (x). (D3)

With this notation, the bulk-bulk overlap reads

O(x,y) = lim Re[W(x —in,y+in) — W(x —in, y — in)]

272 p(x)p(y) n—0*

_ 207 [Lr(x) — Lr(W1(x — y)
[(Cr(xX) — Cr))? 4+ (&1 (x) + &N M(Er(x) — () + (&1 (x) — & ())?]

which can be more explicitly rewritten in the form of Eq. (33).

(D4)

2. Overlap between isolated eigenvectors and bulk eigenvectors
To compute CID()L?SO, y) one has to make use of Eq. (40) in the main text, and consider only the part of ¥ in Eq. (C12) which

: : — 30 ._ 30 . : — 110
presents a singularity when evaluated at x = A}, := Aiso,> see Eq. (20). We are therefore focusing on |x| = [A;, | > 20 and

|y| < 20: The first argument of ¥ (x, y) does not belong to the bulk of the eigenvalue density, while the second does. It is simple
to check that, given the two solutions (A14), for x real one has

2 2
1 _ (1- 2%"z)x — o — sgn(x)%«/x2 — 4072 D5)
2 - 2 .
¥ ko= Ao () (1= 20)[x — A%, (1o, Ao, )] [x — A, (10, Ao, 0)]
This term is therefore singular for x — A?SO. In particular,
1
lim = imd(x — )»?So)qg,AO ()\?SO, fo) + regular terms, (D6)

n—~0x — in — o — Ajge (x — in)
where g, A (A, ) is given in Eq. (27) while the regular terms are not proportional to the 8. To select the relevant contributions to

® (12, y), we single out the term in Eq. (C12) which produces a § function when x — A2 | which reads

A 1 Aja(2) 1 A2 (2, 6) + 2A20(z, §)
)= ——— | — A20.W(z, E) + —2 h h } D7
V() Z—Mo—A%g(z)[ 00V &) (z— o) (§ — w1 — A2g(§)) £ —p— A2g(§) B
Consider the first term in brackets. One has
8.W(z, £) = 95(2) — 9o (§) + g, (2)(& — Z)T (DS)
[E —Z— Uvzv(ga(é) - ga(z))]
and for real |x| > 20, given that g;(x) = {;(x) = 0, we find
AGey) = Imlim  Tim [0,¥(z,y + in) — 3;¥(z,y — in)]
n—0 z—>x—in 91(}’)
_ 2Lk (y) — LT — 227 (y) — 4oy, [gr(xX) — gr(Y) — (x — Y)gR(O] [Er(Y) — Lr(X)] (DY)

(1Zr(Y) — GO + 22 ()

The second term in brackets in Eq. (D7) can be neglected, as its imaginary part is proportional to §(y — AL,) and thus it will
only give contributions to the overlap between isolated eigenvectors discussed in the next subsection. The third term instead will

contribute with an imaginary part that is not proportional to §(y — AJ,). It holds
. . Yz, y +in) Yz, y —in)
Imlim lim - 3 — — - ) -
n—0 zox—in | y4in — g — A2g.(y +in)  y—in— 1 — A2g,(y —in)
Y — i — A%gr(y) Agi(y)

Im¥p(x,y) —

ReWs(x, y), (D10)

Ty — 1 — A2 + AfgE(y) [y — 1 — A2gr() + A*g2(y)

where

Yp(x,y) =lim lim [¥(z,y+in) —VY(z,y —in)],
n—0z—>x—in

. (D11)
We(x,y) = lim lim [W(z,y+in)+ ¥(z,y —in)l,
n Z—>x—in

—0
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and for |x| > 20,

2g;(y) v — x)
ImWp(x, y) = ,
DY) = S — GO0 + G20
Rews(x, ) = Z2HE0) 2 (000 = 810 CGr®) = £r0r)
[Zr(X) — CRONI? + £ (V)
Therefore,
B(x,y) = Imlim lim [ _ Veydi o Yoy }
n—>0z—x—in g;(y) Ly +in —puy — A2g,(y +in) y—in—pu — A2ge(y —in)
_ 200 —x) [y — 1 — Agr()] — 2A2[0&9f(y) + (gr(x) — gr(¥))(Cr(x) — CR(y))]
[(Gr(x) = RO + F ] [0 — 11 — A20r())° + A*g}(y)] '
Finally,
Co e Imlim i 1 [V, y + il [V(z,y —in)?
(x,y) :==Imlim lim - 5 — — ; 3 -
n—0z—>x—in g[(y) y + m—uy — A gg(y + lT]) y—in—u — A ga(y - ”7)
_ y— 1 — A%gr(y) ImWop(x,y) A? ReWys(x. y)
[y — 1 — A2geMP + A*g2(0)  ai(y) [y — 1 — A2geP + Atg2(y) =

where now
Wyp(z,y) = 'lyig(l)[‘lﬂ(z, y+in) — Wiz, y — in)l,

Was(z,y) = im[W2(z, y + in) + W2(z, y — in)].
n—

Again, for |x| > 20, one finds
ImWap(x, y) _ 46— W[ (gr(x) — gr() (Lr(x) — Lr(Y)) — o3 57 (V)]
() [(Gr() =GP + )]

2[(gr(x) — 9r () (LX) — Cr (D)) — B EM]” — 2(x — a2 ()
[(e(x) — ce)? + 220]

El

ReWys(x,y) =

Combining everything, we find

0 _ qa,A()\?soa MO)
dD()\» y) =7

180°?

[A%A(AD,.y) — 287B(20,.y) — ARC(M0. ¥)] |

1 1

with

) 28r0) = ERCIF = 26700 — 407y [90() = r(0) = (¢ = MGG ER() = G
(1) — RGOT + 2 () ’
20y — ) [y — 1 — Agr()] — 2A%[03 20 + (9r(X) — GROERE) — L ()]
[(R() = tr))? + O] [0 — 11 — A20x (1)) + A*g ()]
1 1
[y = 1 = A2k + A*7 ) [(gr(x) — () + 7))

Ax,y

B(x,y) =

bl

Clx,y)= c(x, y),

and

c(x,y) = [y — 1 — A gr(014x — V[(gr () — gr () Gr(x) — L)) — 07 87 ()]
— 207 ([(gr(x) — 8r () (LX) — Le()) — o3 B2 N]° — (x — Y 2g2(0).
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More explicitly, we can also apply formula (40) to each term in Eq. (D7), and obtain the more explicit formula presented in the
main text in Eq. (37). We recall that formula, and we write explicitly all of its parameters

0 o, A ()‘?so’ Mo) 4A(2)O'2 bc — ad 2 4b1C1€1 —ajdiey — ajc1 fi — bidi fi
D (Mr¥) = > > 22 4074, 2 2\ (21 2
7p(y) O] —402¢ T (i +d7)(el + £7)
852 A2 bycrer — ardhery — arca o — badh f AfATge (M) b3cs —asds
— 00 S 2 2\ (e2 + 2 20 _ _ 2142 |
(G +d3)(e3+ 17) o2 (Al — o)y — 1) 3 +dj

where the parameters explicitly read

a = (407 — 1,y)sgn (i)

(] = 402 Vaam =2
c= (20> —03) (1% —y)’ + 202 (207 — 2 )W [P — 402 (0, — y)sen(22,) (D20)
+ 0 ([Mo]” = 40°) + 0 07 — 40?),

d = =200 /40? —y? [o3/[A ] — 402sgn(3L,) + (202 — 02 ) (12 — )],
= (10 =) + 2y D] — 402 (v = 20 )sen(Al,) + [A%,]” — 40 437 — 4o,
b= =240 =3 [y = A% +/ 0, ] —40sen (A, )],

¢ = —2u0% — Aty + 207,
dy = Al40? —y?, (D21)
er = (08 —20%) (1 = )" + 208 (207 — o Y [A%,] = 402 (15, — ¥)sen(2,)
+ o ([ ] — 40?) + o3 (47 — 407),
fi = =2031/407 = [(202 = o) (1 — 3) + oy [M]” — 402 sen(32,)]:
a =20, —y —sgn(W0)y/ [28, P — 402,

150

by =+/4062—y?, cr=c, dy=d,

e = (0§ = 20%) (48 ) — iy [ — dosen (3%, (D22)
fr=02/402 =32, a3 =—y, by=+/40?—)2,

a

—_

Aly A3 4o? — 2
C3:y_.U~1—F, dSZT'

3. Overlap between isolated eigenvectors

To compute ®(A) , AL ) we have to make use of Eq. (40) in the main text and consider only the part of ¥ in Eq. (C12)

1S0°

which presents a singularity when evaluated at both of the isolated eigenvalues A, := A{, _ fora € {0, 1}. This term is the one
proportional to the product (z — uo — Adgo ()1 (€ — w1 — Algs(€))~! in Eq. (C12). We single out such a term, defining
; ! A§ATGo ()80 (€)
V(. 8) = (A“qﬂ(z, £)+ 2030z &) + ‘”—) (D23)
¢ = 1o = Ag- @[5 — 11 — Ag. @]\ ' @ = 1o)(§ — 1)
Similar to Eq. (D6), we have
. 1 1
llm . 2 . . 2 .
10 X —in — o — Ag@o (X —in) yE£in — 1 — Afge (y £ in)
= :|:rr28(x - )\1030)5()’ - )»ilso)q(,,Ao (Ai()so, ,uo)q[,AI (Ailso, /Ll) + regular terms, (D24)
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where again we neglect all terms that are not proportional to the product of § functions. The terms within brackets in Eq. (D23)

are real when computed at x, y — Af due to the fact that [A{ | > 20, for a € {0, 1}. Therefore, we find

Re hm+ [1/;()”950 —in, )‘i]so + i}'}) - Iﬁ()“?so —in, )‘ilso - ”7)]

n—0

= 27T28(x - )‘?so)a(y - )“ilso)qU,Ao ()“?so’ MO)qG,Al ()‘ilso’ Ml)

)+ AATEs (M) 8o (M) |
(Ao — 10) (Mo — 11)

Notice that the equation satisfied by the isolated eigenvalues, Eq. (16), implies that the last term within brackets in Eq. (D25) is
equal to 1. From this, Eq. (36) immediately follows.

When pop = ) and Ag = Ay, the typical values of the two isolated eigenvalues are the same and this expression converges
to a finite limit; see Sec. V.

(D25)

1S0° 180

x (Aﬁ%(}\go,/\i‘m) + 2050 (A, A

APPENDIX E: THE CURVATURE OF RANDOM LANDSCAPES: A RANDOM MATRIX PROBLEM

In this Appendix, we give a few additional details on the connection between the Hessians of random Gaussian landscapes
and the random matrices discussed in this work. Consider the random function (64) defined on the surface of the D-dimensional
unit sphere. The local curvature of £[s] around a configuration s is given by the (D — 1) x (D — 1) Riemannian Hessian on the
sphere, which can be compactly written as

82&[s]
aSiBSj

In this expression, the first term is the matrix of second derivatives of the landscape projected on the tangent plane t[s] to the
sphere at the point s (the I, are the corresponding projection operators), while 1 is the (D — 1) x (D — 1) identity matrix.
Both the projectors and the diagonal term arise from imposing that the landscape is restricted to the sphere. Given that the
matrices (E1) are projected onto the corresponding tangent planes, their components have to be expressed in a basis B[s] which
depends on the point s itself, since it has to span the tangent plane t[s]—defined as the space of unit vectors v satisfying v - s = 0.

The Hessians (E1) are random matrices, and one can characterize explicitly their statistical distribution conditioned to the fact
that s is a stationary point with a given energy density € ~ D~!&[s]. Consider two such stationary points sp, s; at energy density
€o and €, respectively, conditioned to be at overlap g. To describe the statistics of the corresponding Hessians, it is convenient
to choose the bases B[s,] with a = 0, 1 in each tangent plane in such a way that (D — 2) vectors e;—; ... p— in each basis span
the subspace orthogonal to both s, (these vectors can be the same in both B[s,]), while the last one ef,_, is the normalized linear
combination of sy, s; that is orthogonal to s,:

el _S1—4% 1 __So—4¢gSs1
D-1 = —/;1—6]2, D-1 = —/—1_612-

When expressed in these bases, the two matrices D~'/2 1[5 (835 [s“D I, s take the form (1): The GOE blocks correspond
to the subspace spanned by the vectors e;—; ... p_», while the special line and column correspond to the direction identified by
the basis vectors ef,_,. The two GOE blocks are correlated with each other, and their statistics is described by Eq. (70). The
components of the last row and column have instead fluctuations whose strength depends on €y, €], and ¢, as discussed in the
main text.

We set N = D — 1. The results discussed in this work are derived assuming that the two matrices are expressed in the same
basis. In the Hessian case, the two matrices are defined on different spaces (the tangent planes) spanned by different basis vector.
It can be checked that in this case, the quantity ®(A°, A!) defined from Eq. (40) is given by

H[s] = ;g ( )HT[S] — (V&[s] - s)1. (ED)

(E2)

N
@(}\.0, )\.1) =N Z E[(e? . U)LO)(UAO . e?)(ejl . u;tl)(ukl . ell)] (E3)

ij=1
Using that ) = e/ for i < N — 1, we see that Eq. (E3) is equivalent to
D0, 1) = NE[((wo - up) — (wo - €)) (e} - ws)

+ (w0 - €3) (ey 'U)\l))z]. (E4)

We see that if both A¢ are bulk eigenvalues, all the scalar products appearing in Eq. (E4) are of order N~'/2 and thus ®(A°, A!) =
NE[(u0 - u;1)?] to leading order in N. However, when one of the eigenvalues is isolated, A* = A{ , the typical value of (u;0 - e?\,)
is of O(1), see Eq. (26). Therefore, all terms in Eq. (E4) are of the same order of magnitude, and to get the eigenvectors ol\sloerlaps
one has to subtract from @ the projections of the eigenvectors along the special direction. We remark that the projections

(uyo - e,({,) for bulk eigenvalues A° of perturbed matrices are discussed in Ref. [26] for purely additive perturbations.
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