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We analyze how the transient dynamics of large dynamical systems in the vicinity of a stationary point,
modeled by a set of randomly coupled linear differential equations, depends on the network topology. We
characterize the transient response of a system through the evolution in time of the squared norm of the state
vector, which is averaged over different realizations of the initial perturbation. We develop a mathematical
formalism that computes this quantity for graphs that are locally tree-like. We show that for unidirectional
networks the theory simplifies and general analytical results can be derived. For example, we derive analytical
expressions for the average squared norm for random directed graphs with a prescribed degree distribution.
These analytical results reveal that unidirectional systems exhibit a high degree of universality in the sense
that the average squared norm only depends on a single parameter encoding the average interaction strength
between the individual constituents. In addition, we derive analytical expressions for the average squared norm
for unidirectional systems with fixed diagonal disorder and with bimodal diagonal disorder. We illustrate these
results with numerical experiments on large random graphs and on real-world networks.

I. INTRODUCTION

Networks of interacting constituents appear in the study of
systems as diverse as ecosystems [[IH3], neural networks [4-
8|, financial markets [9H12], and signaling networks [13H15]];
for more examples see Refs. [16] [17]. Traditionally, a strong
focus has been put on whether such systems are stable at long
time scales [18}, [19] because stability is often associated to
functionality, e.g., stable ecosystems or economies [20]. Dif-
ferently, the short-time transient response of networked sys-
tems to perturbations is less understood despite being impor-
tant for applications: for example, neuroscientists administer
magnetic stimulations to the brain and observe distinct dy-
namical responses of electrical activity, which capture differ-
ent connectivity states of the underlying network of neurons
[21]; in ecological systems, the asymptotic dynamics does not
capture the typical time scales accessible in experiments [22-
20l; in the context of epidemics, the initial time window be-
fore vaccinations become available, makes a crucial difference
in limiting the extent of the outbreak [27]. A relevant ques-
tion is thus how network topology determines the early-time
dynamics of large systems. For example: (i) how long does
a stable system take to return to its stationary state as a func-
tion of the network topology and interaction strength among
its constituents, and (ii) how long does it take to realize that
a seemingly stable system is unstable after all, and disaster is
looming?

We describe the state of a large dynamical system at time
t with N real-valued variables ¢;(¢). For example, ¢;(t) may
represent the abundance of species ¢ in an ecosystem or the
activity of the ¢-th neuron in the brain at time . We assume
that the system evolves according to a system of first-order
equations

0:Gi = fi(€), 9]

fori =1,..., N. Although the functions f; are arbitrary, the
dynamics can be linearized close to a stationary point ¢* for

which £;(¢*) = 0 to yield [28. 29]

dt

N
= Anui(t) )
k=1

where the N-dimensional vector

y(t) =¢(t) - ¢~ 3)

encodes deviations from the stationary state and

[ Ofi
Ay, = <5Ck>

are the entries of the corresponding Jacobian matrix A.

The magnitude of the deviation vector y(¢) as a function
of time is captured by the squared norm |y(¢)|. In order to
grasp the dynamical response to generic initial perturbations,
we consider the average

Sn(t; A) = (Jy(t)*) (5)

over initial states y(0) uniformly drawn from the sphere
|y(0)| = o, where « quantifies the strength of the initial kick;
without loss of generality we set « = 1. In addition, to cap-
ture the properties of a typical dynamical system, we take A
to be a random matrix of pairwise interactions [3,18,/30]], and
we further average the squared norm over the disorder

“4)

g*

Sn(t) = (y(@)?) - 6)
Since we will be interested in large systems, we take the limit
S(t) = lim Sn(t). ™)

If
Jim S0)=0 (imSH)=0).  ®

then we say that a system is transiently (un)stable. Note that
transient stability is different from asymptotic stability, which



is governed by the sign of the real part of the leading eigen-
value of A, see e.g. Refs. [3,[18]31].

The observables Sy (t) and S(t) are the main objects of
interest. The quantity S(t) describes the transient dynam-
ics of an infinitely large dynamical system and can be com-
puted analytically for a large and important class of systems,
as we show in this paper. On the other hand, Sy (¢) cap-
tures the dynamics of systems at finite [V and is the quantity
that is experimentally measurable. There exists a crossover
time t*(N) such that for times ¢ < ¢*(NV) theory and ex-
periment are in correspondence, i.e. Sy(t) ~ S(¢), while
for ¢ > t*(N) theory and experiment are in disagreement,
i.e. Sy (t) > S(t). The discrepancy between S(t) and Sy (t)
at large ¢ is most evident for transiently stable systems, for
which lim;_, oo Sy (¢) = oo but lim;,» S(t) = 0.

For transiently stable systems, where Sy (¢) has a non-
monotonic behavior, we define the crossover time by

t*(N) = mintZ()SN(t) . (9)

The crossover time t*(/N) defined by Eq. (9) increases with
N and diverges for large N [seemingly as a power law, see
Appendix [A]for a detailed discussion]. For the reasons above,
S(t) is a good measure of the transient dynamics of large dy-
namical systems.

So far, the quantity S(¢) has only been computed for sys-
tems with fully connected topology [32H36], namely for

Ay = —pbi; + Xij VN (10)

where the X;; are independent and identically distributed
(i.i.d.) entries with zero mean and finite moments. In this case,

2t(p—p)
S(t) = e=21t Iy (2pt) 1257 &

Varmpt

where p is the spectral radius of the matrix X /v/N and Iy(x)
is the modified Bessel function of the first kind. Since S(t)
only depends on the spectral radius of the matrix X, it enjoys
a high degree of universality.

We aim to study how S(t) depends on the topology of a
network, for which it is necessary to go beyond the fully con-
nected paradigm. We assume that A is the adjacency matrix
of a weighted graph that is locally tree-like,

(1)

Aij = —D;bij + CijJij (12)

where D; € R are the diagonal decay rates, the J;; € R are
the coupling strengths, and the C;; € {0, 1} are the entries of
the adjacency matrix of a locally tree-like, directed and simple
graph. We say that a sequence of graphs is locally tree-like if
in the limit N — oo the finite neighborhood of a randomly
selected node is with probability one a tree [37} 38]; loosely
speaking, a graph is locally tree-like if it is large and does not
contain small cycles. In this paper, we develop a mathematical
method to compute S(t) for the model given by Eq. (I12)) under
the sole assumption that the graph represented by C'is locally
tree-like.

We further illustrate the general mathematical formalism
on a canonical class of random directed graphs, namely, the

ensemble of adjacency matrices of weighted random graphs
with a prescribed degree distribution [17, |31} 39-41]]. These
random graphs are used to model real-world systems, such as,
the Internet 39,164, |65, neural networks [66] and other high-
dimensional systems [16,117,/40]. In this ensemble, the matrix
AinEq. is defined as follows:

e the D; are i.i.d. taken from a probability density pp(x);

e the J;; are i.i.d. random variables with probability den-
sity pu(x);

e the C;; are the entries of the adjacency matrix of a
random (directed) graph with a prescribed joint degree
distribution pgeg (Kin, kout) of in-degrees ki, and out-
degrees k. In addition, we assume that the degree
distribution factorizes as

pdeg(kin> kout) = pdeg(kin)pdeg(kout) . (13)

The spectral properties of this ensemble have been studied in
detail in Refs. |31} 41143]] and the asymptotic stability of dy-
namical systems described by this ensemble has been studied
in Ref. [31]]. Here, we characterize the transient response to a
random perturbation for dynamical systems on random graphs
with a prescribed degree distribution by deriving analytical
expressions for S(t).

This analytical progress is made possible because (i) our
general theory simplifies for locally oriented (or unidirec-
tional) networks (see Section for a precise statement),
and (ii) directed random graphs with a prescribed degree
distribution are — with high probability — locally oriented
[37,138].

Remarkably, we find that S(¢) is universal for directed ran-
dom graphs with a prescribed degree distribution, in the sense
that it only depends on the distribution p;(z) and the degree
distribution pqeg (k) through a single parameter (see our main
formula (60)). On the other hand, the dependence on pp is
non-universal.

We compare the derived analytical results for S(¢) with nu-
merical results for Sy (¢) on random graphs and on real-world
graphs. We find that S(¢) is in excellent agreement with Sy (¢)
as long as t < t*(N), where t*(NN) is a timescale that di-
verges with N. For ¢ > t*(N), it holds that Sy (t; A) ~
e2Re (ANt with \;(A) the eigenvalue of A with the largest
real part, and as a consequence, S(t) < Sy (t).

The plan of the paper is as follows. In Sec. [l we express
S(t) as a contour integral over the two-point correlator of a
random matrix ensemble, effectively mapping a dynamical
systems problem onto a random matrix theory problem. In
Sec. we develop a mathematical formalism to compute
the two-point correlator, and thus also S(t), on tree or lo-
cally tree-like graphs. In Sec. we consider directed ran-
dom graphs with a prescribed joint degree distribution and we
derive for this ensemble analytical expressions for S(¢). In
Sec. we compare the obtained analytical expressions for
infinitely large graphs with numerical experiments on random
graphs of finite size and on real-world graphs. In Sec. [V, we
discuss the obtained results and present an outlook for future



research. In Appendix |[A] we analyze how t*(N) depends on
N. In Appendix [B| we compute a contour integral that ap-
pears in our calculations. In Appendix [C} we make a study of
the spectra of random graphs with a prescribed degree distri-
bution and a bimodal distribution of diagonal matrix entries,
and in Appendix [D} we present numerical results for random
graphs with power-law degree distributions.

II. MAPPING ONTO A RANDOM MATRIX PROBLEM

In this section, we derive the formula

dzdw et(z+w)

Sn(t4) = N (27)?

Wa(z,w), (14)

Y

which expresses the dynamical response Sy (¢; A) as a con-
tour integral of the two-point correlator

1 1

Walz,w) = Tr Ll —ATwl— A

5)
over a closed counterclockwise-oriented contour vy that en-
closes all eigenvalues of A. The symbol 1 denotes the identity
matrix of size V.

Analogously, we obtain

dzdw etztw) __
S(t) = ﬁg WW(%U)) ; (16)

where

W(z,w) = lim %Tr (21— AT)"Y(wl - A)~1 (17)

N —oco

is the average two-point correlator.

Formulae (T4)-(T7) provide a recipe to compute S(t): if
we obtain an expression for the two-point correlator (I7) of
a random matrix ensemble, then S(t) follows readily from
evaluating the contour integral (I4). Note that we only need
to compute W(z, w) for values z, w that lie outside the con-
tinuous part of the spectrum.

In order to obtain (IE[) we first express the solution of

Eq. @) as

y(t) = e*'y(0), (18)
and therefore

O = 4" (0" e y(0). (19)
Since |y(0)|? = 1, there exists a matrix O in the the orthog-
onal group O(N) (the group of isometries of the N-sphere)

such that
y(0) = Oey , (20)

where

e; = (1,0,0,...,0)7. (1)

Taking the average of (T9) with respect to all initial conditions
y(0) selected uniformly at random on the unit sphere is thus
equivalent to taking the average of the following expression

e 0T eA A e, (22)

with respect to the uniform (Haar) measure on the orthogonal
group. Using that [44]]

1
(0:;0r1) = N(sik(sjl , (23)

and Egs. (22) and (5), we obtain
1
Sw(t; A) = - Tr eATteAt 24)

We use the Dunford-Taylor formula (see [45], Eq. (5.47)
on page 44) to express the right hand side of Eq. as a
contour integral. Let f be an analytic function on the complex
plane. The Dunford-Taylor formula states that

_ 1 (2)
=5 ) - A% (25)

where 7y is a closed counterclockwise-oriented contour that
encompasses a region of the complex plane that contains all
eigenvalues of A. Using (23) in (24), we readily obtain Egs.
(T4) and (13).

The quantity Sy (t; A) is determined by both the statistics
of eigenvalues and eigenvectors of A. This is most clearly
seen by considering the special case where A is diagonaliz-
able. In this case, A can be written in its canonical form

N
A= Nl ), (26)
j=1

where \; are its eigenvalues, and |r;) and (¢;| form a bi-
orthonormal set of right and left eigenvectors. Plugging this
canonical form of A in Eq. (24) we obtain

1A i
Sn(t; A) = ¥ ZOjket(’\J k) (27)
j,k
where
Ojk = {til;)(rjlre) (28)
encode the eigenvectors overlaps [36]. Additionally, if A is a
normal matrix ([A, AT] = 0), then (r;|rx) = (lk|l;) = ik,
and
XN
2y _ + 2t Re[A;]
(ly®)) = + _X;e : (29)
‘7:

Therefore, the non-orthogonality of eigenvectors is a primary
source of transient behavior, since the eigenmodes can inter-
fere constructively to deliver an initial amplification of the sig-
nal well before it eventually dies out [46-54]].



Eq. (T4) reduces the computation of S(t) to a computation
of the average two-point correlator W (z,w). Although the
one-point correlator

1

Wal(z) = Trzl — T
of sparse random graphs has been studied extensively in
Ref. [31} 41H43], to our knowledge, the two-point correla-
tor has not been considered before. In the next section, we
show how to compute the two-point correlator W, for tree
matrices, and in the subsequent section we compute W for the
canonical model of random graphs with a prescribed degree
distribution.

(30)

III. TREE GRAPHS

In this section, we present a mathematical method to
compute the two-point correlator W 4(z,w), and thus also
Sn(t; A), under the sole assumption that the graph repre-
sented by Cj; is a tree.

The mathematical method we employ is based on two ideas:
the size-doubling trick presented in the first subsection, and a
recursive implementation of the Schur formula, presented in
the second subsection. In a third subsection we discuss how
the mathematical formalism simplifies for oriented graphs.
We say that a graph is oriented if

CiiCii =0 31)
for all pairs (7, j).
A. Size doubling trick

We use the following identity

Wy (z,w) = —bTr;; B~ (32)
which expresses the trace of
1 1
_ 33
21— AT wl - A (33)
in terms of the block trace of the inverse of the matrix
0 wl—A

The block trace bTr;; of a 2N x 2N matrix X is defined by
N

bTr; X = Z[X]j,j ) (35)
j=1

Since B is a matrix of size 2N x 2N and A is a matrix of
size N x N, we call this the size-doubling trick, which bears
some similarity with the Hermitization method [55} 56] in
non-Hermitian random matrix theory.

In order to proceed, we note that the block trace formula
in is similar to the block trace formula for the spectral
density of a sparse graph, see Eq. (57) in Ref. [41]. In the next
subsection we will exploit this mathematical similarity.

B. Recursion relations

We derive a set of recursion relations that will provide us
with the diagonal elements [B~']; ;. The recursions can be
closed using that A is the adjacency matrix of a (weighted)
tree. In particular, we use the following property. Let A()
be the matrix obtained from A by removing the j-th row and
column; AW is the adjacency matrix of the so-called cavity
graph obtained by removing the j-th node from the original
graph [57-59). It then holds that AW) is a forest of |9;] iso-
lated trees, where we have used the notation

6j = {Z : Cij 7é 0 or Cji 7é O} (36)
for the neighborhood of j and |9;| is the number of elements in
0;. We use the Schur inversion formula to derive the recursion
relations. However, first we need to define the quantities that
appear in the recursion, which requires a reshuffling of the
elements of B.

1. Preliminary ordering of matrix elements

The matrix B can be seen as a replicated version of the
original matrix A, where each node of the original graph has
two replicas, one with label ¢ and the other with label ¢ + N
(¢ = 1,...,N), which are located therefore far apart in the
matrix B. Therefore, we operate on the 2N x 2N matrix B to
create a new matrix that preserves the same connectivity struc-
ture of the original graph (encoded in C). This is achieved by
bundling together labels that refer to the same node.

More precisely, we permute the rows and columns of the
matrix B. The permutation we perform defines the matrix B,
whose entries are assigned according to the following opera-
tions:

if1<i,j<N,
ifN+1<i<2N,1<j<N,
if1<i<N,N+1<j<2N,
ifN+1<ij<2N.

Bai—1,2j-1,
Bi, — Ba@i-ny2i-15
Bai-1.2(i-n)
Bai—Ny,2(j-N)s
(37)
This permutation is performed through a similarity transfor-
mation B = PBP, where P is a suitably defined permutation
matrix. ~
We then obtain the permuted matrix B which consists of
diagonal 2 x 2 blocks (labelled using the sans-serif font)

ad 0 ’LU*A“' L 0 w B

and off-diagonal blocks of the form
5. 0 —Ay)._ A
Bi; = (Aji 0 ) = —Ayj, (39)

for 7,7 = 1,..., N. Note that now the matrix B is a block
matrix (formed by 2 x 2 blocks) that inherits the same con-
nectivity structure as the matrix A (or C'), since elements of



A referring to the same node - which were located far apart in
the matrix B - are now bundled together.
The elements of B~!, which we need in Eq. (32), are re-
lated to the elements of B L in the following way:
B™'= (PBP)"'= PB 'P=B"!, (40)
since a permutation matrix is an orthogonal transformation.
Moreover, the block trace needed in Eq. reads

bTrllB_l =bTr, [PB~P] =
N ~
Z [PB'P;; =Y [B o 12i-1, (4D
=1 j=1

where in the first line we used Eq. @]), and in the second line
the fact that the permutation matrix P maps indices j onto
2j —1if1<j < N.
_Therefore, the objects of interest are now the elements
[B71]2;_1,2j—1 of the inverse matrix of B.
Defining the 2 x 2 matrices G; for j =1,...,

371]2'712'71 [31}2'12')
G, — (B ]2j-12 212 42
’ ( (B~ 2j2j-1  [B a2 2

N as

the two-point correlator reads (see Eq. (1))
Wa(z,w) = —bTr; B~ = Z i1, (43)

and the one-point resolvent reads

1 1 1 <
NI [1_AT} PO
or
N
1 1 1
NTr [wl—A} = ;[Gj]l,z : (45)

In the next subsection we derive a set of recursion relations
for G;’s using Schur inversion formula.

2. Schur formula

We employ the Schur inversion formula

A B\ ' Sp —SpBD-! »
cp) =\_-pics, s, , (46)

with Sp = (A — BD~'C)~! the inverse of the Schur com-
plement of D and Sy = (D — CA~'B)~! the inverse of the
Schur complement of A.

First, we show how this works for j = 1 and later we gener-
alize for arbitrary j. In order to implement the Schur inversion

formula, we represent B with the block matrix structure of the

fOrm
~

where 811 is the 2 x 2 matrix defined in Eq. Bl* and
B,jare2x2(N —1)and 2(N —1) x 2 matrlces respectlvely,
and BM isa 2(N — 1) x 2(N — 1) matrix. The matrix B(1)
is the B matrix of A(!) obtained by removing the first column
and row from the matrix A.

Now, we are ready to find an equation for Gy, the upper-left
2 x 2 block of B~! (see Eq. (@2)), taking full advantage of
the block structure in Eq. (7). The Schur formula applied to
the upper-left 2 x 2 block of B gives the following

1

G == — — . 48
! Bi1 — Bi.[BW]"1By (%)

Now, using Eq. (38) and the fact that both By, and B, are
concatenations of matrices of the form A (see Eq. (39)), we
obtain

1
G = 5 , (49)
w
(z 1) — A =2 ea, 2rea, Alnge)Aél
where
BO)Y Mgr 1901 [(BW) ok
¢ — ([( N 2k—1,26—1 N 2k—120) (50
ke (B ok o1 [(BM) gk 2 (°0)

Note that ng) = G(l) the matrices we defined before in (@2)).
In the sums in Eq. @]) we omit contributions from &, ¢ ¢ 0y
because Aj; and Ay are null matrices in this case (see Eq.
9.

Since A is the adjacency matrix of a (weighted) tree graph,
it holds that G;Clg) is null for any k, ¢ € 9y with k # £. To show
this, note the following facts:

1. the nodes k and ¢ belong to distinct trees in the forest
represented by A();

2. the matrix (B™)~! has the mathematical form of a re-
solvent matrix (u1l — X)~!, where X is a block matrix
built out of 2 x 2 matrices located at the edges of the
graph represented by A;

3. the matrix element [X"];, denotes the sum of the
weights of the paths in the graph of length n that con-
nect node k to node /. If there exists no path that runs
form k to ¢, then [X™]; ¢ = 0 for all n.

=30 o X" u"T, it fol-
))if &

Therefore, expanding (ul — X)~!

lows that [(ul — X) 71|, = 0 (and therefore also GS@
and /¢ belong to distinct trees.

Hence, applying that for tree matrices the ch / are null if
k, £ € 01 with k # ¢, we can simplify Eq. (49) to

1

G, =
0

(G



This equation can be generalized to an arbitrary node j be-
cause the Schur formula works the same way upon a permu-
tation that is equivalent to relabelling of nodes. Hence, for an
arbitrary node j = 1,..., N, Eq. (3I)) becomes

1
0 w
(z 1) _AJ]

- Zkeaj AjkGi(j)Akj
This set of equations is not closed, because in general G; #

G, = (52)

Gj(-k) for k € 0;. To close the equations, we can repeat the

same procedure on the N graphs AU) obtained by removing
one node at a time. We then obtain

1

GYW —
0w
(z 1) — Akk = Xrea,j MGy Ay,

o (83)

where j € {1,2,...,N},k € 9;,and Gék’J) are defined anal-
ogously to Eq. (30) but on the graph where the two nodes &, j
have been removed. )

Note that in general szk’] ) £ Gl(zk), and the recursion has to
be continued. However, for tree matrices the recursion can be
closed at the second step. Indeed, since nodes ¢ and j belong
to distinct trees on the graph A*), the further removal of node
j does not affect ng) and therefore ng’J ) = G&k). We finally
obtain a closed set of equations

1

0 w k
(z 1) — Ak = Dreop AMGE Aok

G = . (54)

which are valid for all £ € J; on tree graphs.

Solving the Egs. and on one instance of a tree
graph, one would get access to the corresponding two-point
correlator Wy (z,w) = — Zjv 11G;]1,1. Since the Egs. (52)
and (59) are local equations, i.e. the rlght hand sides of the
Egs. (32) and (34) only depend on the local neighborhood of
node j, we can also apply Eqs. and to graphs that
are locally tree-like.

C. Exact solution for oriented trees

We show now how Eqgs. and simplify in the case of
oriented trees, i.e., trees for which all edges are unidirectional
(CjkCrj = Oforall k # j).

In this case, the last terms in the denominator of the r.h.s.
of Egs. and have off-diagonal entries equal to zero.
Therefore,

G(j) _ al(cj) zle,c G, = Ak zlek
k 1 O k 1 O )
w—Dy, w—Dy,

(55)

where

k
L) _ rean O ag I -
O) =

(Z — Dk)(w — Dk) ’ (56)

and

Zeeak Cir agk)Jezk -
(z — Dg)(w — Dy)

ay = (57)

The recursion relations given by Egs. (36)-(57) can be
solved numerically on a fixed instance and the two-point cor-
relator is given by

N
=3 ay, (58)
k=1

whereas for oriented trees the one-point resolvent reads [31,
43])

N

W)=Y ——. (59)

z—D
k=1 k

In practice, we will often be interested in the dynamics on
graphs that are locally tree-like and locally oriented. Egs.
(56)-(57) also apply to these graph ensembles since the right-
hand side of the Eqs. (56)-(57) only depends on the local
neighborhood of node k. In the next section, we consider an
important class of random graphs that are locally tree-like and
locally oriented.

IV. DIRECTED RANDOM GRAPHS WITH A
PRESCRIBED DEGREE DISTRIBUTION

We derive analytical expressions for S(t) for the case when
A is the adjacency matrix of a directed random graph with a
prescribed joint degree distribution, as defined in the introduc-
tion. This ensemble of random graphs is locally tree-like and
locally oriented, and therefore the Eqs. (56)-(57) apply. To
summarize, we will obtain the general formula

1 t(z+w)d d
S(t) = U (60
(2mi)? po(@)de 7" o
|:f (z—z)(w— x):| -r
where
r? =cJ? (61)

is the product of the mean out-degree (or in-degree)
o0
c= pacg(k) k (62)
k=0

and the second moment .JZ = = [ dz py(x)a? of the bond dis-
order. Eq. (60) is one of the main results of this paper.

From Eq. (60), we observe that S(¢) is universal in the
sense that it only depends on p;(x) and pgeg (k) through the
single parameter . On the other hand, the dependence on pp
is explicit.

The present section is organized as follows. In the first sub-
section, we discuss the spectral properties of adjacency matri-
ces of directed random graphs with a prescribed joint degree



distribution. In the second subsection, we derive the formula
. In the third and fourth subsections, we derive explicit
expressions for S(t) by computing the contour integral in Eq.
(60) for fixed diagonal disorder

pp(x) = 6(x = p), (63)

and for bimodal diagonal disorder,
po(r) = (1 - q)d(x — ) +qd(z — p2),  (64)

respectively.

A. Spectral properties and asymptotic stability

The spectra of random graphs with a prescribed degree dis-
tribution have been studied in detail in the limit N — oo in
Refs. [31} 41, 43]]. If ¢ > 1, then the graph contains a gi-
ant strongly connected component [39], which contributes a
deterministic continuous part to the spectrum and may also
contribute deterministic outliers.

The boundary of the continuous part of the spectrum con-
sists of all Ay, solving

1
2 1d — = =1,
T / :v;z)D(ﬂv)Mb_gc‘2 (65)

The deterministic outliers \;qo solve the relation

— 1
J | dx — =1. 66

‘ / lpD(x))‘isol_x (06)
Note that (i) outliers are always real, (ii) if ./ = 0, there are no
outliers, (iii) the boundary of the continuous part and the lo-
cation of outlier(s) are universal in the sense that they depend
on py(z) and pqeg (k) only through a single parameter (either

rorcJ).

B. General diagonal disorder

Since directed random graphs with a prescribed degree dis-
tribution are locally tree-like and locally oriented, the Egs.
(56)-(57) apply. We obtain an analytical expression for the
average

ay =[Ghp=a (67)

by taking the ensemble average of Eq. (56).

Using that (i) the right-hand-side of Eq. (56) is identical
to the right-hand-side of Eq. for any j, k with Cj, = 1;
(ii) all variables on the r.h.s. of Eq. (56) are statistically inde-
pendent, as degree-degree correlations are absent; and (iii) all
nodes in the ensemble are statistical equivalent, we obtain the
equation

a=(r‘a-— 1)/dm pD(x); ) (68)

(z—x)(w—1x)

Solving (68)) for @ and using

- N
WA(Z,’LU) = _Z[Gj]l’l =—Na, (69)

j=1

we obtain the general formula Eq. for S(t).

It remains to perform the contour integral in (60) for some
specific choice of the diagonal disorder, which is the subject
of the next subsections.

C. Fixed diagonal disorder

We compute the contour integral in Eq. in the case of
fixed disorder given by Eq. (63). The integral can be
performed using residues. Changing variables 2’ = z 4 u and
w’ = w + u, we obtain

1 t(z' +r2/2")
S(t) = Te_QHt % dZ/eil
1 ~! z
=e 2y (2rt) . (70)

Quite remarkably, Eq. for sparse oriented graphs and Eq.
(TT) for fully connected structures share the same functional
form, and therefore the two models fall into the same univer-
sality class. Indeed, if J = 0, then r is the spectral radius p of
A (see (63)).

For large ¢,

1
vVarrt

where the exponent describes the asymptotic growth or decay
atarate » — u. The rate r — p contains a positive contribution
r, which is the amplification of the initial perturbation when
it spreads throughout the network, and a negative contribution
—u, which is the local decay rate.

For ¢t =~ 0, it holds that

S(t) ~ e rm (71)

S(t) =1 —2pt +0(t%)] (72)

independent of the network structure.

While the initial response is independent of the network
structure and leads to a decrease in S(t), the response at larger
t will depend on how the initial perturbation spreads through
the network. In particular, if r — ¢z > 0, then the response S(t)
is non-monotonic.

It is insightful to interpret the result given by Eq. in the
light of the spectral properties of the ensemble, as discussed
in Sec. The boundary of the continuous part of the spec-
trum is according to Eq. (63) a circle of radius r centered
around —pu. As a consequence, the eigenvalue with the max-
imum real part, which belongs to the continuous spectrum, is
given by

AL = max Re[A\p] =7 —p. (73)
b
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FIG. 1: Sn(t) = (Jy(t)|?) for weighted oriented graphs with Poissonian connectivity with mean degree ¢ = 2, with fixed diagonal (Top
Row) and bimodal diagonal disorder (Bottom Row). The theoretical result for S(¢) is provided in black solid line (see Egs. and (76),
respectively). Symbols denote numerical solution of the differential equation (Z) for N = 5000, averaged over 25 initial conditions and 5
realizations of the underlying graph. Red circles stand for Gaussian bond disorder, blue triangles for uniform bond disorder, and green squares
for Laplace-distributed disorder. The parameters for different panels are described below. We show schematically in the insets the location
of the continuous part of the spectrum and the outlier (if present), according to Egs. and (66). Top row: Fixed diagonal at —p = —5.
(@ J =2and J2 = 5,(b) J = 3and J2 = 10, and (c) J = 4 and J2 = 32. In panels (b) and (c), the red dashed curves represent S(t)
with fitted values of parameters a = 7.7 - 107%, b = 1.04 and a = 4.2 - 1073, b = 4.03, respectively. Eq. (63) simplifies in this case as
r? = cJ? = |\p — p|? and Aisol = ¢J — . Bottom row: Diagonal entries taken at random between —p; = —5 and — g = —14 with equal
probability (g = 1/2). (a) J = 2and J2 = 5, (b) J = 4and J2 = 17, and (c) J = 4 and J2 = 32. In panels (b) and (c), the red dashed
curves represent S’(t) with fitted values of parameters ¢ = 1.1- 1073, b= 0.6 and @ = 1.8 - 10™%, b = 4.0, respectively.

This implies that the asymptotic dynamics of S(t), given by D. Bimodal diagonal disorder
Eq. (71) for large ¢, reads

In the case of bimodal diagonal disorder with probability
density pp given in Eq. (64), we evaluate the integral in Eq.

S(t) ~ #62“\{» , (74) using residues. After some calculations, presented in Ap-
Vdmrt pendix [B] we obtain

. . S(t) = (1 —q)e” " Ip(2rt\/1 — q)
and the asymptotic rate is governed by the boundary of the

—2pst —2u1t
continuous part of the spectrum. The outlier +qe” 2 o (2rty/q) + e TNU(L) (76)
where
)\isol = Cj (75) (T‘t)Qm m m+1
OEDS (" e g
12
m>1 (m ) n=1 n

plays no role in the behavior of S(¢), even when Aigo1 > Aj,. x Wi (nym+ 15— (s — )82, 77
This is because the initial perturbation is random and there-

fore — in the limit N — oo — it stands orthogonal to the one- is a series involving confluent hypergeometric functions ; F}

dimensional eigenspace spanned by the outlier. [79]. The confluent hypergeometric function is defined by the



series
oo
(a+n—1)2z"
Filabiz) = o 2 78
1 1(&, 7Z) nZ::O(b_’_n_l)ﬂn'a ( )
where
s—1
(@=]Ja=4). seN, (79)
3=0
is the falling factorial and (a)? = 1. Although not imme-

diately evident, the formula (76) is symmetric in w1 and o
upon the exchange ¢ — 1 — ¢ as it should, due to a trans-
formation formula of the confluent hypergeometric function
upon change of sign of the main argument.

The formula is rather complicated, but it has an ap-
pealing dynamical interpretation. In this example, the dynam-
ical system consists of two sub-populations with decay rates
w1 and po, respectively. Neglecting interactions between the
subpopulations, each of these would evolve in isolation ac-
cording to Eq. (70), albeit with reduced connectivities gc and
(1—q)c, respectively. The first two terms in describe pre-
cisely the dynamics of the populations in isolation. The third
term instead describes the dynamical interference between the
two sub-populations. We expect that the interference will be
important in the limit of large ¢.

For t ~ 0, it holds that

S(t) =[1—2(1 — @)t — 2quat + O(t%)],  (80)

which is again independent of the network structure.

The analysis of the ¢ — oo limit of Eq. (76)) is more compli-
cated because of the nontrivial form of the interference term.
Nevertheless, based on the analysis in the previous subsection
for fixed diagonal disorder, we expect that for large ¢

S(t) ~ et (81)
where

1, = max Re[\p] (82)
Ab

is the value of )\, located at the boundary of the continuous
part of the spectrum, with the largest real part. In the present
example with pp the sum of two Dirac distributions, we ob-
tain (see Appendix [C)

1 — a4\ — )+ Ar2g + 4D

Ab 5 . (83)

where
D =r?plq — 2% pipoq + 2 pdq + rie? . (84)

Hence, for bimodal diagonal disorder even the asymptotic rate
Af, does not admit a simple expression, which clarifies why it
is not a simple task to analyze the Eq. in the limit of large
t.

V. NUMERICAL EXPERIMENTS ON RANDOM
MATRICES AND ON EMPIRICAL NETWORKS

We compare the obtained analytical expression for S(t) =
limy 00 Sn(t), given by Eq. and Eqgs. (70)-(77), with
numerical results for Sy (¢) on random matrices and on em-
pirical networks.

A. Random graphs

We analyze the dynamics described by Eq. with A be-
ing the adjacency matrix of a weighted random graph with
a prescribed degree distribution (see the Introduction for the
definition of this ensemble). Here, we use a Poissonian distri-
bution for the in-degrees (and out-degrees), namely,

—c .k
Pacs(k) = —— (85)

in Eq. (T3). In addition, in Appendix [D] we show results for
power-law degree distributions, which are relevant to describe
real-world networks, see Refs. [[16,/60-63].

In Fig. |1} we compare the obtained expressions for S(t)
with estimates of Sy (¢) obtained from numerical experi-
ments. We consider three qualitatively different scenarios:
(a) the system is both transiently and asymptotically stable
(A, < 0 and Ao < 0), (b) the system is transiently sta-
ble but asymptotically unstable ()\{3 < 0 and Ajgo1 > 0), and
(c) the system is unstable (A;, > 0). Since the theory in Eq.
is obtained by taking the limit N — oo at fixed time,
while in the simulations we work with a fixed system size N
and look at its time evolution, there will be a crossover time
t* (V) after which the theory and simulations are expected to
diverge (see Appendix [A|for a detailed discussion). However,
for t < t*(IN), we observe perfect agreement between theory
and simulations, proving that the precise connectivity struc-
ture and the type of bond disorder do not matter in the tran-
sient dynamics of large dynamical systems. Only the combi-
nation 72 = cJ?2 plays a role, as predicted by the theory. In
case (a), theory and simulations are in very good agreement,
and 1/(2(r — p)) provides the typical relaxation time to sta-
tionarity.

We clearly see the effect of the crossover time ¢*(N) in
cases (b) and (c) of Fig. E] [but this would also become
apparent in case (a) when ¢ is large enough and if a dif-
ferent scale were used]. For ¢ > ¢*(N), the contribution
from the eigenmode with largest — and positive — real part
Sn(t; A) ~ aye?BelMl (where ay is independent of ¢ and
vanishes for large V) will govern the large-¢ behavior of every
single realization of the N x N numerical experiment, and as
a consequence also of the average Sy (t) = Sy (t; A).

In order to capture both the transient and asymptotic behav-
iors, we can modify S(t) by including the effect of the largest
eigenmode as

S(t) = S(t) + ae®t (86)

where a and b are two (albeit non-universal) fitting parame-
ters. This is illustrated in Fig. [T] (b) and (c). We observe



empirically that universality is broken after ¢*(V): this is be-
cause the exponential growth of Sy (¢; A) at large times — for
every individual realization of the matrix A — is very sensitive
to the precise value of A1 (A), which of course fluctuates from

one realization to another. The average Sn(t) = Sy (£; A)
is therefore disproportionally affected by the largest A1 (A)
across the sample used for the simulations.

Note also that in the panel (b) the fitted exponent b =
Aisol, Whereas in panel (c) the exponent b is different from
max Re[Ap].

B. Empirical networks

We test how well Eq. describes the transient dynamics
of a dynamical system defined on a real-world graph. To this
aim, we numerically solve the dynamics in Eq. (2)) for a matrix
of the form Eq. (12), with C;; the entries of the adjacency
matrix of a real world network. We consider two examples
of real-world networks, namely, a food web and a signaling
network.

For the food web example, we have chosen the food web
of Otago Harbour, an intertidal mudflat ecosystem in New
Zealand, whose adjacency matrix is determined in Ref. [69].
This adjacency matrix contains 180 nodes and 1924 edges.
Nodes represent species, which include among others, plants,
annelids, birds, and fish. Links represent trophic interactions
between species, including among others, predation, parasitic
castration, and macroparasitism interactions. The food web
of Otago Harbour is an (almost) oriented network: 97% of the
links are oriented. The mean out-degree is ¢ = 1924/180 =~
10.7.

For the example of a cellular signaling network, we have
considered a network of molecular interactions between sig-
naling proteins in human cells. We have collected data from
the NCI-Nature Pathway Interaction database [70], which is
now available in the Network Data Exchange, NDEx [71-
73]]. We have extracted the adjacency matrix formed from
the nodes in the 2-step neighborhood of the protein kinases
MAPKI1, AKTI1, JAKI1 and the protein APC. The resultant
adjacency matrix contains 2288 nodes and 23207 edges. The
mean out-degree is ¢ = 13.3 and 70% of the edges are ori-
ented.

In Fig.[2] we present simulated dynamics on these networks.
Numerical results show that the theory describes very well
the transient dynamics on the food web (for all ¢ < t*(IV)),
in spite of its small size N = 180, while the dynamics of
the signaling network is less well captured. Plotting the full
spectra (see insets of Fig.[2), we see that the largest eigenvalue
of the food web is almost equal to /¢ (predicted by Eq. (63)),
whereas for the signaling network it is much larger than +/c,
which clarifies why the theory works better for the food web.

In order to further demonstrate the relevance of Eq. in
modeling dynamics on real networks, we compare Sy (t) with
a naive theory based on either an exponential decay e~ 2 or
on exponential growth e?("=#) We observe that the naive
theories do not capture well the transient response of the dy-
namical system. This is because the response of the real
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FIG. 2: Sy(t) = (|Jy(t)|?) for the simulated dynamics of Eq. ()
on two examples of real-world graphs (circles for a food web with
N = 180 and ¢ = 10.7, and stars for a signaling network with
N = 2288 and ¢ = 13.3) are compared with the theoretical pre-
diction S(t) (blue and red lines), given by Eq. (70), as well as with,
e2*"=1) and e~2#* (black and magenta lines). We have weighted the
networks with couplings J;; that are i.i.d. random variables drawn
from the distribution ps(z) = (1/2)6(x — 1) + (1/2)d(x + 1) and
we have used a single realization of the matrix J for both the food
web and the signaling network. The diagonal elements are fixed to
a constant —p = —7r + 0.27, such that the system is asymptoti-
cally unstable. Insets (a) and (b) show the spectra of the adjacency
matrices A for the food web and the signaling network considered
with random couplings. The red circle has radius r = /c and is
the predicted boundary of the spectrum according to (63). We have
estimated Sy (t) = (Jy(t)|?) by simulating the dynamics on the gen-
erated networks for 25 realizations of the initial condition y(0).

system consists of an initial decay at rate ¢ and asymptotic
growth at rate » — p, which govern how the initial random
perturbation propagates through the networks.

VI. CONCLUSIONS AND OUTLOOK

We have developed a mathematical formalism that allows
one to study how the transient response to an initial per-
turbation of a large dynamical system, captured by the ob-
servable Sy (t), depends on the topology of the underlying
network of interactions. The developed method allows one
to compute the limiting value S(t) = limy_,o0 Sn(t) for
graphs that have a locally tree-like structure. As an example,
we have studied the transient dynamics on directed random
graphs with prescribed degree distribution, which are canon-
ical models for real-worlds systems, such as, the Internet
[39.164.165]], neural networks [[66] and other high-dimensional
systems [16, [17, 40]. We have found that the transient re-
sponse of large systems is universal, in the sense that S(t)
only depends on the network topology through the single pa-
rameter 72 = ¢J2, which is the product of the mean de-
gree and the second moment of the distribution of interactions
strengths. On the other hand, the dependence on the statistics
of diagonal elements, given by the distribution pp, is non-
universal.

The developed method is fairly general, and therefore vari-



ous other examples can be considered. For example, it should
be straightforward to extend the presented results to random
graphs with correlations between in-degrees and out-degrees
[31] or to non-oriented systems defined on regular graphs
[67]. More challenging, but still feasible, is to extend the the-
ory to graphs that contain many small cycles [76H78].

From a random matrix theory point of view, in the present
paper we have developed the mathematical theory for the 2-
point correlator W 4 (w, z) of sparse random graphs. We can
extend the present formalism to account for higher order 2n-
correlators, which provide information on higher-order mo-
ments of Sy [75].

Since the theoretical response functions, given by Egs.
and (76)), only depend on a few parameters and describe well
the transient response of dynamical systems defined on real-
world networks, we believe that Egs. and can be
used to infer properties of networks from time-series data.
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Appendix A: N-dependence of the transition time ¢* (V)

We study here how the crossover time t*(/N') depends on
N. The crossover time determines when the system changes
from its transient regime, where Sy (t) = (Jy(¢)|?) = S(¢) =
limpy 00 Sy (t), to the asymptotic regime, where S(t) <
S (t). For transiently stable systems, we define the crossover
time ¢* (V) by Eq. (9).

In the first subsection, we determine the /N-dependence
of t*(IN) with a brute-force numerical analysis on four ran-
dom matrix ensembles. In the second subsection, we analyze
t*(N) in the case of the normal Ginibre ensemble, a case for
which we have the rare luxury of being able to carry out the
analytical treatment in full. We obtain an explicit analytical
expression for Sy (t), which can be used to evaluate numeri-
cally its minimum value. We find that t*(N) ~ 1.15v/N.

1. Numerical results for four ensembles

We study the first-order dynamics in Eq. (2) for
Aij = —u(;ij + Xij . (Al)

In Fig. 3| we present numerical results for Sy (¢) as a func-
tion of ¢ for different values of IV in the case of X;; being
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ii.d. random variables taken from a Gaussian distribution.
Fig. [3| shows that S(t) = Sy(¢) for small enough ¢ (tran-
sient regime) while S(t) < Sy(t) when ¢ is large enough
(asymptotic regime). Moreover, we observe that the crossover
time ¢* (V) from the transient regime to the asymptotic regime
grows as a function of V.

In Fig. Elwe analyse how the crossover time ¢*(N') depends
on N. For this we use its definition given by Eq. (9). We
consider four random matrix ensembles:

(i) Ginibre matrices with zero mean [/4]: the X;; are
1.i.d. random variables taken from a Gaussian distri-
bution with zero mean and variance 1/N, and we set
p=-1

(ii) Gaussian Orthogonal Ensemble: the X;; = Xj; are
i.i.d. real-valued random variables taken from a Gaus-
sian distribution with zero mean and variance 1/N, and
we set = 2;

(iii) Ginibre matrices with nonzero mean: the X;; are the
ii.d.random variables taken from a Gaussian distribu-
tion with mean 6/N and variance 20/N, and we set
p=5;

(iv) Adjacency matrices of sparse random graphs: we set
Xi; = Ji;C;; with Cy; the adjacency matrix of a ran-
dom graph with a prescribed joint distribution of in-
degrees and out-degrees given by

e~ Cckin g—Cckout
kin! kout! ’

with a mean in-degree (out-degree) ¢ = 2. In addition,

we weigh the edges with couplings J;; that are i.i.d. ran-

dom variables taken from a Gaussian distribution with
mean 3 and variance 1. We set x = 5.

pdeg(kina kout) = (A2)

In cases (i), (ii) and (iv) the numerical results for ¢t* are
well fitted by the power law t* = aN”. In the case (iii) a
pure power-law curve does not describe the data as well as the
function t* = aN? log N, i.e., a power-law with a logarith-
mic correction.

Interestingly, for the Ginibre ensemble and GOE (cases (i)
and (ii)) the fitted exponents are approximately 1/2 and 2/3,
respectively, which is the exponent governing the scale of typ-
ical fluctuations at the edge of the spectrum [80, [81]]. This
pattern, however, does not seem to carry over to cases (iii)
and (iv). We are not aware of a theory that can shed more
light on the scaling of t* with N in these cases.

In conclusion, numerical results indicate that t* diverges
with IV with a law that might be related to the scale of typical
fluctuations at the edge of the spectrum. In the next section,
we analyze in more detail the normal Ginibre ensemble, which
allows for a more complete analytical treatment.

2. Analytical treatment of ¢* (V) for the normal Ginibre
ensemble

We analyze the N-dependence of ¢*(N) for a rare exam-
ple where a full analytical treatment is possible, namely the



FIG. 3: Markers denote numerical results for Sy (t) = (|y(t)|?) for
model ) with matrix (AT) as a function of ¢ and for different values
of N. The X;; are i.i.d. random variables taken from a Gaussian dis-
tribution with zero mean and variance 1/N and we have set u = —1.
Dashed black line is the curve S(t) = e™2#*Io(2pt) (see Eq. (TT)).
Markers are averages over 2000 matrix samples with 25 realizations
of the initial conditions for each sample.

normal Ginibre ensemble. For this ensemble, we derive an
explicit analytical expression for Sy (¢). Evaluating numeri-
cally its minimum, we obtain that

t*(N) ~ 1.15VN . (A3)

a. Definition of the normal Ginibre ensemble

We consider dynamical systems of the type given by Eq.

() with
A=—pl +X'/VN, (A4)

where X’ is a matrix drawn from the normal Ginibre ensem-
ble.

Normal Ginibre matrices are obtained by retaining the nor-
mal term in the Schur decomposition of a complex Ginibre
matrix. The entries of the complex Ginibre ensemble [74] are
defined as follows,

Xk = xj, +iyjn , (A5)

where z;;, and y;, are i.i.d. random variables from a Gaussian
distribution with zero mean and variance 1/2. The matrices
in the ensemble are non-symmetric. The joint pdf of matrix
entries reads

Px(X)=Cyexp [-Tr(XX")], (A6)

where C'y is the normalization constant.
In order to obtain a normal Ginibre ensemble, we imple-
ment the Schur decomposition

X=UM+T)UT (A7)

with U a unitary matrix, A the diagonal matrix of eigenval-
ues, and 7" a strictly upper triangular matrix. From Eq. (A7) it
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is apparent that the upper-triangular matrix 7" is the source of
non-normality. Therefore, we drop the upper-triangular ma-
trix to obtain

X' =UAUT, (A8)

which defines a matrix sample drawn from the normal Ginibre
ensemble.

Implementing the Schur decomposition in Eq. (A6), we
find that Px factorizes into

Px(X) = Pr(T)Py(A)Pu(U) , (A9)
where
N
Pr(A) ~ exp ( > w) TT =0 (A10)
i=1 i#j

is the distribution of complex eigenvalues in the normal Gini-
bre ensemble.

b.  Calculation of S(t)

Because of Eqs. (), (6), and (24), we can write

1
Sn(t) = —TreATteAt (A11)
N
Taking the limit N — oo and using that the eigenvectors of
normal (Ginibre) matrices are orthonormal, we obtain that

Sty =e 2 [ 42z !EF (2, 2)

Cc2

(A12)

where the integration is over the entire complex plane and
p(z, Z) is the spectral density of the normal Ginibre ensemble
in the limit N — oo. Since in this limit, the spectral density
is uniform in the disk of unit radius [82]],

Poo = — 1211, (Al3)
™

with 17 the indicator function (equal to 1 when 7' is true and
0 when T is false), we obtain the expression

e—2ut 1 27
S(t) / rdr / d(p €2rt cos ¢ __
0 0

™
1

/ 2rly(2rt)dr = ¢

0 t

—2ut

L(2rt) (Al4)

where Iy and I; are modified Bessel functions. This result is
the analog of Egs. (I1) and Egs. for dense and normal
matrices.

To compute ¢t* as a function of NV, though, the analysis
above is not sufficient, and we need to resort to a finite-/N
calculation.
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FIG. 4: Numerical results for the crossover time t* as a function of N for the four considered models: (i) Ginibre ensemble, (ii) Gaussian
Orthogonal Ensemble, (iii) Ginibre ensemble with an outlier, (iv) sparse random graph with Poissonian connectivity, mean degree ¢ = 2 and
Gaussian bond disorder. Solid lines denote fitted functions to the empirical data. In cases (i) and (ii) we have set p such that the system is at

the edge of stability (in the N — oo limit, the average of the leading eigenvalue \; = 0), and therefore S (t) decays asymptotically as ¢~

1/2

The parameters in (iii) and (iv) are set such that the system is transiently stable but asymptotically unstable, as in the case (b) of the top panel
of Fig. m In cases (i)-(iii), markers are averages over 2000 matrix samples with 25 realizations of the initial conditions each. In case (iv), we

have used 20 matrix samples with 25 realizations each.

c.  Calculation of Sn (t)

For finite N, Eq. (AT2) is modified as

Sy (t) = 6*2/“/

Cc2

A%z et py (2, 2) (A15)

where pn (z, Z) is now the spectral density of the normal Gini-
bre ensemble at finite matrix sizes /N. It holds that [83]]

N—-1

_ 1 N2 N|z|?)F

X (Al6)
k=0

Therefore, we obtain

_ N-1
e 2ut

Sn(t) -
k=0
S N—1 k. 2k+1
— 26*2*“5/ e N Iy (2rt) > N#dr.
0 k=0 :

(A17)

[e%S) 27 k..2k
_ 2 N¥%r
rdr d(,O e2trcos<pe Nr § v

S

VN

N—-1
2st 2k+1
eI, (s) 3 S—'ds.
VN) &= K

It is convenient to rescale r — to get

Qe—2mut oo
N

Sn(t) =

(A18)
The integral can be performed with some work to yield even-
tually the exact result

—2ut

Sn(t) = N ZlFI (k‘+1;1;N) ;
k=0

(A19)

where 1F7(a;b; z) is the Kummer confluent hypergeometric
function, defined in Eq. (7).
d.  Computing the crossover time t*(N)

The crossover time t* is defined as the minimum of Eq.
(AT9). By equating the derivative of Eq. (AT9) to zero, we



obtain that t* satisfies

_o—2ut* N1 %2
DY ( 1 )
—_— Fulk+ 11—

N Pt N

t*672,ut* N-1 t*2
k=0

(A20)
We have solved Eq. (A20) numerically for N < 400 and
obtained that ¢* is well fitted by t*(N) ~ aN? with a fitted
exponent 3 ~ 1/2, see Fig.|5| A careful asymptotic analysis

of Eq. (A20) is beyond the scope of this paper and is left for
future investigation.

t*(N) for normal Ginibre

20r

£ = 1.15 NO-5O8
10

10 50 100

FIG. 5: Dependence of ¢* on the system size for the normal Ginibre
ensemble, see Appendix [A2] Points are the numerical solution of
Eq. . The blue solid line is obtained by fitting the model ¢* ~
aN" with 2 free parameters.

Appendix B: Derivation of Eqs. (76) and (77) for S(¢
of bimodal disorder

) in the case

We explicitly solve the contour integral in Eq. for the
case of a bimodal distribution

(1—¢q)0(x — p1) +qd(x — p2)  (BI)

with p11, 42 > 0 and g € [0, 1], and derive the expression for
S(t) given by Egs. (76) and (77).

Without loss of generality we can consider a shifted distri-
bution

pp(r) =

pp(x) = (1 — q)d(z) + ¢d(z — p) (B2)
since
S(t; s p2) = €280,y — pa2) (B3)

which follows from the variable transformation z — z — g
and w — w — py in Eq. (60).
Therefore, we evaluate the quantity

S(t) = S(t;0, g — p2) . (B4)
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Using
R 1 I—gq q
d =
[ e = e
(B5)
in Eq. (60), we find that
N 1 et(z+w)
St) = —3 dzd )
0 (2mi)? #y o [1—q q }_1 2
wz (w—p)(z—p)
(BO)

where 72 = ¢J?2 is as defined in Eq. (6T).

1. Series expression for S(t)

In order to compute the contour integral in Eq. (B6), we
express S(¢) as an infinite series, which we can integrate term
by term. To this aim, we use the geometric series

St @)

1—r2] o2
m>0

1 1
-1 _ 2~

in Eq. (B6), and find

1 2m
(2mi)2 >
m>0
1— m+1
ﬂ dzdw etZtw) ( q a ) .
(z — ) (w — p)
(B8)
Using the binomial theorem, we obtain the double sum
m—+1
=> 2mZ p(n,m;q, ;) (B9)
m>0
where we have denoted
ptnmioit) = (") - e
1 et? 2
— @Ppdz———| . (BI10
g [%iﬁé e —/m] B

2. Performing the contour integral

To compute the contour integrals in ¢(n,m;q, u;t), we
need to evaluate the residues at z = 0 and 2 = p, and sum
them up,

1 etz
95 dz m+1—n n
2mi J, 2 (z—p)

etz
= Resco | i

+ Res.—, { (B11)

etz
Zerlfn(Z _u)n :



The two residues are given by

etz
ReSZ:[) |:Z”L+1_7’(Z—M)"7 z = 0:|
= ——-U 1; pt B12
(m_n)| (nam+ ,,U), ( )
and
etz
R _ -
e

(71)m+17ntmep‘t

= =) Um—-—n+1,m+ 1;—put),
(B13)
respectively, where
I'(1-0b)
co) — Fi(a:b:
Ula, b; 2) Tatri-D)" 1(a; b; 2)
-1

+ (F(a) )zl’blFl(a +1-b;2—b;z) (Bl4)

is the Tricomi hypergeometric function (see Eq. (13.2.7) in
Ref. [9]), T'(z) = fo le=%dy is the Gamma func-
tion, and 1F1(a b z) is the Kummer confluent hypergeomet-
ric function as defined in Eq. (78). Note that although the
definition given by Eq. does not apply for integer b, the
Tricomi hypergeometric function exists also for integer b by
continuity of the rhs of Eq. (BT4).

We illustrate the derivation of Eq. (BT2)). Using the Leibniz
formula for the derivative of a product, we obtain

etz
1 dm—n
= lim — e (z—pu) " =

(m —n)! z=0 dzm—n

1 . mz_:" m—n\ tm" el (—n)
=———lim 7
CEDE s )T o

s=0

(B15)

where (a) is the falling factorial as defined in Eq. (79). Tak-

ing the limit z — 0 in Eq. (BI3) and rearranging terms with

the help of the Kummer transformation [79, Eq. (13.2.40)]
2271U(a, b; 2) =

Ula—b+1,2—b;z2), (B16)

we arrive at Eq. (B12).
Equation (B13)) is obtained using an analogous reasoning.

Finally, thanks to the identity [79, Eq. (13.2.41)] the sum

of and (BI3) can be simplified as

1 etz
— Pdz———F+—— =t" 1 Fi(n; 1; ut !
o . ZZm+17n(Z—M)n 1 1(n7m+ e )/m )

(B17)
in terms of the Kummer confluent hypergeometric function
defined in Eq. (79).
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3. Meaning of the different terms

Plugging Egs. and into the double series Eq.
(BI), provides us with an explicit expression for S (t). Unfor-
tunately, this mathematical expression is not meaningful yet.
However, we will see that the n = 0, n € {1,2,...,m}, and
n = m + 1 terms in the double series can be given an appeal-
ing interpretation, making sense of the formula.

Isolating the n = 0 and n = m+1 terms in (B9), we obtain

=> "

©(0,m;q, ;) + (m +1,m;q, us t)+

m>0
> p(n,miq, ) (B18)
n=1
Using Egs. (B3) and (B18)), using the explicit forms
. . _ (1 _ q)m+1t2m
@(Ovm,%,uﬂt) - W ) (B19)
m+1t2m€2ut
p(m +1,m;q, p;t) = 2 (B20)

(mh)z 7

and using the series expressions

2m 1 _ q m+1t2m
> e LS — - (2ryT7)
m>0
(B21)
m+1t2m 2ut
> e = qe? Iy (2rt\/q) ,  (B22)

m>0

for the modified Bessel function I, we obtain the final result
given by Egs. and (77).

Appendix C: Spectra of random graphs with a prescribed
degree distribution and bimodal diagonal disorder

We analyze the spectral properties of adjacency matrices
A of weighted random graphs with a prescribed degree distri-
bution — as defined in the introduction of this paper — for the
case where the distribution of diagonal elements is given by
Eq. (64).

If the mean in-degree ¢ > 1, then the spectrum consists of
a continuous part with boundary given by Eq. (63) and with
outliers solving Eq. (66). Substitution of Eq. in Eq. (63)
leads to the relation

q 1—gq

1
== Cl
Do+ P b

Nl 2

for the boundary of the continuous part of the spectrum. Anal-
ogously, substituting Eq. in Eq. (66) we obtain that out-
liers solve

q 1—g¢q 1
= —. (C2)
)\isol + M1

+
>\isol + H2 cJ
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FIG. 6: Spectra of adjacency matrices of weighted random graphs with the bimodal distribution (CI) on the diagonal, a Gaussian distribution
pJ(z), and an in-degree (or out-degree distribution) paeg(k) = e~ °c¥/k!. We used the parameters ¢ = 2, yuy = 5, u2 = 14, ¢ = 0.5 and
the values for .J and 72 = cJ? are provided below the figures. The red line denotes the theoretical value of the boundary of the absolute
continuous spectrum, according to Eq. (CI) while the markers denote the eigenvalues of one single matrix instance of size N = 4000.

In Fig. [6] we plot the spectra for a few matrix instances
together with the theoretical boundary given by Eq. (CI). If
r2 is small enough, then the continuous part of the spectrum
consists of two disconnected sets, which are centered around
—p1 and — o, respectively. On the other hand, for large r the
continuous spectrum is a simply connected set in the complex
plane.

In order to obtain the leading eigenvalue A1, i.e., the eigen-
value with the largest real part, we determine the real solutions

of Eq. (CI). If
(11 — p2)? +4r2qg — 4VD < 0, (C3)
where
D = r’uiq — 2’ pypoq + rPusq +r'¢®,  (C4)

then Eq. (CT) admits two real solutions, namely,

‘ﬂl*ﬂff¢gﬂfﬂﬂ2+4WQ+4¢@

Ab1 = 5 (&%)
and
—p1 — po + A/ (1 — p2)? +4r2q + 4v/D
Ab2 = \/ . (Co)

2

In this scenario, the continuous part of the spectrum is simply
connected. This is illustrated in panels (b) and (c) of Fig. @
On the other hand, if

(1 — pi2)? +4r2¢ — 4VD > 0, (C7)

then Eq. (CT) admits four real solutions, namely, Ap, 1, Ab 2,

g — p2 — \/(m — p2)? + 412 — 4VD

Ab3 = 5 (C8)
and
—p1 — g + 4/ (1 — p2)? + 4r2q — 4VD
Aba = \/ . (C9)

2

This the scenario illustrated in panel (a) of Fig.[6]
It follows that

A = max Re[Ap] = b2 - (C10)
b

Solving Eq. (C2), we find that there may exist two outlier
eigenvalues, namely,

1, -
Misol = 5 (¢ = p1 = 1o = §) (C11)

1, -
A2 isol = 5 (¢ = —p2+8), (C12)

where
— 2 —
8=¢kJ+m—uﬂ—4mﬂm—uﬁ~ (C13)
Hence, the leading eigenvalue

)\1 = max {)‘l/o’ )\27i501} . (C14)

Appendix D: Power-law random graphs

Degree distributions of real-world graphs are often well de-
scribed by power laws, see for instance Refs. [16) [60-63].
Therefore, we compare in this appendix the theoretical result
Eq. (70) for S(t) with numerical results of Sy () on random
graphs with a power law degree distribution.

In Figure [/| we present results for random graphs with the
prescribed degree distribution

ki BkoS
kinvkou = —in_—out y
p( t) <~2(3)

where ¢() is the Riemann-zeta function. We have set J = 0
and p large enough such that we are in the stable case, as in
sub-panel (a) of Fig. [I]in the main text ( all eigenvalues are
negative, as maxy, Re[Ap] = 1/((3)/¢(2) — 1.326 < 0 and
there is no outlier). We observe that the theoretical expression

(D1)



Eq. (70) for S(t) captures very well the empirical results at
small enough ¢ and finite /V. On the other hand, for larger val-
ues of ¢t we observe significant sample-to-sample fluctuations.
We can thus conclude that the theoretical expression S(t)
describes well the dynamical response on random graphs with
(k7) = oo for v > 2 as long as t < t*(IN), which is consis-
tent with results on the leading eigenvalue of directed random
graphs with power-law degree distributions obtained in [31].

FIG. 7:  Numerical results for Sx(¢t) = (Jy(¢)|2) on a power-
law random graph (markers) are compared with the theoretical re-
sult Eq. (70) [given by S(t) = e 2*Iy(2rt)] valid for infinitely
large graphs (lines). The prescribed degree distribution is given by
Eq. (DI), the couplings J;; are i.i.d. random variables drawn from
the distribution ps(z) = (1/2)dz,1 + (1/2)0z,—1, p = 1.326 and
N = 2000. Markers denote averages of |y(t)|*> over five matrix
realizations and 20 initial conditions.
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