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We analytically determine the distribution of fixed points in a canonical model of a chaotic neural
network. This distribution reveals that fixed points and dynamics are confined to separate shells in
phase space. Furthermore, the distribution enables us to determine the eigenvalue spectra of the
Jacobian at the fixed points. Perhaps counter-intuitively, the velocity of the dynamics is strongly
correlated with the direction imposed by the nearest fixed point despite the spatial separation. We
propose that this influence of the fixed points is mediated by tangentially fixed lines.

Introduction.— Chaotic dynamics are well understood
in low dimensional systems but are notoriously challeng-
ing in high dimensions [1]. In low dimensions, the first
step in the analysis of a dynamical system is to deter-
mine its fixed points in phase space, for example the two
instable fixed points at the centers of the Lorenz attrac-
tor [2]. For high-dimensional nonlinear systems, merely
finding all fixed points rapidly becomes prohibitive [3].

Neural networks are high-dimensional nonlinear sys-
tems which can exhibit chaotic dynamics [4, 5]. Fur-
thermore, they operate outside equilibrium due to the
asymmetric coupling [6, 7]. We here consider a canoni-
cal model of a chaotic neural network [4]: N nonlinearly
connected units z;(t) receiving a constant external input
1; and obeying the dynamics

N
T; =—x; + ijgf)(l‘])-F’rh (1)
j=1
with nonlinear transfer function ¢(z) = tanh(z), in-
dependent and identically distributed (i.i.d.) coupling
weights J;; ~ N(0,9?/N), and iid. external inputs
n; ~N(0, D). Due to the directional nature of synapses,
the coupling weights are asymmetric.

The analytical approach of dynamical mean-field the-
ory [4, 8] led to a deep understanding of the dynamics
of the recurrent network model (1) at large N. Both
without [4, 9] and with [10] external input, the statistics
of the activity is well captured by a zero-mean Gaussian
process with self-consistent autocorrelation function and
the system is chaotic above a critical value of g = g, (with-
out external input g. = 1). Dynamical mean-field theory
has also been successfully applied to various extensions
of the model [11-20]. Furthermore, cross-correlations [21]
and the full Lyapunov spectrum have been investigated
recently [22].

In contrast to the dynamics, the phase space and the
fixed point structure received considerably less atten-
tion. The pioneering work [23] showed that for g =1 +¢,
0 < e « 1 and in the absence of external input, the phase
space contains a number of fixed points that grows ex-
ponentially with the size of the system N. Their finding

that the maximum Lyapunov exponent and the rate con-
trolling the exponential increase of fixed points to lead-
ing order in € coincide led the authors to hypothesize a
deep link between the abundance of fixed points and the
chaoticity of the dynamics. To investigate the relation
between the fixed points and the dynamics, a mandatory
first step is to establish the location of the fixed points.

Therefore, in this Letter, we first determine the spatial
distribution of the fixed points. On the technical level,
this requires to compute the expected zero-crossings of
a Gaussian process with location dependent, i.e., non-
homogeneous statistics. Afterwards, we compare the ge-
ometry of the fixed points with the geometry of the dy-
namics and show that both are confined to separate shells
in the phase space. Next, we leverage the distribution
of fixed points to investigate the stability of the local
dynamics at the fixed points. Finally, we propose a co-
herent framework that exposes the topological structure
connecting the two shells, thus explaining the influence
of the fixed points on the dynamics despite their spatial
separation.

Throughout the Letter, we assume that the network
is in the chaotic regime g > g. and that the number of
units N is sufficiently large to allow us focus on the lead-
ing order behavior, which we express by the abbreviated
notation a = e™¥? to denote limpy_ oo % Ina =b.

Spatial distribution of fived points.— From here on,
we use vector notation to write Eq. (1) as & = y(x)
where the velocity is given by y(x) = - + Jo(x) + .
Since the parameters J and m of the model are nor-
mally distributed, the velocity y(«) and the Jacobian
y'(x) = -1 + Jdiag[¢'(x)] are Gaussian processes; note
that both y(x) and y'(x) are non-homogeneous pro-
cesses. Due to the randomness of y(x), the location of
the fixed points y(x) = 0 is described by a distribution
p(x). This distribution counts how many fixed points are
on average within an infinitesimal volume in phase space.
We determine p(x) from the Kac-Rice formula [24-26]

p(a) = (6ly ()] |dety'(z)]); - (2)



The expected number of fixed points Ng, follows from the
normalization constant N, = [~ da p(2). The Jacobian
determinant |det y'()| in Eq. (2) ensures that every fixed
point contributes to the distribution with equal weight.
Eq. (2) is equivalent to a random matrix problem: Us-
ing Bayes’ law to condition on y(x) = 0, p(x) can be
rewritten into [27, A.1]

p(@) = pu(x) (jdet [M(2) + X B(@)]) .. .von-1) (3)

where the first factor pr(z) = N(x|0,x(x) + D) with
k(x) = % YN, #(x)? is the probability of the velocity
to be zero and the second factor is the expected determi-
nant of a random matrix with mean M(x) and covariance
3(z)TS(x) controlling for the fluctuations of the veloc-
ity process. Here, k(x) + D is the variance of the Gaus-
sian process y(x) and M(z), Z(x)TE(z) are the mean
and variance, respectively, of the Gaussian process y'(x)
conditioned on y(x) = 0. Extending the technique intro-
duced in [28], the determinant can be calculated; assum-
ing self-averaging and excluding singularities, it is given
by (|det [M(z) + X E(z)]|) = exp (N((z)) with [27, A.2]

N

Y[l +z.0%"(2:)"]  (4)

1
= ——Zz, + —
(@) =55 oy 2

where z, is the solution of

~ 1 N 92¢,($i)2
1_N;1+z*g2¢’(xi)2' (5)

To summarize, the IN-dimensional distribution of the
fixed points is p(x) = exp (- NS(z)) with

= &+ n{2n[k(x) + -((x
5(2) = gt +In 2els(e) + D} - (&) (0
where q(x) = %Zﬁ\; z? and ((z) is determined by

Eq. (4) and Eq. (5).

The fixed point distribution (6) has the symmetry of
a hypercube. Furthermore, the distribution depends on
the location in phase space x only through the scalar
fields ¢(x), k(x), and {(x). All three scalar fields are
collective variables which depend on x through network-
averages. This property enables us to express the fixed
point distribution as a functional p(x) = p[pe] of the
empirical measure

1 N
:Ufm(y) = N Zlé(y_sz (7)

i.e., the empirical distribution of vector components of
x. From the expected empirical measure at the fixed
points 1. (Y) = (1ta(Y)) g () 21l network-averaged expec-

tation values (% N f(xi))ww(w) = [ dyu.(y)f(y) can
be computed. The expected empirical measure is given,
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Figure 1. Quantitative characterization of fixed points. (a)
Distribution of vector components of fixed points (empirical
measure): theoretical result (solid line) based on Eq. (8) and
histogram (bars) averaged across 4 x 10* fixed points for a
single realization of the coupling weights. (b) Same as (a)
for a randomly chosen single fixed point. (¢) Empirical mea-
sure for different values of g. (d) Scaled squared distance to
the origin of fixed points (theory: red solid line; theoretical
finite-size standard deviation: yellow shading; numerical re-
sults: orange error bars) and dynamics (theory: blue solid
line; numerical integration: turquoise error bars). (e) Num-
ber of fixed points (topological complexity; solid lines: theory
based on Eq. (6); crosses: numerical results, see [27, E|; gray
dashed line: theory for g — 1%, D = 0 by [23]). (f) Tran-
sition to positive topological complexity (black dotted line)
and transition to chaos (black solid line) based on [10]. In the
regime (*) the phase space exhibits an exponential number of
fixed points but the dynamics are not chaotic. Parameters:
D = 0.1 for (a)—(d), g = 4 for (a) and (b), N = 100 for all
numerical results and the shading in (d).

for large N, by the saddle point that maximizes p[ ] in
function space and admits the form [27, B.1]

1 (y) o< 1+ agl (y)2e 357700 (8)

for which the parameters «, 8, and 7y are determined

by 1= g*((¢'(n)2+a) ' ),, B = (6(w)?), +D, and
v = % (6‘1(y2>#* - 1) where expectation values have to
be taken self-consistently with respect to the expected
empirical measure.

We compare the empirical measure Eq. (8) to the
distribution of vector components of numerically deter-
mined fixed points. For the numerical results, we fix
the realization of the random parameters and employ
a Levenberg-Marquart rootfinder starting from indepen-
dent normally distributed initial conditions until satura-



tion, i.e., until almost no new fixed points are found (see
[27, E]). We see in Fig. 1(a) that the theory Eq. (8) is
in excellent agreement with the empirical measure av-
eraged over all fixed points found numerically (see [27,
Fig. 2(a)] for further examples). Moreover, as shown in
Fig. 1(b), even single fixed points closely resemble the
expected empirical measure.

To quantify the latter observation, we show in [27, B.2]
that the probability distribution functional of the empir-
ical measures takes the form P[u] = exp(-NH[p]) with
an analytically determined rate functional H[p]. Put dif-
ferently, u obeys a large deviation principle [29, 30| with
rate functional H[p]; the minimum of the rate functional
is attained at the expected empirical measure u,. Since
P[] quantifies both the variability within a realization
of the parameters as well as across realizations [27, B.2],
akin to the law of total variance, deviations of p from g,
are rare for large N even at the level of individual fixed
points. Mismatches between p, and p, for a fixed point
x are thus finite size effects (see [27, Fig. 2(b)| for further
examples).

Geometry of fixed point distribution.— The expected
empirical measure p, provides insight into the geometry
of the fixed point distribution in phase space. First, the
sharp peak of i, in combination with its broad base im-
plies that the fixed points are posed in the vicinity of the
span of a subset of axes in phase space.

Next, we want to inspect the typical distance of fixed
points to the origin. The expected value of the scaled

T

squared distance g = %m x is given by

u*=fdyy2u*(y)- 9)

The distribution of the distance P(u) inherits the ex-
ponential form of P[u] because u is determined by the
empirical measure; formally, this is a consequence of the
contraction principle [29]. Thus, P(u) = ™ V(") where
the rate function is

I = inf Hlu]. 10
(u) #:ny}LI%y)dyw Lu] (10)

The rate function is again O(1); hence, in the limit
N > 1, the fluctuations of the distance vanish and we
conclude that the fixed points are distributed on a thin
spherical shell with radius /Nu.. In Fig. 1(d), we show
the average distance and fluctuations based on Eq. (10)
(see [27, C.1]) for N =100.

To put the fixed point’s distance to the origin into con-
text with the dynamics, we leverage the result from dy-
namic mean-field theory that the network-averaged vari-
ance [z (t)] = + YN, 2:(t)? is self-averaging for station-
ary statistics with fluctuations vanishing in the large N
limit both across time and across network realizations
[8, 20]. Hence, also the trajectory is embedded in a thin
shell around the origin, which is of radius v/Ng.
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Figure 2. Jacobian spectrum at fixed points. (a) Eigenvalues
(orange dots) of the Jacobian at five randomly chosen fixed
points. Every eigenvalue with positive real part (black dot-
ted line) corresponds to an unstable mode of the fixed point.
The support of the spectrum (black circle) is determined by
the spectral radius, Eq. (11). (b) Spectral radius; theory
(black line) and numerical results (pink errorbars). (c) Radial
tail distribution of eigenvalues; theory (black line) based on
Eq. (12) and histogram (orange bars) based on the eigenvalues
shown in (a). (d) Theory from (c) for varying g. Parameters:
N =100, g =3 in (a) and (c), D =0.1.

In Fig. 1(d), we compare the radii of both shells. We
note that, for all g > g., the fixed points shell is inside of
the trajectories shell. Furthermore, for N — oo, the over-
lap between the shells vanishes and thus the trajectory
is clearly separated from the fixed points in phase space.

Number of fized points.— A core result of [23] is that
without noise, D = 0, the system has a transition from
a single stable fixed point to an exponential number of
unstable fixed points Ny, = e“N at g, = 1. The respective
rate ¢, called the topological complexity in [23], is derived
in [27, C.2] and shown in Fig. 1(e). We see that the
critical gain parameter g. grows with D > 0; the corre-
sponding transition line is shown in Fig. 1(f). For D « 1,
the transition to an exponential number of fixed points
coincides with the transition to chaos. For larger noise
strengths D, however, a regime exists where the system
has an exponential number of fixed points yet the dy-
namics are not chaotic.

Stability of fixed points.— After studying the number
and location of fixed points in phase space, we now in-
vestigate the local dynamics in the vicinity of a fixed
point x*. Linearizing the dynamics, © = y'(x*)(x -
x*) + O[(z - *)?], shows that the eigenvalues (see
Fig. 2(a)) of the Jacobian at the fixed point y'(x*) de-
termine the local stability: Each eigenvalue with posi-
tive (negative) real part corresponds to an unstable (sta-
ble) eigendirection of the fixed point. The Jacobian can
be written as y'(x) = -1 + X diag[g¢'(x)] where again
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Figure 3. Impact of fixed points. (a) Distance to the near-
est fixed point (upper panel) and Pearson correlation between
y(x) and its linear predictor y'(x*)[z(t) - *] (lower panel,
brown line) while the trajectory x(t) goes from a fixed point
x* being the nearest one (scaled time = 0) until another one
is closer (scaled time = 1). Corresponding result using a ran-
domly chosen fixed point (lower panel, blue line). Shading
denotes standard deviation of the mean. (b) Projection of
the trajectory (green line), the fixed points (pink asterisks)
and the tangentially fixed lines (light pink lines) onto the
first two neurons with a subsequent rescaling at every time-
step / point such that the original norm is preserved in the
projection. Parameters: g =5, D =0, N = 100.

Xi; ~N(0,N'). The eigenvalue spectrum of such ran-
dom matrices can be computed with the method de-
veloped in [31] because diag[g¢’(x)] is invertible. For
large N, the eigenvalue distribution of y’(x) is centered
around -1 + 07 and confined within a circle of radius
R(z) = g/N-1¢/(z)T¢'(z). At a fixed point, the con-
traction principle attests a large deviation principle for
the spectral radius, with the expected value given by

R. =g\/[ dy &' (y)2p+ (y)- (11)

In Fig. 2, we see that this radius is always > 1 in the
chaotic phase, indicating that for large N all fixed points
are unstable.

Within the support, the distribution of eigenvalues is
isotropic around the center. We can hence express the
distribution by the fraction of eigenvalues further than r
from the center ng(r), i.e., the radial tail distribution.
It obeys, again, a large deviation principle dominated by
the solution n.(r) of

46/ W)
Foneewr 0

We present the solution in Fig. 2(c). Here, we observe
that, especially deep in the chaotic regime, the unstable
modes of fixed points are underrepresented as opposed to
a uniform spectrum.

Impact of fized points.— In [23], it is conjectured that
the dynamics can be understood as meandering around
the different fixed points, first following their stable di-
rections and then being repelled along their unstable di-
rections. The separation of fixed points and dynamics

1= fdyu*(y)

onto different shells in phase space seemingly contradicts
this hypothesis.

To investigate the relation between fixed points and
dynamics further, we compute the correlation of the ac-
tual velocity of the numerically integrated model with the
velocity predicted by the dynamics linearized around the
nearest fixed point. In Fig. 3(a), we observe that the ve-
locities are indeed strongly correlated, especially while
the trajectory moves towards the nearest fixed point.
How can such a strong correlation arise despite the spa-
tial separation of fixed points and dynamics? To un-
derstand this, we consider tangentially fixed points, i.e.,
points & where the velocity is purely radial y(x) «< «,
or, put differently,

xx”
|z

0=y(z) - —5y(x). (13)
These points also exist on the dynamics shell. Here, they
play the same role as usual fixed points since the dy-
namics’ radial component vanishes for NV > 1 due to the
self-averaging of the network-averaged variance q.

The true fixed points are also tangentially fixed with
vanishing radial velocity. Do the true fixed points corre-
spond to tangentially fixed points on the dynamics shell?
We start from a true fixed point and move outwards (in-
wards) into the unique direction where only the radial
velocity decreases (increases); all points along this path
thus have vanishing tangential velocity, so we term the
paths tangentially fived lines, see Fig. 3(b). These lines
can be computed using a Levenberg-Marquart rootfinder
to solve Eq. (13) while imposing the distance to the origin
|z| =r. In Fig. 3(b), we observe that most of these lines
intercept with the dynamical shell. Hence, for most true
fixed points we find a tangentially fixed point on the dy-
namics shell which potentially mediates the effect of the
fixed point and likely explains the correlation observed
in Fig. 3(a).

Discussion.— In this Letter we characterize the phase
space structure of a chaotic neural network using the
distribution of fixed points. The finding that the fixed
points are in a region separate from the dynamical at-
tractor led to the question whether the fixed points even
impact the dynamics. Numerically, the strong correla-
tion between the velocity and its linear predictor based
on the nearest fixed point shows that there is an im-
pact. We propose that the influence of the fixed points
is mediated by tangentially fixed lines, i.e., lines in phase
space along which the velocity is purely radial. From a
dynamical perspective the lines have an effect similar to
fixed points: their unstable directions scatter incoming
trajectories which results in chaotic dynamics.

In high-dimensional linear dynamical systems, May’s
pioneering stability analysis [32] enabled considerable in-
sights into the dynamics of ecosystems [33]. In the non-
linear case, the number of fixed points can be determined
if the velocity is generated by a homogeneous Gaussian



potential [34]; in this case, it is even possible to deter-
mine the number of minima of the potential [35-37] with
applications in deep learning [38, 39]. The non-potential
case has been addressed in [23] and [40]; in the former
work the analysis is restricted to g = 1+¢ while the latter
work investigates a velocity field based on a homogeneous
Gaussian field (for which it is possible to extend the anal-
ysis to the fraction of stable directions of fixed points
[41]). A particular non-homogeneous case with dynam-
ics constrained to a sphere has been solved in [42]. For
a recent review on stationary points of random fields see
[43]. Here, we go beyond the previous results by finding
the complete distribution of fixed points, which includes
their number, of the non-homogeneous random neural
network (1) for arbitrary g > g.. To this end, we extend
methods from random matrix theory [28, 31] to compute
the determinant of non-hermitian random matrices with
a correlation structure including low-rank terms. Our nu-
merical results show that the self-averaging assumption
is justified for the model (1), i.e., quenched and annealed
results coincide [44].

The results presented here pave the way towards a de-
tailed mechanistic understanding of the velocity field un-
derlying this fundamental model of a high dimensional
chaotic network. There are several directions for fur-
ther research: First, it would be interesting to extend the
analysis to more structured networks, e.g., in terms of low
rank perturbations [18], levels of symmetry [28, 45, 46|,
or population structure [13, 14, 20]. Second, we here
focused on the regions in phase space containing either
fixed points or ongoing dynamics. Going radially out-
wards from the unstable fixed point at the origin, is there
a transition in the characteristics of the velocity field be-
fore the fixed-point shell? In particular, where and how
do the tangentially fixed lines start? Third, the frustra-
tion created by the quenched rotation between the axes
system, singled out by the element-wise application of
the nonlinearity, and the eigensystem of the connectivity
creates the complexity of the phase space. What is the
geometric relation between the axes system and the dy-
namics on the chaotic attractor? Last, deep insights into
trained neural networks are possible with an analysis of
their phase space [47, 48]. Here, we analyzed the phase
space of a random reservoir which already allows univer-
sal computation if the readout is optimized [49]—more
generally, learning with chaotic networks is an exciting
direction of ongoing research [19, 50, 51] that might be
able to leverage the exponential number of fixed points
and the associated capability for sequence processing.
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A. Distribution of fixed points
1. Kac-Rice formula

Counting roots To find the distribution of fixed points we first need to establish how to count roots of a field y(x).
The number of roots in a volume V' is given by the Kac-Rice formula [1-3]

Np(V) = [ desly(@)]ldety/ ()] 1)

where [y'(z)];; = O;yi(x) is the Jacobian of the field y(x). The Dirac delta d [y(z)] hits at every root of y(x)
and the Jacobian determinant assures that every root contributes 1 to the total number of roots in Ny. The latter is
necessary due to the scaling property of the Dirac delta

h(x*)

oty (@) ®

[ dzily@]In@ - ¥

x*eV s.t.y(x*)=0

Fized point distribution Since the counting formula Eq. (1) holds for every Borel set V ¢ RY [3], the integrand in
Eq. (1) can be interpreted as a distribution of roots. On average over realizations J and 7, this distribution is

p(@) = (0 [y(@)]|det y' (z)]);,,, - (3)

Its norm Ny, = (pr(IRN)) = [p~ dep(x) is the expected total number of fixed points.



Joint distribution of velocity and Jacobian The expectation value in Eq. (3) can be simplified by transforming
from the realization parameters J and n to the velocity

y(x)=d = -z +Jp(z) +1 (4)
and Jacobian

y'(x) = -1 + Jdiag [¢'(z)] (5)
as random fields. Here, J;; "< N'(0,¢%/N) and 7; "*" A(0, D) where we use the notation x; =" A(a,b) to denote

that the random variables x; are independently and identically distributed (i.i.d.) by the Gaussian distribution with
mean a and variance b. The joint probability distribution of y(x) and y'(x) follows by computing their first moments

(yi(x)) = —2; = pi(x), ([y'(2)]k) = —0ir = [pi(x)]k, (6)

and second cumulants

({:(@) [y @)),)) = S 00()0' () = 8k (@i (([y/ @) [y'@)),0)) = 65005 o (00)? = 55K (@) ()

Since all higher cumulants vanish, the joint distribution of y and y’ is Gaussian. Furthermore, it factorizes into
velocity components y; and respective gradients (rows of the Jacobian) Vy; = y;. Hence, we can write the probability
distribution of y and y’ at each point & as p(y,y’) = [T, Pe (i, y}) with

vi)iid | (a(@)) (lr(@) + D] k()" | (8)
Yi pi(x) '\ k(z)  K(z)
A different formulation of the Kac-Rice formula [3, 4] gives the distribution of crossings of a Gaussian random process
(y,y") through y = 0 in terms of the joint probability as

p@) = [ dy paly=0.y") ldety]. ©)

Since the formulation in terms of the Dirac delta, Eq. (3), is self-explaining and Eq. (9) is harder to motivate from
scratch, we show their equivalence by explicit substitution from J and 0 to y and y’. Solving Eqs. (4) and (5) for J
and n yields

[37] )= [y ro (12 e Loy 1 o(a) | (10
The Jacobian of the substitution is
ot o [msteEn
D[y] [n]:[lﬂn DZn]: " deltjote)] (1
Yy Dym 1

where the columns of J are stacked to a vector to get the usual rule for substitution. Due to the upper right block
being zero, the lower left block does not contribute to the determinant. The integration in Eq. (3) can hence be
written

p(@) = (6 [y(2)]dety' ()., (12)
= [ d3dnp, () po(m) 3 [y(@)]|det y' () (13)

N N
= [ v iy |[T 56| 013 w0 (w91 dly(@)] ety (14)

where py(X) = I1;; N (Ji;10, 9°/N) and pp () = [T, N'(x]0, D) and N (alb,c) denotes the Gaussian distribution func-

tion with random variable a, mean value b and variance c.



By plugging Eq. (10) into the first part of the integrand in Eq. (14), one can see that

N N
[T 7)1 =TIV [yl (@) K@) (15)

with g, K as in Egs. (6) and (7). Equation (15) is the marginal distribution of the Jacobian vy’ since marginalizing
a Gaussian distribution does not alter diagonal cumulants. A similar procedure, and using the formula for the
conditional probability of a Gaussian [5, Appendix A2]

P (ily)) = N [wil i + K"K (y] - i) , 5+ D - kK"K k], (16)
allows to identify
[ dypo In(y. ¥ 8y (@)] = paly = Oly)) ()
Putting all together, we get
p(@) = [ dy'pa(y = Oy )pa(y') ety (18)
which, using Bayes’ law
P=(Y:Y') = p=(Y') p=(Yly") = P2 (y) p=(¥'ly), (19)

gives Eq. (9).
Condition on the level Using the rightmost dissection in Eq. (19), i.e. condition on the level y, is advantageous
since the level probability

1 __oTe
pL(®) =pa(y =0) = e @, (20)
27 [k(x) + D]

where k(z) = (¢2/N)¢(x)Té(x), can be taken out of the integral, i.e.
p(iE) = pL(w) <|det yl|)y’~pm(y’|y=0) . (21)

The level probability denotes the marginal probability of the field y(x) to be zero at a point . This alone is not the
fixed point distribution since the distribution of the Jacobian (think of it as the slope) controls how often the field
y(x) can cross the zero level when it is close to zero.

Jacobian distribution To compute the expected determinant in Eq. (21), we have to characterize the conditional
distribution pg(y'|y = 0) first. The conditional distribution of a Gaussian is again a Gaussian. Its moments are given
by [5, Appendix A2]

Pe(y'ly =0) = [[V [yi[Mi(z), C(=)] (22)
where the mean conditioned Jacobian is
2 !
o s graid(a)e ()
Mis(x) = =0 N  k(z)+D (23)

and each row y; has the same covariance matrix

i ¢ (20) ¢ (20)P(Tm) 9" (Tm)
N2 k(x)+D

o Ly
Cnm = 6nm Nd) (xn) (24)

It will prove useful to write the conditioned Jacobian in the compact form

Y (y=0)=M+XXZ (25)



with X;; ik N(0,1/N) and =7 = NC. To see this, lets verify that it has the correct moments (here we suppress
the dependency (y =0)):
/
(vij) = M
N
! / ! /
(yijykl) - (yz]> (Yrt) = Z Xin 2 XimXmi
n,m=1
JZV: 1 (26)
= — 05k Onm X Xmi
n,m=1 N !

1
= 5ikﬁ zn: S S = 0 Ci

Thus, as needed, the different rows are uncorrelated (d;5) and within a row the correlation structure is given by C.
The scaled square root ¥ of the covariance matrix

ST =NC = A1 -vv)A,

A = gdiag[¢'(x)], (27)
Vi = e ()
N(xk+ D)

can be computed by using
Vi-woT =1 vo’ (28)
—vvl =1 - ———,
1+V1-vTw

which can be checked for general vectors v. We find

S(x) = |1 - g o(z)p(x)" A(z)

Nﬁ(m)+D[l+W]

Concluding, the fixed point distribution can be expressed as

p() = pu(®) (det [M(@) + X B(@)]) st 0y (30)

Note that both M(xz) and X () consist of a sum of a diagonal and a rank one matrix.

2.  Determinant of a non-hermitian random matrix

We want to compute the expectation of the modulus determinant in Eq. (30), i.e. of the matrix
y'(x) = M(x) + XS(x), Xy 5" N(0,1/N). (31)
The determinant of a matrix is the product of its eigenvalues. For matrices of the form Eq. (31), but having complex

entries, it is known that the eigenvalue spectrum is self-averaging [6, Theorem 1.14].. Le., assuming self-averaging
also in our case where the entries are real, we can use

(@) = 1 In ety (@))) =~ In (ldet ' (2)] ). (32)

Determinant as Gaussian integral To compute ¢, we build on the approach by [7]. First, we use det AT = det A
and det(AB) = det A det B to rewrite Eq. (32) as

1 1
¢= _N1n<w/det(y’Ty’+5]l)> (3)




where we also added a diagonal matrix with (infinitesimal) strength & to avoid divergences. We note that y' Ty’ is

positive semi-definite, and thus y'Ty’ + €1 is positive definite, so we can use the Gaussian integral [ dz em37 Az 2
GmY to get
det A 0 ge
1 -1z ( T '+el)z 1
C:—Nln<[dze 22 Wy > §1n(27r). (34)

The exponent in the expectation value in Eq. (34) is at most quadratic in the random variables X;;. Hence, it can be
computed as a Gaussian integral and we arrive at

LTymT T
M Mz gln(l+%z ¥ ¥z2)

__=Tmime 1
C=——1nfdze BT + 5 In(2m). (35)

Collective variables We evaluate the integral in saddle point approximation. To this end, we introduce the collective
variables

1 1
m=—z M Mz, o=—2"2"%2 (36)
N N
Denoting all collective variables as 8, we arrive at
1 - n o
(=-% m[ 49 ¢~ Nladizy 5 In(1+0)] [ dze 3 25(0 - 0(2)) + = ln(27r)

We can interpret
p(6) = fdze’isz =5(0 - 6(2))

as the density of the transformed random variable 6 = 6(z) where z; Y (0,1/¢). The corresponding characteristic
function is

(6) = N/2 f dz e 357 #H070() _ cal
27r det(e1 - 2im+MTM - 2i5 - XTX)

such that we can write

p(6) = fd@ —N[i6T0-Q(6)]

(2 )?
with a scaled cumulant generating function Q(6) = +In®(N ) which is given by
~ 1 . T e 1
Q(0) = ———Indet(cl - 2irmM " M - 2i6X" X) + — Ine.
2N 2
Inserting p(0), we arrive at
1 - .
¢= —Nlnfdafde eNH©.6) L O(NTInN), (37)

1 ~ 1
=+ -In(1+0)+i070 + — Indet(cl - 2imM* M - 2i62TY). (38)
201+0) 2 N

Note that the terms containing ¢ or 27 cancel. Now, we would like to perform a saddle-point approximation to get
¢=H(0.,0,)+O(N'InN) where 6, and 0, minimize H(0,0).



Saddle-point approzimation The corresponding saddle-point equations are
m . 1 1+o0-m
(1+0)2 1+0 (1+0)2’

-2i0 =

— 2 = ,

l+o

~2im = %am Indet(el - 2imM™M - 2i62TYE),  -2i0 = %a& Indet(el - 2imM ™M - 2i6ETE).
To evaluate the derivatives, we use 9, Indet(zX +yY) = tr((zX +yY) ' X) to obtain
m = %tr[(a]l — 2imMTM - 2i52TE)‘1MTM], o= %tr[(a]l — 2imMTM - 2¢&2T2)-12T2]. (40)
We can combine Egs. (39) and (40) to
m= %tr[(eﬂ +(1+0) MM+ (1+0-m)(1+0)287s) ' M™M], (41)

o= %tr[(e]l +(1+0) MM+ (1+0-m)(1+0)28"s) ' 575, (42)

Putting it all together, we arrive at

ox(L+0,s—my)

TORTRE +%lndet[s(1+a*)]l+MTM+(1+U*—m*)(1+a*)’1§]T2]+(9(N’1lnN) (43)

(=

72({2;*) and i5,0, = —70*§%If;:$*) due to Eq. (39).

Diagonal case We first consider the case where M = -1 and ¥ = A = gdiag[¢'(x)], i.e., we neglect the rank 1
parts. As we will see later, this already yields the leading order contribution to the determinant.
The resulting saddle-point equations are

1 X 1 1

m=+y

1
i=1 €T 5 T (1+0)2

where we used im.m, = —

2
D
l+o-m )\3 ’ N 1 + l+o-m )\3 )

i=1 €% 705 (1+0)2

N
and the determinant is

_ N
_ox(lvou=m,) 1 Shnfe(l+0,) + 1+ (140, —m.)(1+0.) ' A2]+ O(N " I N).

T ve? TN

For € - 0, m,0 — oo is a possible solution to the saddle-point equations.
Assuming the diverging solution is the relevant one, the determinant simplifies to

(= —%(1— 7:)+ ngln[aa* #1+(1- :’:)AQ] +O(N"'In N).

The saddle-point equations determine ** and eo via

mo1g RS
o N&Seo+1+(1-2)A2 T NSeo+1+(1-2)N2

- €
which can be combined to (eo+1) 4t (1- 2) = 1. The latter equation leads to o = 0, thus the saddle-point equations
reduce further to
1 X 1 1 & A2
7:72 myy2’ 1:72 lm 2"
g Nizll‘f‘(l_;)Ai Ni:11+(1_?)>\7;

m
o

These two equations are equivalent; for convenience we choose the second and introduce z = 1 -2 which is determined

by

1 &N
1=— . 44
N z=21 1+ 2\ (44)
This equation needs to be solved numerically. In terms of the solution z,, the determinant follows from
1 1 & 2 -1
(=-=ze+ == >. In(1+2A)) + O(N"'InN). (45)
2 2N o

The result can numerically be shown to be equivalent to results based on the spectral density from Ahmadian et al.
[8].



Ezxact determinant Here, we compute the determinant for general matrices M, X to cover the case beyond the
diagonal approximation, including the rank 1 terms.
If we assume that m,o — oo is also in the general case the relevant solution, the determinant simplifies to

Mx

¢=—3(1

1( - ﬁlndet [50*]1 + MM+ (1- )ETE] +O(N"'InN).

[ Ox

The saddle-point equations for the relevant quantities are

m_ Jbtr[(ea]l +MTM + (1 - m)ETE)lMTM],

g g

1 m -1
1= Ntr[(ea]l + MM+ (1 - ;)ETE) ETE].

We can combine both equations to

Zr(-7)= ;{tr[(ea]l + MM+ (1- %)ETE)J(MTM +(1- ZL)ETE)]

which is fulfilled for eo = 0. For g0 = 0, the remaining saddle-point equations are equivalent; hence, we opt again for

the second one and introduce z =1 - which obeys

1 -1
1= Ntr[(MTM + zsz) ZTZ]. (46)
In terms of the solution z,, the determinant is given by

1 1
—3F o Indet(M™M + 2, ZT8) + O(N ' In N). (47)

¢=-3

Leading order determinant Equations (46) and (47) are exact. However, they require computing the trace and the
determinant of a matrix. To capture the N > 1 limit, we express the equations in terms of network sums Zﬁl fx;).
Here, we will also see that to leading order they correspond to the diagonal case above.

To this end, we first need an expression in terms of network sums of

et (MM +2,575). 9
We recall Eq. (23)
L COLACH)
Mij(@) = =0 N k(z)+D (49)
- (v o) (50)
where [k(x)]k = % é(2x)¢' (x1), and
@) - |1 o) ()T Ao

Nﬁ($)+D(1+\/1+H($)/D) (51)
A(z) = gdiag[¢'(z)].

Hence, the squares are

T 1 T T z'z T
MM=1+——|kx +xk” + ——kk" |, (52)
k+D k+D
and
1
Ty =N [K - kkT] 53
k+D (53)



where [K(.’B)]kl = (5]@1‘1]]\72(,25,(%]6)2.
Thus, we need the determinant of a matrix of the form

A=D+az" +xza” + bb" (54)

W}Dk, b=,/ (HﬁTD”“')z - gfﬁks =& Tz - (k+ D) Nz,a = \/9(z)a. Threefold

application of the matrix determinant lemma yields

where D = 1 + 2, NK is diagonal, a =

det A = (1+bT (D+aa:T+a:aT)_1b)>< (55)
x (1+:cT (D+ZBO,T)_1 a) (1+a™D'z)detD (56)
The inverse matrices can be computed with the Sherman Morrison formula

-1 A lupT A
Avurt) A - — 57
( ) 1+0vT A (57)
where A is an invertible square matrix and w and v are column vectors. Up to threefold application of the Sherman
Morrison formula and some simplifications lead to

(= tet LY [l 2g?0 ()] + I [(1+ B)2 +a(9-7)] (58)
2 N = ' N
where
.9 ()2 (2:)?
a(@) = [/-e(:n) + D] 2 N2 Z 1+ 2, g2¢’(gc )2 (59)
B(x) = k(@) + DN 51+ 2,02 ()2 (60)
N 22

=N 61
Note that o = O(N71), 8= O(1), and 7,9 = O(N). Hence, to leading order, Eq. (58) equals the diagonal approxi-
mation Eq. (45). This correspondence, however, only holds if the same is true for the defining Equation of z,, which
we show next.
The exact definition of z, is the solution of Eq. (46). Using the Sherman Morrison formula, we find

B laa™B!

-1
T T _n-1_
(MM +25"8) =B - S

(62)
where B =D +az® + za™. Hence, the right hand side of Eq. (46) is

1o [(B1 - Bla“TBl)sz:] (63)

N 91 +aTB la
i [B—lN(K — kkT)] Ll (=B Ta) B (64)
N k+D N9 1+a"™B la

where for the second line, we used the properties of the trace. Applying twice the Sherman-Morrison formula and
identifying the fields from above, the inverse of B is

_ _ -1 T_ v ,,T_ T T -1
B‘lzD‘l_D lpaTD ! _D (aw 3320 — 1} Bwaz +(1+B)2wa )D . (65)

1+6 1+ﬂ 1+6

We have a lot of contributions. The only full rank part however is

Lo 1§ g0

HTerigtmy O o



The other parts (rank 1 parts in the trace and scalar products to the right of Eq. (64)) yield scalar products that are
all O(N™1). To see this, we count each inner product that arises as a factor N, track the explicit appearances of N
and use the orders known for «, 8, and . Hence, the equation defining z., Eq. (46), is to leading order equivalent to
Eq. (44).

Lastly, we have to check that a O(N~1) correction to Eq. (44) only yields a O(N™!) correction to z, and furthermore
to ¢ in Eq. (45). To this end, assume that 20 solves the approximate Eq. (44). Adding a correction term of O(N~')
to the approximate defining Eq. (44) leads to a shift 22 — 20 + &, where § is the solution of

1= iiki?uouv-l) (67)
NS 1+ (20+06) N2
N )\4
— Z — L §=0(N")+0(5%) (68)

Nz (1+ZO)\2)

where we Taylor expanded around 6 = 0. Since the prefactor in front of § is O(1), we find that § = O(N7!) is
self-consistent. The change to ( is then

¢=-5 (= +5)+721n[1+(z +3)X] (69)
_ %g 2N;1n(1+z*)\2)+(’)(6) (70)

The leading order contribution to the scaled log determinant is hence indeed Eq. (45) with z, being the solution of
Eq. (44).

B. Empirical measure

So far we derived the distribution of fixed points p(x). In this Section we discuss the empirical measure

o) = 7 200y - ). ()

It is a function of y that is parameterized by the position . It contains all vector elements of @ but forgets about
their order. We want to understand the distribution of empirical measures when & ~ p(x). We will see that this
distribution (of distributions) is strongly peaked at the expected empirical measure

12 (Y) = (12 (Y)) gmp(a) - (72)

From the distribution of the empirical measure, the distribution of certain network-averaged quantities can be nicely
characterized. Particularly, the expectation of a network average is given by the expected empirical measure

N
(é;f(%ﬁ =/dyu*(y)f(y), (73)

z~p(x)

which can be seen by plugging in the definition. Similarly, we can also express k(x) as a functional of piz

w(@) = % 0@ 0(@) = g [ dypa(n)6(v)* = Klpa) (74)

Furthermore, we can express the log determinant ((x) by g
(@)= 3o (@) # 5o S+ 2 (2)g? (2" (75)
- —Sale] [ Ay () (1 + 2[5 (4)°) (76)

= ([pa] (77)
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where 2z, [z ] is the solution of

R 76 ()"
Zl+z* 929 (x;)? f yum(y)lwtz 929’ (y)? (78)

Summing up, the complete fixed point distribution can be expressed in terms of the empirical measure i,

p(x) = p[pz]- (79)

1. Expected empirical measure

In this Section, we compute the expected empirical measure p.(y) = {(z(y)) To this end, we follow the

method presented in [9] and [10]. We consider the characteristic functional

x~p(x)
where j(y) is an auxiliary external source field and j* i = [ dy j(y)pz(y) denotes a functional scalar product (this
notation will be implicit in the following). By (o) ) we mean average with respect to p(z)/ ( [ dzp(z)). We define

z~p(x)”

z~p(x)

x~p(x
the scaled cumulant generating functional as Wiy [j] = % In Z[Nj]. The expected empirical measure is the first Taylor
coefficient of Wiy

] .
ps(y) = ——Wnl[j] (81)
03 (y) i(y)=0
Plugging in the explicit result for the fixed point distribution, we have
1 1 .
Wnljl=—= 1n[ dx Sl _ ¢, (82)
N [2m (k[ ] + D)2
Sliw) =~ N + 1Y) 53
7 2(k[pz] + D) N i l,
= %ln/ dzp(x) = %lanp, (84)

where the expected number of fixed points Ny, is the norm of the fixed point distribution p(x). The rate c is known
as the topological complexity [11].

We want to evaluate the integral in Eq. (82). To this end, we introduce an auxiliary field p(y) that we use to
replace the z-dependent field p,(y). To ensure that this is still correct, we multiply the integrand by the functional

Dirac constraint 8[z — fig ] = imaseo [0 6 [1(yi) — pz(yi)] where {y1,...,yar} MZ% R is a discretization of the real
line. Then, we have to integrate over u(y) in a functional sense [ Dy = limpsoo [, Hf\fl du(y;) for the replacement
to be correct at every point in the x integration. Lastly, we replace the functional Dirac constraint by its Fourier
integral representation

6lu=tio] = [ Dpe N 0w

85
=fplue—1NM p+i DN lu(am) (85)
where
o M d" .
fi(y:)
Dii=N lim . (86)
f M—oo J-oo 111 2w
With the auxiliary fields p and fi, the a-integral in Eq. (82) formally factorizes
1 - o
-~ ln/ DuDji e iNAT NI Q. fid] _ . (87)
dx 22 PN
Qu, fi. 5] = f ey i )i, 88
AR e i ) )

Note that this factorization into identical integrals [ dx is only formal: The integrals are still coupled through their
common dependence on the fields p and f.
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Saddle point approzimation The exponent of the integrand in Eq. (87) is proportional to N. We are interested
in large networks where IV > 1. In this regime we can perform a saddle point approximation which yields to leading
order in N1

Wl) = =i ]+ 0 {5, el 33 — =
where
, Q2 _ OInQ
wlilw) = 55205 ] R TTO)) e [31, 70 [5] "

are the maxima of the exponent of the integrand in Eq. (87). With this, we can compute the expectation value of i,
in saddle point approximation: Evaluating Eq. (81) gives

_ 0@ {p.[0], . [0]. 5}
65 (y)

= 11:[0](v)

where we used Eqgs. (90) in the first step to eliminate the chain-rule derivatives and in the second step to identify the
result with p,[0]. Therefore, the derivative in Eq. (91) only acts on the explicit dependency of €2 on j.

Saddle point equations Next, to get the expected empirical measure, we discuss the solution of the saddle point
Equations (90) for j = 0.

The first saddle point Equation follows from straight forward differentiation

s (y)

=0 (91)

2
e m"‘dﬂ* J+ifis (y)

L(y) = . 92
N = ARSI 2

The second saddle point Equation

o - 1(‘99 Or[p] 3954[#1) (93)

)=\ on Su(y) ¢ duly)

ok s o

involves some chain rule derivatives. We need the derivative of &,

6k[p]
Sp(y)

and we need the derivative of ([u] as in Eq. (76). We find

5¢[p] _ 16z[u] 9°¢' (x)? 1 2 0082
ou(y) 2 6puy) (1 ) f deulE T, [1]g?¢' () ) Fy sz luls o) o

where the first part vanishes due to the definition of z., see Eq. (78).
Concluding, the saddle point equation for f is

P6(y)? ( (=),

=g*0(y)?, (94)

ifis(y) =

2(k[p«] + D) \ k[p«]+ D B 1) + %ln(l + 2. (11970 ()?). (96)

The expected empirical measure is determined by the simultaneous solution of Egs. (92) and (96). Combining them,
we find

y2
pe(y) = 27/ T+ ag! (y)2e 579" (97)

where

a=zlwld, 9=rlnleD, 7= L ("[“*] - 1) 98)
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(a) Empirical measure (b) Saddle point for D =0 (c) Saddle point for D = 0.5 (d) Topological complexity

3
g=1.5 —q 0.1

0.5 —g =2.5 10 K 2
—g =35 — z* x 10 — z* x 10 Q

—g =4.5 1

0.0 0 T T T ] 0.0 0

—-10 -5 0 5 10 2 3 4 5 1 3 5
g

Figure 1. Solution of the saddle point approximation. (a) Expected empirical measure Eq. (97) for D = 1073, (b) Saddle point
fields Eq. (100) for D = 0. (c) Same as (a), but D = 0.5. (d) Topological complexity Eq. (125) for several values of g and D.
The transition to a positive complexity shifts for increasing noise strength.

and Z normalizes the empirical measure. Here, g[p+] = <y2>y~u . The parametrized form of the empirical measure in
Eq. (97) allows to formulate the saddle point approximation in terms of the scalars z,, x and ¢g. The respective set

of Equations can be formulated in terms of standard Gauss integrals

37502 (321 a9 (VAR X0 (99)
k= g?\/2nB(r) 2L <¢>(\/6(/€)x)2\/1 + a(z*)gb’(\/ﬂ(ﬁ)x)zeV(”’q)¢(Wm)2> o (100)

FWB(R)2)?  (mays(/Emn? (101)
\/1+a(z*)¢’(m$)2 2~N(0,1)

where the norm Z in Eq. (97) can be written as

1=g¢*/2n8(k)Z27" (

Z:[dy 1+a¢’(y)26_%+7¢(y)2 (102)
- V2B (V14 a() o/ (B2 0o VA7) (103
z~N(0,1)

Equations (99), (100), and (101) can be solved efficiently by a damped iteration and using Gauss-Hermite quadrature

for the integrals due to the formulation in terms of standard Gaussians. They are equivalent to the compact equations

in the main text. The resulting saddle point fields and the expected empirical measure are shown in Fig. 1.
Furthermore, the expected empirical measure Eq. (97) is compared to numerical results (see Sec. E) in Fig. 2

2.  Fluctuations of the empirical measure

Here, we discuss some properties of the expected empirical measure.

Ezxpected empirical measure versus marginal distribution In the context of self-averaging variables one often wants
to know if certain distributions can be swapped when computing the expected value of the respective variable. In this
spirit, we here show that the expected empirical measure is not only the expected distribution of vector components
at a fixed point, but also the expected marginal distribution of one vector component across all fixed points. To see
this, consider the definition of the expected empirical measure

1
1) = ey | @ ) = D f dz p(x) 8z - ). (104)

Recall that due to the realization average, the fixed point distribution is symmetric under permutations of the neurons.
Hence, every part of the sum in Eq. (104) is equal and we can write

V) = s p(w,) [ dwp(@) s -) (105)

where instead of x1 any other neuron could be chosen, as well. Carrying out the integration over x;, we find the usual
expression for marginal distributions

1 N
s (y) = W[ (gdxi)P(y,$2,~~~79€N)~ (106)
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(a) Empirical measure averaged across fixed points
g=25D=00 g=3,D=00 g=4,D =00 g=5,D=00
0.4 - - -
N [— theory
S 0.2 ™ numerics i i | //k
0.0 T T T 1 T T T 1 T T T 1 T T T 1
g=25 D=01 g=3,D=0.1 g=4,D=0.1 g=5D=0.1
o j\\ | Jk | | /A\
=
0.0 T T T 1 T T T 1 T T T 1 T T T 1
g=25D=20 g=3,D=20 g=4,D =20 g=5D=20
—~ 0.2 . . .
&
) /\ A Jk
0.0 T T T 1 T T T 1 T T T 1 T T T 1
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xT xr
(b) Empirical measure of single fixed points at ¢ =5, D = 0.1
S o2 = = = =
< < = = <
0.0
—10 0 10 —-10 10 -—10 0 10 -—10 0 10 —-10 0 10
xT

Figure 2. Empirical measure for different parameters. (a) Numerical verification of Eq. (97) by averaging across all fixed point
found at saturation for a fixed realization (see Sec. E). (b) Same as (a), but using single fixed points instead of averaging
across all. We note that despite the low resolution due to numerical limitations, even single fixed points resemble the expected
empirical measure. This is discussed in Sec. B 2.

Origin of the variability in p(x)  So far we computed the expected empirical measure. In the next Section, we
estimate fluctuations of the empirical measure around the expected empirical measure. In order to interpret them
right, we here study the origin of these fluctuations. When considering the empirical measure of single fixed points in
a fixed realization, the fluctuations could be across fixed points within the realization. When considering the average
empirical measure over all fixed points in one realization, the fluctuations of this average could be across realizations.

We find that the fixed point density accounts for both, within- and across realization fluctuations. To see this we
derive the law of total variance. The variance of the empirical measure is

T(y) = 111<6ijT““”>
z~p(x)

(53'((532/)2 = ((um(y) - (uz(y))p(z))2>p(w) : (107)

Recall that the fixed point distribution is the realization average p(x) = (pyn(x));,. In that spirit, we can dissect
the total variance T' (by adding a zero term) into

T(y)=Ay) +(Win(¥));,, (108)

J=0

where

Ay) = <((Nm(y)>mm(m) - ((/"Lz(y)>pJ/1"/(z)>J,7n,)2) (109)

Jn
is the across realizations variance of the expected empirical measure and

Wan() = ((1e0) = 1= y0) ) (110)
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is the within realizations variance of the empirical measure. Equation (108) reflects the law of total variance.

We conclude that the variability we get from the fixed point distribution accounts for both — across- and within
realizations — variances. This means that the expected empirical measure is also the expected distribution of vector
components of every fixed point. We expect that for our case the within realizations part (Wy ) In strongly dominates
for both the empirical measure and the norm due to a self-averaging property in the sense that (G(x)) prm(@) ®
(G(®)) ,(z); proving this analytically would require to compute the joint density (ps5(x)pyn(2));, akin to the
computation of (me(w))Jm in Sec. A1 and show that it is very close to p(z)p(z).

Computing across-realization fluctuations numerically is resource-intensive because one has to find a representative
set of fixed points for several realizations to track the variability of the within-realization mean. Now even finding a
representative set for one realization is difficult for resource reasons, see Sec. E.

However, for the case of norms we can compare the rate function we compute in Sec. C1 with the distribution of
numerical fixed point norms in one realization. Here we find that most of the variability seems to be already within
the realization, see Fig. 3, underlying our claim that the across-variances part A is subdominant.

Rate function for the empirical measure In Fig. 2 we observe that the expected empirical measure is in excellent
agreement with the empirical measure averaged across fixed point of a fixed realization. We further observe that
even single fixed point’s empirical measures resemble the expected empirical measure. To understand this, we here
investigate the likeliness of deviations of the empirical measure from the expected empirical measure. In deriving the
saddle point Equations (92) and (96) we showed the differentiability of the scaled cumulant generating functional Eq.
(89). Due to the existence and the differentiability of the scaled cumulant generating functional, the Géartner-Ellis
theorem holds [10], [12, Sec. 5], stating that the empirical measure fulfills a large deviation principle: The family of
measures i converges to the expected measure u, as N — oo in the sense of distributions. One can also call this a
self-averaging property.

According to the Gértner-Ellis theorem, the probability distribution functional of all empirical measures at fixed
points is of the form P[u] = exp(-NH[u]), and the rate functional H[u] is the Legendre transform of the scaled
cumulant generating functional. It quantifies the probability of deviations of p from the minimum p, of the rate
functional. These are rare for large N since they are exponentially suppressed in probability.

In this Section, we compute the rate functional. Since the scaled cumulant generating functional is differentiable,
the Legendre transform is

Hlp] =il = Wi [54] (111)

where j4' is determined by the stationarity condition

u(y) = &;(y)WN[j] " (112)

Analogously to Eq. (91), we get
Sy e L T (iR )W)
Qu/27 (# [ [54]] + D)

where we introduced the short hand notation Q, = Q{p.[j4], i[j4], j¥}. Comparing with Eq. (91), we also see the
identity

e (113)

w(y) =

w(y) = p 341 (y) (114)

reflecting that u is canonically conjugate to j. Formally solving Eq. (113) for the appearance of j4 in the exponent,
and plugging into Eq. (111), yields

H[p] = Dr(ulv) - Wy [5¢] (115)

where Dxr(p1]p2) = (In[p1(z)/p2(2)]),, (,) is the Kullback-Leibler divergence between the probability distribution
functions p; and ps. As a functional of p; it is convex and has a single minimum at p; = po. The reference function
here is

y2 L~ "
e sorraTipy Ho ][54 1(y)

vv) = Q27 (k[u]+D) (116)
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A necessary condition for the expected measure i, is that it minimizes the rate functional

S| =i o (117)
5’u M=o

Indeed, since j = 0 maximizes Wi [j], namely Wx[0] = 0, the expected empirical measure determined through the
self consistent requirement of the Kullback-Leibler divergence is

2
e‘m%[/t]ﬂﬁ*[o](w

s (y) = D) (118)

in line with the saddle point Equation (92).

Equation (115) expresses that points p # u. are exponentially suppressed for two reasons: First, simply because
of the difference in terms of the Kullback-Leibler divergence. Second, because of a mismatch of the extremum of the
scaled cumulant generating functional.

C. Further observables

1. Distance distribution, separation of shells

Here, we ask about the distance d; = VE£Tx of fixed points to the origin. The expected distance is

d*=\/Nfdyu*(y)y2~ (119)

According to the contraction principle [10], the distance inherits the large deviation principle from the empirical
measure and thus, Eq. (119) is dominant for large N. Hence, the fixed points live on a thin shell of an N-dimensional
sphere of radius d.. The thickness of the spherical shell decays exponentially with N.

We want to compute the finite size fluctuations of the distance. To this end, we compute the rate function of the
squared scaled distance u = d*/N = [ dy u(y)y?. The contraction principle states that the rate function for u can be
derived from the rate functional for u

I(u)= inf H[p] (120)

T p=u
where v(y) = 2. The minimization is carried out using a Lagrange multiplier, hence we have to optimize
Ll A] = H[p] = X (u—-v"p) (121)

for both, A and p. Recalling the Legendre transform for H[u] = inf; (wTj - W[j]) in Eq. (111) and swapping the
optimizations, we have

5#?3/) [iuTj - (u - UT,u)] L0 (122)

which constraints the source term ij £ . Since v(y) = y? is a fixed function, inf; — infy. We have

I(u) = ir){f (A"v - W[-ixv])

= ir){f (Au—Wy[-iAv]) (123)

vT u=u
where we were able to explicitly plug in the condition vT = u. Thus, we have to solve

u= 2V[/j\;[—i/\v] =T [-iz] . (124)
o\

In practice, we solve this by computing p.[-iAv] in the same way as we computed p,[0] in Sec. B1 for a sequence

of values A\. Then, we check which u they correspond to using Eq. (124). Lastly, we plug into Eq. (123). In the main

text, we show the respective variances for D = 0.1 and several values of g. Here, in Fig. 3 we also show the whole

distribution for several parameters and compare it to the numerical results.
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Finite size distribution of the fixed point’s scaled squared distance u = N "'z Tx
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0 5 10 0 5 10 0 10 20 0 10 20 30
u u u u

Figure 3. Distance distribution. Using Eq. (123) and Eq. (124), we compute the distribution of the scaled squared distance for
several parameters (solid line) and compare it to the numerical findings (histograms) for fixed realizations of J and 7.

Deviations from numerical results Here, we discuss the deviations of the distance distribution derived as above
from the numerical findings using brute force fixed point finding, which can be observed in Fig. 3.

For low values of g, only few fixed points can be found due to only N =100 and ¢(g » 1) ~ 0 and Ny, = e“N. Hence,
the distance distribution relies on a low number of samples. In contrast, for the empirical measure, we have N times
more samples, since every vector component is a sample.

For high values of g, the system has many fixed points. So many that only a tiny subset of the complete number can
be found within reasonable time and we therefore have to stop the fixed point finding routine before saturation. Hence,
the resulting numerical distribution is strongly dependent on possible unknown biases of the Levenberg-Marquart fixed
point finder (possibly due to choice of initial values) to reach fixed points with certain properties more often than
others.

For intermediate values of g we should expect the best agreement, but also both effects from above might kick in.

2. Topological complexity

In this Section, we discuss the topological complexity. It was introduced by Wainrib and Touboul [11] to describe
the rate by which the expected number of fixed points grows with the number of neurons Ng, = e )N Wainrib and
Touboul proposed the topological complexity as a structural indicator of chaoticity, complementary to the maximum
Lyapunov exponent which they refer to as dynamical complexity.

By construction in Eq. (3), the expected number of fixed points is the norm of the fixed point distribution. We
therefore encountered the topological complexity in the scaled cumulant generating functional Wy in Eq. (84). We
get the topological complexity ¢ in saddle point approximation by the normalization of the scaled cumulant generating

functional Eq. (89) Wx[0] 20 as
C= —ifir pe + Qe fis ] (125)

Based on the results of Sec. B 1, the topological complexity is shown in Fig. 1(d). This result substantially deviates
from the result in [11] for g > 1, hence our methods extends range of validity, g =1 +¢€, 0 < € < 1 required in [11].
Critical g.— In the main text we discuss the transition from a system without fixed points to a positive topological
complexity ¢ > 0. The transition point is computed as the root of Eq. (125).
Next, in the main text, we show the transition line to chaos. The result presented there is based on the dynamic
mean-field computation in [13]. The case of quenched noise, as [13] puts it, which also we are interested in, slightly
differs from the white noise case. This is for two reasons: First, at infinity, the autocorrelation function does not
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drop to zero but remains positive. Second, the stability of the quenched-noise system is completely determined by
the Jacobian of the dynamics. Hence, the criterion for the transition to chaos is that of the spectral radius of the
Jacobian crossing unity

1= 0* (¢ (ao2)?) (126)

where z is standard normal. Here, ¢ is the equal-time autocorrelation, which follows from “energy conservation” in
the particle-in-a-potential analogy [13] as

1 1
- 5030 + 0% f3(Cooy C0) + Coo D = —50(2) + g% fo(co,co) + coD (127)

where f,(z,y) = ﬂDZlDZQU(\/y— %zl + %@)u(\/@zg) and Dz = dz\/%e‘fﬂ. Lastly, demanding a constant

autocorrelation ce at infinite timelag 7 = co gives
Coo = G° f5(Cons C0) + D. (128)

We solve Eqgs. (126), (127), and (128) with a damped fixed point iteration. This yields the critical coupling strength
g. at which the transition to chaos occurs, and which is shown in the main text.

3. Jacobian spectrum at fized points

Here, we want to characterize the spectrum of the Jacobian Eq. (5) at fixed points. The Jacobian reads

y'(x) = -1 + Jdiag[¢'(z)] (129)
where J;; N (0,g*/N). For random matrices of this type, it is known that the spectrum of eigenvalues is self-
averaging |6, Theorem 1.14|. Ahmadian et al. [8] provide a general framework for computing the spectrum of arbitrary
random matrices of the form M + LXR where X;; are i.i.d. with zero mean and variance 1/N. Since the identity
in Eq. (129) only contributes a shift of —1 of the eigenvalues of y’(x), we can use the method by Ahmadian et al.
for the simpler case M =0, £ =1, and R = gdiag[¢'(x)], where we pulled the factor g out of J explicitly to match
the notation by Ahmadian et al. The special case of random matrices with zero mean is described by Ahmadian et

al. starting from [8, Eq. (2.13)] for the support R(z) =/~ Y, 02 where o; are the singular values of LR, thus

the eigenvalues of A since A;j = §;;9¢'(x;) > 0. In terms of the distribution of XA(x), 0; = g¢’(x;) is the standard
deviation of the matrix elements in the ith column. Thus, we have the support

R(@) = g\ 0/ (2)T 9/ (@), (130)

Outside of this support, the spectral density vanishes. Within the support, the spectral density is isotropic around
the center at —1 + 07, which comes from the identity —1 that we pulled out. The spectral density

v(r) = —T;arnm(r) (131)

can hence be derived from the radial tail distribution, i.e. the proportion of eigenvalues further than r from the center,
ng(r) [8, Eq. (2.14)]. This is the fundamental theorem of calculus in polar coordinates. The proportion ng(r) is
given by [8, Eq. (2.15)]

L
-+

K3

1
— forr<R
1 oo () (132)

and ng(r) =0 forr>R

M=

1

Note that for the case of identically distributed columns (x; = z for all i), Eq. (132) can be solved n(r) = 1 -

2/ [9¢' (2)]?, hence v(r) = 1/ [xR(x)]? = const. w.r.t. 7, and reflects the circular law which states that the spectrum
of i.i.d. random matrices is uniform [6].
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We are, however, interested in the case where x; are different, namely sampled from the expected empirical measure
to give the expected spectral distribution of the Jacobian at fixed points. Since both the spectral radius and the
defining equation of n, depend on x through network sums Zf\il f(z;) only, both can be expressed in terms of the
empirical measure

R[um]=g\/f dy pa (y)9' (y)?, 1=fdyuw(y) = ! (133)

P e (1)

Consequently, their expected values are given by R[u.] and n,,(r) respectively. The latter is computed using a
bisection algorithm. The results are shown in the main text Fig. 2.

D. Correlation despite separation

In the main text we discuss the apparent contradiction that the dynamics’ velocity is strongly correlated with the
prediction by the nearest fixed point despite the separation of shells. Here, we give some more technical details on
this discussion.

1. Impact of fixed points

To measure the impact of fixed points we fix a realization of the connectivity J and the static noise . Then, we
use a high performance cluster, as outlined in Sec. E, to get a large fraction of the fixed points for that realization.
Next, we integrate the model for the same realization and ask at every time point along the trajectory x(t) which
one of the many fixed points is the closest. The distance |x(t) — x*|, where x* is closest at time ¢, is shown in the
main text (Fig. 3). At the same time, we compute the Pearson correlation

=] Y @)@ -2))
O = Ly =eOllly @) @) (134)

of the actual velocity and the one predicted by the nearest fixed point. To compare all these ‘drive-bys’, we normalize
the time T during which a certain fixed point is the closest to 1.

2. Tangentially fixed points and lines

To bridge the gap between the inner fixed point shell and the outer dynamics shell, we consider tangentially
fixed points. Tangentially fixed points are fixed points of an equivalent model, wherein the distance is constrained
[x(t)] L 7. The dynamics of the constraint model follows by subtracting the radial velocity xxTy(x)/|x|? from the
original model, yielding

. xTJo(x)
m:—TwJﬁ]gﬁ(w). (135)
Thus, tangentially fixed points are solutions of
T
Jo(x) = T 32@) 0 T Is() = 12 Te(). (136)

Tz
Since Eq. (136) is the eigenvalue equation of a rank 1 matrix, the solution is unique up to a scalar factor, Jop(x) =
(1+s)x.

For the tangentially fixed lines shown in the main text Fig. 3, we start with fixed points & and their exact distance
to the origin r = || (here, s =0). Then we incrementally change this distance - r + Ar and compute the solution
of Eq. (136) using the Levenberg-Marquart rootfinder initialized at the last known tangentially fixed point. Moving
to larger (smaller) radii r along the fixed line corresponds to building up a radial velocity towards (away from) the
origin. Towards the inside, all tangentially fixed lines stop; numerically this is detected by noting that no tangentially
fixed points can be found anymore in the vicinity and under the distance-constraint. Note that in the linear regime
of the phase space, tangentially fixed points cannot exist in exponential abundance anymore, hence tangentially fixed
lines have to end. Towards the outside, most fixed lines did not end within the interval of integration, some lines
however did in the same manner as towards the inside.
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Saturation of fixed point finder
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Figure 4. Saturation of the fixed point finder. For each number of unique fixed points (z-axis) we show the number of candidates
needed (y-axis, red solid line). The black dashed curve shows the fit to the function nc(nu) = p1 ((nu —p2)™® - p5"*). The
dashed vertical line denotes the pole position p2. It estimates the expected number of unique fixed points. Here, N = 100.

E. Numerical fixed point finding

To test the analytical results about the statistics of the fixed points, we compare them to statistics of large numbers
of fixed points obtained for specific realizations of the random connectivity J and noise 7 by brute force fixed point
finding.

To this end, we first sample J and 7 randomly using the variances g2/ N and D respectively. The number of neurons
is N =100 for all fixed point finding procedures.

Next, we employ a Levenberg-Marquart minimizer on the velocity field y(x) = -x + J¢(x) + n starting from
1.5 x 10% to 10 x 10° initial conditions sampled from a normal distribution of large variance. The exact number of
initial conditions is chosen such that the procedure, if possible, saturates, see below.

Since Levenberg-Marquart is a minimizer, we next sort out slow points, i.e., points at which the norm of the velocity
is locally minimal but not zero; for a point to be counted as fixed point, the norm of the velocity is required to be
<1075, We call the resulting list of fixed points candidates.

1. Saturation

Due to the large number of initial conditions, some fixed points are found repeatedly in the list of candidates.
Furthermore, fixed points with certain properties (e.g. a small norm) seem to be found more likely than others. To
remove this bias, resulting from the choice of the ensemble of initial conditions and from the mechanics of Levenberg-
Marquart, we use a high number of initial conditions and sort out duplicates.

To test whether the number of initial conditions is high enough, we monitor the saturation: Iterating through the
list of candidates, for each new unique fixed point found (say, number n,), we count the number n. of candidates
needed to find n, unique fixed points. At the beginning of the iteration, n. ~ n,, because almost every candidate
has been unknown before. Along the list of candidates, n. grows supra-linearly, as more and more candidates are
already contained in the list of unique fixed points and hence more candidates are needed to find a new unique fixed
point. When n. > ng, the procedure is saturated in the sense that a large fraction of the fixed points accessible to
Levenberg-Marquart seem to be found. The flow of the saturation n. is shown in Fig. 4.

Assuming a finite number of fixed points, we expect a pole in the function n.(n,) at the position of the (unknown)
complete number of unique fixed points n, = ps. A generic function for such a pole is (n, — p2) 3 where p3 > 0.
Setting the y-axis intercept to 0 requires subtracting p;”*. To allow for an arbitrary overall scale, we further multiply
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Figure 5. Norm saturation. Distribution of the scaled squared norm u = %w* x” of fixed points. The color denotes the number
of fixed points taken into account: The purple line denotes the distribution of a first batch of fixed points. The yellow line uses
all fixed points found. The dotted lines show the theory based on Eqgs. (123) and (124).

the function by p;. Hence, we fit the saturation flow to the function n.(n,) = p1 [(nu —pg)7Ps —pgm}, see Fig. 4.
With this, ps is the extrapolated estimate of the number of unique fixed points. This number is shown in the main
text in Fig. 1(e).

To understand the bias of the fixed point finder, we further show in Fig. 5 how the norm distribution of the fixed
points changes after acquiring more and more fixed points. Here, we observe that especially for poorly saturated
searches (e.g. g =5, D =0, see upper right panel in Fig. 4), the procedure finds fixed points with a small norm more
likely. Only by sorting out duplicates, the norm distribution shifts towards the expected distribution, however not
reaching it in time.
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