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Abstract

An emerging paradigm proposes that neural computations can be understood at the level of dynamical
systems that govern low-dimensional trajectories of collective neural activity. How the connectivity structure
of a network determines the emergent dynamical system however remains to be clarified. Here we consider a
novel class of models, Gaussian-mixture low-rank recurrent networks, in which the rank of the connectivity
matrix and the number of statistically-defined populations are independent hyper-parameters. We show
that the resulting collective dynamics form a dynamical system, where the rank sets the dimensionality and
the population structure shapes the dynamics. In particular, the collective dynamics can be described in
terms of a simplified effective circuit of interacting latent variables. While having a single, global population
strongly restricts the possible dynamics, we demonstrate that if the number of populations is large enough,
a rank R network can approximate any R-dimensional dynamical system.



1 Introduction

A newly emerging paradigm posits that neural computations rely on collective dynamics in the state-space
corresponding to the joint activity of all neurons in a network (Churchland and Shenoy, 2007; Rabinovich
et al., 2008; Buonomano and Maass, 2009; Saxena and Cunningham, 2019; Vyas et al., 2020). Experiments
in behaving animals have found that trajectories of neural activity are typically restricted to low-dimensional
manifolds in that space (Machens et al., 2010; Mante et al., 2013; Rigotti et al., 2013; Gao et al., 2015; Gallego
et al., 2018; Chaisangmongkon et al., 2017; Wang et al., 2018; Sohn et al., 2019), and can therefore be described
by a small number of collective, latent variables. It has been proposed that these collective variables form
dynamical systems that implement computations through their responses to inputs (Eliasmith and Anderson,
2003; Hennequin et al., 2014; Rajan et al., 2016; Remington et al., 2018a,b). How synaptic connectivity shapes
the effective dynamics of collective variables, and therefore computations, however remains to be clarified.

Recurrent neural networks (RNNs) trained to perform neuroscience tasks are an ideal model system to
address this question and further develop the theory of computations through dynamics (Sussillo et al., 2015;
Rajan et al., 2016; Barak, 2017; Wang et al., 2018; Yang et al., 2019). A recently introduced class of models,
low-rank RNNs, directly embodies the idea of low-dimensional collective dynamics, opens the door to relating
connectivity and dynamics, and provides a framework that unifies a number of specific RNN classes (Mas-
trogiuseppe and Ostojic, 2018). Low-rank RNNs rely on connectivity matrices that are restricted to be low
rank, which directly generate low-dimensional dynamics. The rank of the network determines the number of
collective variables needed to provide a full description of the collective dynamics. While previous works have
shown that other specific classes of RNNs can approximate arbitrary dynamical systems (Doya, 1993; Maass
et al., 2007), the range of collective dynamics that can be implemented by low-rank RNNs however remains to
be clarified.

In this work, we focus on low-rank RNNs in which neurons are organized in distinct populations that
correspond to clusters in the space of low-rank connectivity patterns. Each population is defined by its statistics
of connectivity, described by a multi-variate Gaussian distribution, so that the full network is specified by a
mixture of Gaussians. The total number of populations in the network is a hyper-parameter distinct from
the rank of connectivity. Previous works have considered low-rank networks consisting of a single, global
Gaussian population (Mastrogiuseppe and Ostojic, 2018, 2019; Schuessler et al., 2020a). In the opposite limit,
by increasing the number of populations, a Gaussian mixture model can approximate any arbitrary low-rank
connectivity distribution. Here we examine how the number of populations and their structure determine and
limit the resulting collective dynamics in the network.

We first derive three general properties of Gaussian-mixture low-rank networks: (i) in an autonomous network
of rank R, dynamics are characterized by R collective variables that form a dynamical system; (ii) the dynamics
are determined by an effective circuit description, where collective variables interact through gain-modulated
effective couplings; (iii) the resulting low-dimensional dynamics can approximate any arbitrary R-dimensional
dynamical system if the number of populations is large enough. We then proceed to illustrate how increasing
the number of populations in a network extends its dynamical range. For that, we specifically focus on fixed
points of the dynamics. While a network consisting of a single population can generate at most a pair of
stable fixed points, independently of its rank, we show that adding populations allow the network to implement
arbitrary numbers of stable fixed points embedded in a subspace determined by the rank of the connectivity
matrix. Finally, we propose a general algorithm to approximate a given R-dimensional dynamical system with
a multi-population network of rank R, and show one example network that is designed to implement complex
temporal dynamics.



2 Model class: Gaussian mixture low-rank networks

In this section, we introduce the class of models we study, and define the key underlying quantities.
We consider a recurrent neural network of N rate units. The dynamics of the input z; to the i-th unit are
given by
dl‘i
Tt

N
=z > Jigd () + I (2) (1)
j=1
where 7 corresponds to the membrane time constant, the matrix element J;; is the synaptic strength from unit
J to unit ¢ and I£* (t) is the external input received by the i-th unit. The non-linear function ¢ (x) maps the
input of a neuron to its firing rate activity. Throughout this study, we use the non-linear activation function
¢ (x) = tanh (), although the theoretical results in Section 3 hold for any non-polynomial activation function.
We restrict the connectivity matrix to be of low rank, i.e. the number of non-zero singular values of the
matrix J is R < N. Using singular value decomposition, any connectivity matrix of this type can be expressed
as the sum of R unit rank terms,

R
1
Jij = N Z mz(»r)ngr). (2)
r=1

The connectivity is therefore characterized by a set of R N-dimensional vectors, or connectivity patterns,

m® = {mgr)} N and n*) = {nl(-r)} N for = 1,..., R, where m®™ are the left singular vectors
i=1... i=1...

of the connectivity matrix, and n(*) correspond to the right singular vectors multiplied by the corresponding

singular values (see Fig. 1 A for an example of a rank-two connectivity matrix). The vectors m®) (resp. n())

for r =1,..., R are mutually orthogonal. Without loss of generality, we fix the norm of the left singular vectors

m® to be equal to N. This decomposition is unique, up to a change in sign of the set of vectors m® and n®.

The external input can be expressed as the sum of N;, time-varying terms
Nin
I (6) = Y1 us (0), (3)
s=1

which are fed into the network through a set of orthonormal input patterns I(®) = Ii(s)} for s =
i=1...N

1,...,N;,. In this study, we focus on the dynamics of autonomous networks or networks with a constant
external input.

Each neuron in the network is therefore characterized by its 2R + N;, components on the connectivity
patterns m®) and n®) and input patterns I®®). By analogy with factor analysis, we refer to these components
as pattern loadings, and denote the set of loadings for neuron i as

(7->} {(,r)} {]@} = (m..n.. L, 4
<{mZ r:l...R’ M r:l...R, ¢ s=1...Nin (m“ﬂwil)' ()

Each neuron can thus be represented as a point in the loading space of dimension 2R+ N;,,, and the connectivity
of the full network can therefore be described as a set of N points in this pattern loading space (see Fig. 1 B).

We assume that for each neuron, the set of pattern loadings is generated independently from a multi-variate
probability distribution P (m,n,I). We moreover restrict ourselves to a specific class of loading distributions,
mixtures of multi-variate Gaussians. This choice is motivated by the fact that Gaussian mixtures can approxi-
mate any arbitrary multi-variate distribution, afford a natural interpretation in terms of populations, and allow
for a mathematically tractable and transparent analysis of the dynamics as shown below.

In this Gaussian mixture model, each neuron is assigned to a population p with probability a,, p=1... P,
so that the connectivity matrix J is a block matrix. Within population p, the joint distribution P®) (m,n,I)is
a multivariate Gaussian defined by (i) its mean a‘P), a vector of dimension 2R + N, given by the set of means
of each pattern loading within population p

a(p) = (a’l(71;37"'7a’l(71;3?7a/$lp1)7'"7a£Lp}3‘7agf)7"'7a(Izl)\7)’in) ? (5)



and (ii) its covariance X(P), a matrix of dimension (2R + Nj,) x (2R + Nj,), whose elements are the pairwise
covariances
s = F [(m@) _ a;m) <y(p> _ a;m)} (6)

where E [-] indicates the expected value, and x and y represent any pair of connectivity or input components.
Within the loading space, each population therefore corresponds to a cluster centered at a(P), and of shape
specified by the connectivity matrix 25};} (see Fig. 1 B).

The geometrical arrangement between patterns is a key feature to understand the behavior of low-rank
networks (Mastrogiuseppe and Ostojic, 2018). The connectivity and input patterns are N-dimensional vectors.
To quantify the geometrical configuration between two patterns, we define the overlap, or normalized scalar
product:

O(xy) = %szyz (7)

where x and y are any two patterns in the set given by m®) n™ and I®. The overlap is the projection of
pattern x onto y, so that two patterns are orthogonal if and only if their overlap is zero.

An important property of rank- R matrices, such as the connectivity matrix J, is that their non-zero eigenval-
ues coincide with the eigenvalues of the overlap matrix J°” (Nakatsukasa, 2019) that is defined by the overlaps
between pairs of connectivity patterns:

J =0 (m(s), n(r)) , (8)

for r,s = 1,..., R. The eigenvalues of the connectivity matrix, and therefore of the overlap matrix, are an
essential property to understand the dynamics of low-rank networks, as we show in Section 4. It is often more
convenient to calculate the eigenspectrum of the overlap matrix J°, of size R x R, than of the connectivity
matrix J, of size N x N.

In a network with P populations, any pattern x of length N can be represented as a set of P sub-patterns
x(®) forp =1,..., P, where each sub-pattern has length ap N and includes the components of neurons belonging
to population p. Fig. 1 shows an example of a rank-two network with two populations, where the connectivity
patterns can be split into two different sub-patterns of equal size (green and purple). The overlap between two
patterns can then be expressed as a weighted average of the overlaps between sub-patterns:

0 (x,y) = zi): a0 (x(p), y(p)) . (9)

Even if the sub-patterns are not orthogonal to each other, i.e. the overlap between two sub-patterns is not
zero, the patterns can be orthogonal to each other when the sub-pattern overlaps cancel out. In the limit of
large networks, the overlap between two sub-patterns x®) and y(®) is given by the expected value over the
distribution of the loadings in the population:

0 (X<p>’y<p)> -E [x(my(p)} = aP)aP) 4 2. (10)

In order to define the overlap matrix in terms of the statistics of the different Gaussian populations, we
define the matrix
o®  — (11)

NypMg MgNy*

The matrix omy®) is a R x R whose entries contain the covariance between the connectivity patterns m®) and
the n™ in population p. We call this matrix omn® a (reduced) covariance matrix, in an abuse of notation,
because it is a subset of the covariance matrix X(?), and therefore it is not symmetric nor positive definite. For
example, for a rank-one network, oy, ?) is just a scalar, that can take any real value. For a rank-two network,
amn(p) is a 2 x 2 matrix, whose entries are given by the four covariances 07(,’{3,11, U,(f@?nz, a,(f;gnl, and Jfffgnz.
Using Egs. (9) and (10), we can characterize the overlap matrix J°V as a function of the statistics of the

connectivity sub-patterns:
P

T
7=y (a1 o). )

p=1



where aﬁlp) and asfl’) are R dimensional vectors whose entries correspond to the corresponding subset of elements
in a® (Fig. 1 C).

Similarly to the covariance matrix o,, that measures the correlations between connectivity patterns m)
and n*), we define the covariance oy between the connectivity patterns n(*) and the constant external input
I, as a vector of length R, where each component is defined as

O—’ELI:‘)I = E’ELZ?I (13)
forr=1,..., R. We assume that the input loadings and loadings of the left connectivity patterns are uncorre-

lated within each pattern, 0552 1=

A
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Figure 1: Low-rank connectivity with Gaussian populations. A The connectivity matrix J, rank-two in this
illustration, is decomposed into the sum of two rank-one terms given by the outer product of the connectivity patterns
m® and n(r), r = 1,2. The components of the connectivity patterns — the pattern loadings — are grouped into two
different sub-patterns (green and purple) with different population statistics. For visual purposes, the connectivity is
shown only for 12 neurons in each population, the first 12 neurons belong to population 1 and the last 12 neurons belong
to population 2. B Scatter plot of the distribution of pattern components in the four-dimensional loading space. Each
dot corresponds to one neuron, and each neuron is characterized by its four values on the patterns m® and n™, r = 1, 2.
The color indicates whether the neuron belongs to the first population (green) or the second population (purple). The
different populations are defined by different multivariate Gaussian statistics, means (white dots) and covariances (dashed
lines), and define separate clusters. Population size N = 200, o, = 0.5. C Overlap matrix given by the inner product
between connectivity patterns. The overlap matrix is a square matrix of size given by the rank of the connectivity, in
this case 2 x 2. Its eigenvalues coincide with the non-zero eigenvalues of the N x N connectivity matrix. The overlap
matrix can be expressed as a weighted sum over the overlaps of the different populations, as shown in Eq. (12).

3 Dynamics in Gaussian mixture low-rank networks

In this section, we present three key properties of dynamics in mixture of Gaussian low-rank networks: (i) in a
network of rank R, dynamics can be characterized by R collective variables that form a dynamical system; (ii)
for loadings drawn from Gaussian mixture distributions, the dynamics can be further described as an effective
circuit in which collective variables interact through gain-modulated effective couplings; (iii) with a sufficient
number of populations, the resulting low-dimensional dynamics can approximate an arbitrary R-dimensional
dynamical system.

Details of the derivations are provided in appendices A and B.



3.1 Low-dimensional dynamics

In recurrent networks with low-rank connectivity, the dynamics of the trajectories x (¢) are embedded in a linear
subspace of dimension R + Nj, spanned by the left singular vectors m*) and the external input patterns I(®),
and can therefore be expressed as

R Nin
x; () = Z /irmgr) + Z li[s]i(s). (14)
r=1 s=1

Here k, and kj, are collective variables that are obtained by projecting the activity x (¢) on the patterns m()
and I®) that we assume orthogonal to each other. Introducing the trajectory x (t) expressed in this new basis
into Eq. (1), the dynamics of the collective variables are then given by the following dynamical system:

Tdﬁ,. _
dt

—Kp + K. (15)

N; R
rec 1 T B s l
= E nE )(;5 (E Ii( )/ﬁs + E mg )I€l> . (16)

s=1 =1

We focus in the following on networks receiving a constant input, so that there is only one collective variable
k1 along the input dimension, the value of which is constant. The recurrent connectivity contributes to the
dynamics of x, through the term 7.

The dynamics of collective variables in Eq. (15) are valid for any finite-size low-rank network, without any
assumption on the values of pattern loadings. We next turn to networks where the pattern loadings are generated

from specific distributions.

3.2 Dynamics in multi-population networks

For low-rank networks in which pattern loadings are generated for each neuron from a Gaussian mixture distri-
bution, in the limit of large N the dynamics in Eq. (15) can be expressed in terms of the statistics of pattern
loadings over the populations, and become (see appendix A):

dk
il (17)
P R
e =30, laﬁﬁ? (6 (n?,200)) + (afi)m +3 00, ns> (¢/ (n0,a0) >] . (18)
p=1 s=1
Here 1® and A®) are the mean and variance of input to population p, given by
R
W = P, (19)
s=1
R
AP = o]+ oln (20)
r=1

In Eq. 18, we used the Gaussian integral notation:
(f (1, A)) = /dx (2m) 3 2 f (ot VAT). (21)

The Gaussian integral notation (f (u, A)) represents the expected value of the random variable obtained after
applying the function f to a random Gaussian variable characterized by mean p and variance A.



The factor <¢’ (u(p)7 A(p))> in Eq. (18) corresponds to the average gain of neurons in population p in a given
state, specified by the mean p(®) and variance A®) of the inputs to the population p. For each population, this
average gain multiplies the covariances J,(ffl)nr and o)

n.1» and the corresponding average over populations defines
an effective connectivity

Gy = gapogz> (¢f (n?,20)). (22)

The contributions of the first-order statistics aq(lpr) to the recurrent dynamics are modulated by the average firing

rate in population p, and define an effective input

i, = g%a?) <¢ (u‘p), A(p>)> . (23)

Introducing the effective connectivity and inputs into Eq. (17), the dynamics of a low-rank network with un-
correlated constant input take the simple form of an effective circuit of interacting collective variables:

R

= —KRyp + alnr + Z 6-77,7«1’711 K- (24)
=1

. dk,
dt

Note that Eq. (24) describes the full non-linear dynamics in the limit N' — oo. Although the collective variables
interact linearly through the effective connectivity and inputs, those depend implicitly on k.. The overall
dynamics are therefore non-linear, the non-linearity being fully encapsulated in the effective inputs and couplings.

3.3 Universal approximation of low-dimensional dynamical systems

By mapping the dynamics in Egs. (17) and (24) to a feed-forward network with a single hidden layer, and
exploiting the universal approximation theorem (Cybenko, 1989; Leshno et al., 1993), we can show that a
Gaussian mixture network of rank R receiving a constant input is a universal approximator of R-dimensional
dynamical systems (Appendix B). More precisely, for a sufficient number of populations, the low-rank dynamics
in Eq. (18) and (24) can approximate with arbitrary precision any R-dimensional dynamical system

dr
7 =G ), (25)
defined by a vector field
G{rrtm1 ) = (GL{kr}oy g) s Gr{Krhor ) (26)

over an arbitrary finite domain {s,},_; p € [£"", £"**]. More specifically, this result requires that the vector
field G is bounded and piecewise continuous, and the transfer function is not a polynomial (Appendix B).

As an alternative to approximating any vector field over a bounded domain, we show that if the transfer
function is bounded and monotonic, a rank-R network with multiple populations can approximate any vector
field G ({kr},_; g) over the full domain of the collective variables, {x,},_; g € [-00,400], with the restriction
that the vector field follows asymptotic leaky dynamics for large input values:

i 2 ) = &
for any values s,r, 7" =1,..., R, where G, represents the r-th component of the vector field as in Eq. (26), and

d;; is the Kronecker delta. This stems from the fact that for large values of &, the recurrent dynamics (Eq. 18)
saturate to a constant value.

Note that the universal approximation theorem does not state how many populations P are required to
implement a given dynamical system, and does not provide an algorithm for finding the statistics of the different
populations.



4 Dynamics in networks with a single population

Having shown that a rank R network with an arbitrary number of populations can approximate any R-
dimensional dynamical system, we now illustrate how having a small number of populations in contrast limits
the possible dynamics.

We focus first on the case of networks consisting of a single Gaussian population. For simplicity, we focus
on autonomous networks, with zero-mean connectivity patterns. Specifically, we show that, independently
of their rank, the range of dynamics such networks can implement is restricted. This case was previously
studied for connectivities that combined a rank-one or rank-two structure and a full-rank random component
(Mastrogiuseppe and Ostojic, 2018; Schuessler et al., 2020a). Here we provide an overview of those results,
and extend them to single-population networks of arbitrary rank. The fact that we focus on networks whose
connectivity is low-rank allows us to provide a deeper analysis of the dynamics.

In vectorial form, assuming zero-mean connectivity patterns, the collective dynamics in Eq. (17) for one

population read
dr

T =Rt (¢ (0,KTK)) Omnk, (28)
where we used the vector of collective variables k € RE, and the R x R covariance matrix o, as defined
in Eq. (11), which is equal to the overlap matrix (Eq. 12) in the case of zero-mean connectivity patterns. In
the following analysis, we show that the eigenvalues of the covariance matrix o,,,, which for N — oo are
identical to the eigenvalues of the connectivity matrix, determine the dynamics in collective space. Schuessler
et al. (2020a) performed a similar analysis for networks with random connectivity and rank-one and rank-two
perturbations.

Fixed points The fixed points of Eq. 28 are given by
ko = (¢ (0, K¢ Ko) ) Tmnko. (29)

For ¢(z) = tanh (), the trivial point ko = 0 is always a solution. There might however be non-trivial fixed
points depending on the eigenvalues of the covariance matrix o,,. The covariance matrix can have up to R
eigenvalues, that we denote \,., with associated eigenvectors u,.. Each real and non-degenerate eigenvalue A,
of the covariance o, generates a fixed point K',(()r) = pru,, where p, is the radial distance of the fixed point
along the direction set by the eigenvector u,. Introducing this parametrization of the fixed points in Eq. 29,
we obtain the following implicit equation for the value p,.:

1= (& (0.02)). (30)

The gain factor <¢’ (0, pf)> is bounded between 0 and 1 for the transfer function ¢ () = tanhz. Therefore,
eigenvalues A\, > 1 generate two non-trivial fixed points, symmetrically located around the origin (see Fig. 2
A-D, bottom row, for a rank-one example). Smaller eigenvalues do not generate any non-trivial fixed point
(Fig. 2 A-D, first row).

In order to determine the stability of the fixed points, we linearize the dynamics and obtain the Jacobian
S, at the fixed point corresponding to the eigenvalue A, of oy, (see appendix C)

S = T o+ (6" (0,57) Aoy, (31)
T
where I denotes the R x R identity matrix. The eigenvalues of S, determine the stability of the fixed points:
if any positive eigenvalue exists, the dynamics will diverge away from the fixed point in the direction of the
corresponding eigenvector of S,.. Negative eigenvalues correspond to attractive modes of the dynamics around
the fixed point. If all eigenvalues of the stability matrix are negative, the fixed point is stable.
When the eigenvectors of the matrix o, are orthogonal to each other (Fig. 3 A-D), the R eigenvalues of the
matrix S, denoted as v, for v/ = 1... R, can be calculated analytically: the eigenvalue 7, has an associated
eigenvector equal to the eigenvector u,. of the covariance matrix o,,, and reads

Ar

Yo =—1+ T, + <¢/” (07 Pz» ArpOrr. (32)



Remarkably, the eigenvalues of the Jacobian around any non-trivial fixed point are therefore directly determined
by the eigenvalues of connectivity and covariance matrices (Schuessler et al., 2020a). If ' = r, the two first
terms cancel out, and the third term is always negative (see appendix C). This implies that all non-trivial fixed
points are stable in the direction u,. that points towards the origin. However, if there are other non-trivial fixed
points corresponding to eigenvalues A, > A, of oy,p, the fixed point mér) is destabilized in the directions of
the eigenvectors with larger eigenvalues.

When the eigenvectors of o, are not orthogonal to each other, the eigenvectors of o, are not eigenvectors
of the linear stability matrix S,.. However, the eigenvalues of S, are still given by Eq. (32) (see Appendix D),
so that the same stability properties hold (see Appendix D): every fixed point is stable in the direction towards
the origin, and the fixed point in the direction given by the largest eigenvalue is stable, while the other ones
become unstable.

In summary, if all eigenvalues of the covariance matrix are real and non-degenerate, only the pair of non-
trivial fixed points corresponding to the largest eigenvalue is stable. All the other non-trivial fixed points of the
dynamics are saddle points. This implies that low-rank networks consisting of a single Gaussian population can
have at most two stable fixed points independently of their rank.
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Figure 2: Dynamics in rank-one networks with a single Gaussian population. A Scatter plot of the loadings of
left singular vectors mgr) and right singular vectors ng’"). Top: Covariance omn, indicated by the slope of the dashed line,
below the critical value for non-trivial fixed points (solid line). Bottom: Covariance 0., beyond the critical value. B
Dynamics of the activation variable z; () of ten units in the network for the two different networks initialized at random
values. The network with o, larger than 1 (bottom) converges to a heterogeneous fixed point, while the other one decays
to zero. C One dimensional dynamics corresponding to the right hand side of Eq. (28). Filled dots correspond to stable
fixed points. For a weak covariance between connectivity patterns (top), the trivial fixed point is the only fixed point.
For a strong covariance (bottom), the recurrent connectivity generates two non-trivial stable fixed points. D Evolution
of the collective variable x as a function of time in a finite-size network, defined as the projection of the activity x (¢)
onto the connectivity pattern m. Each curve corresponds to a different realization of the random connectivity matrix.
N = 1000, top row: 0,2 = 0.34, bottom row o,,2 = 1.52.

Limit cycles Complex eigenvalues of the covariance matrix oy, if they exist, always appear in conjugate
pairs. They lead to spiral dynamics around the origin, in the plane spanned by the real and imaginary part of
the corresponding eigenvectors. If the real part of the complex eigenvalues is smaller than unity, Re (A,) < 1,
the spiral dynamics decay back to the origin. Otherwise, if Re (\.) > 1, there is a limit cycle on the plane,
around the origin. Similarly to the case with only real eigenvalues of the covariance matrix, if the real part of
the complex eigenvalue is larger than the real part of any other eigenvalue of 0,5, any trajectory will converge



to the plane defined by the real and imaginary parts of the corresponding eigenvectors. On this plane, we then
find that the limit cycle is stable.
To illustrate this case, we consider a rank two network with a covariance matrix of the form

Crmn = (U _"“’) , (33)

0w o

which has eigenvalues o +io,,. Fig. 3 E-F shows an example of a network with such connectivity.

We can then write the equations for a rank-two network in polar form. Any state k = [k1, k2] in a rank-two
network can be mapped to the radial distance p and an orientation 6 using the mapping x; := pcosé and
kg = psind. The dynamics in Eq. (28) become

Tjit’ = ot p0 (¢ (0,%)) (34)
T 0 (8 (0.07). (35)

When the real part o of the eigenvalues is larger than one, the flow in the radial direction cancels at a value
po given by Eq. (30), which yields
ot = (¢ (0.:))- (36)

Based on Eq. (34), we observe that any perturbation in the plane away from the limit cycle makes the radial
component p go back to pg. The limit cycle is therefore stable, as shown in Fig. 3 G.
Introducing this result into Eq. (35), we obtain that the oscillations of the limit cycle are generated at a

frequency
Ow

wWrLc = pu . (37)

In this analysis, Eq. (37) is derived for the particular covariance matrix o, in Eq. (33), which is the sum
of an isotropic matrix (proportional to the identity) and an antisymmetric matrix. However, this equation is
valid more generally for any connectivity matrix with a pair of complex eigenvalues (see Appendix D). When
the covariance matrix is not antisymmetric but still has complex eigenvalues, the limit cycle is no longer a circle
but resembles an ellipse, while the frequency of oscillation is still given by Eq. (37).

Complex eigenvalues can be combined with real eigenvalues in networks with rank larger than two. The
same stability properties are kept: only the fixed point or the limit cycle generated by the eigenvector with
largest real part is stable. The unstable fixed points or limit cycles remain attractive within the dimensions
spanned by the corresponding eigenvector (see Figure 9 in Appendix D) for an example of a rank-three network
combining an unstable limit cycle and two stable fixed points).

Slow manifolds When the covariance matrix o,,, has degenerate eigenvalues, low-rank RNNs can lead to
other phenomena than discrete fixed points or limit cycles. As an example of degenerate eigenvalues, we study
the network dynamics when the covariance matrix o, is diagonal:

Omn = UmnI- (38)

This covariance matrix has one single real eigenvalue o,,,, which is degenerate, since it has R linearly indepen-
dent eigenvectors. Introducing the covariance matrix in Eq. (38) into the dynamics in Eq. (28) we obtain the
fixed point equation

ko = (¢ (0, ngno» Omnko- (39)

To solve the fixed point equation, as in the previous section, we use the ansatz Ko = pous,, where u,, is an
arbitrary unitary vector in collective space. Introducing the ansatz in the fixed point equation (Eq. 39), we
find that there is a non-trivial solution given implicitly by the scalar equation (¢’ (0,p3)) = o,,%, which is
independent of the particular direction u,,. Furthermore, we find that the fixed point is stable in the direction
Uk, Therefore, in the mean-field limit given by Eq. (28), this degenerate connectivity leads to a continuous
manifold of attractive states that are at an equal distant pg away from the origin. In the case of rank-two
connectivity, this degenerate covariance matrix leads to a stable ring attractor (Fig. 3 I-K), and in rank-R, to

a stable R-spherical attractor.
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In finite-size simulations, the sampling of random loadings introduces spurious correlations in the matrix
Omn, breaking the degeneracy of the eigenvalues. As a consequence, only a small number of points on the
continuous attractor predicted by the mean-field theory give rise to actual fixed points. While the rest of the
points on the predicted continuous attractor are not fixed points of the finite-size network, the dynamics around
them are typically slow. More specifically, any trajectory of activity quickly converges towards the predicted
continuous attractor, and then slowly evolves along it until it reaches a fixed point (Fig. 3 L) (Mastrogiuseppe and
Ostojic, 2018). In finite-size networks, the continuous attractor predicted by the mean-field analysis therefore
gives rise to a low-dimensional manifold in state space, along which the dynamics are slow.

When degenerate and non-degenerate real and complex eigenvalues are combined, the global stability appears
to be given by the criterion in Eq. (32): each eigenvalue generates its corresponding non-trivial dynamics (fixed
points, continuous attractors or limit cycle) independently. The stability of these dynamical phenomena depends
on the global eigenspectrum: the eigenvalues with the largest real part generate stable attractors, while the
other eigenvalues lead to repellers.

Summary In a low-rank network consisting of a single Gaussian population, the possible non-trivial steady
states are a pair of fixed points, a limit cycle, or a continuous attractor that gives rise to a small number of
fixed points in finite networks. On top of these limited range of stable solutions, increasing the rank leads to
additional unstable fixed points and limit cycles, that can potentially be used to control the dynamics, a point
we do not further explore here. We instead proceed to show that increasing the number of Gaussian populations
allows networks to implement a larger range of stable dynamics.

11
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Figure 3: Dynamics in rank-two networks with a single Gaussian population - Connectivity matrix with
real eigenvalues. A Scatter plot of the loadings of left singular vectors mgr) and right singular vectors ngr). B
Covariance matrix omn of the population (top), and its eigenvectors (bottom). C Vector field corresponding to the
mean-field dynamics in the plane k1 — k2 of collective variables (Eq. 28). The colormap represents the speed of the
dynamics, defined as the norm of vector ‘fl—f, in different points of the collective space. Two non-trivial fixed points are
generated in the direction of each eigenvector. Black dots correspond to stable fixed points, while white dots are unstable
or saddle points. The pair of fixed points corresponding to the largest eigenvalue is stable. D Finite-size simulations of
the dynamics. Three different connectivity realizations are shown from each initial condition. N = 1000. E-G Similar
to A-C for a network with complex eigenvalues (overlap matrix given by Eq. (33)). The network generates a limit cycle.
Grey curves in G correspond to trajectories from finite-size networks. The dots represent the final state after a fixed
time elapsed. H Frequency of the limit cycle for different values of the symmetric part of the connectivity o and fixed
imaginary part o, = 0.8. The dots show the numerically estimated frequency of oscillations in finite-size simulations
for five different network realizations. The line corresponds to Eq. (37). The triangle indicates the parameter o used
in E-G. I-L Similar to A-D for a network with degenerate eigenvalues: any vector in the plane spanned by vectors
m® and m® is an eigenvector of the connectivity. This symmetry leads to a continuous attractor in the mean-field
dynamics. In finite size simulations (two connectivity matrix realizations shown in L, in different shades of grey. Filled
points correspond to the stable fixed points) the continuous attractor corresponds to a slow manifold on which usually

two stable fixed points lie. Parameters: 02 = 1.24, 0n3 = 1.63.
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5 Dynamics in networks with multiple populations

As described in the previous section, a major limitation of rank-R networks consisting of a single Gaussian
population is that they cannot give rise to more than two stable fixed points, symmetrically arranged around
the origin. We next show that networks consisting of several Gaussian populations can exhibit a larger number
of stable fixed points. We specifically describe two different mechanisms by which multiple fixed points can be
generated and controlled, and show that classical Hopfield networks (Hopfield, 1982) correspond to a particular
limit of Gaussian-mixture low-rank networks.

Non-linear gain control The first mechanism for generating multiple fixed points is based on having several
populations that reach saturation in different regions of the collective space. The local dynamics in these
different regions are then controlled solely by the statistics of the non-saturated populations.

For concreteness, we consider a rank-one network consisting of two populations, defined by different statistics
of pattern loadings. Within population p, for p = 1,2, the joint distribution of n and m values over neurons is
specified by a 2 x 2 covariance matrix (). For simplicity we take the mean of the distribution to be zero. In
the two-dimensional loading space defined by m and n, the two populations correspond to different Gaussian
clusters, both centered at zero but with different shape and orientations (green and purple dots in Fig. 4 A).

The dynamics of the collective variable x in Eq. (24) read:

Td—/; = —K + OmnK, (40)

with the effective feedback &,,, defined as
1 1
Fonmn = 507(,1% <gz5’ (O7 ;-;2023» + 50%% <¢)’ (O7 /-i207(j3>> . (41)

This effective feedback 7,,,, is set by the average of covariances 07(%’,)1 for each population p, weighted by the gain

of the population. Low gain implies that the population is at a saturated state. The parameter 01(53 controls
the range at which a population saturates as the collective variable k increases. If the two populations have

different variances afsg, their gains will vary differently with x (Fig. 4 B). If moreover the different populations

have covariances U%)L of different signs, the total effective feedback will vary strongly at different ranges of x,

while this is not the case in networks with uniform populations or a single one. Therefore, by manipulating
the variance of the m connectivity pattern within each population, and the overlap between the left and right
connectivity patterns, it is possible to generate more flexible dynamics.

In particular, the network can have three stable fixed points: one at the origin, and a pair of symmetrical

non-trivial fixed points. First, the origin k = 0 is always a fixed point of dynamics in Eq. (40). The origin is

moreover a stable fixed point if the effective feedback at zero, which is given by % (07(7121 + 07(3%), is smaller than

1. Second, at large values of x the effective feedback G,,, should be positive to cancel the contribution of the
leaky term —x and generate a non-trivial fixed point. Therefore, one of the populations, which we define to
be the first one (p = 1), must have a strong negative overlap, ol <263 < 0. Given Eq. 41, this implies
that the gain of the positively correlated population two should be large, whereas the gain of the negatively
correlated population one should be close to zero. A small gain is achieved in the first population by having
a large value 022, so that the second condition reads 022 > 05}2.
network given by the mean-field equation and in finite-size networks.
More generally, with more than two populations this mechanism can be extended to produce a larger number
of stable fixed points in rank-one networks. The two key components of this mechanism are: (i) an independent
control of the gain of the different populations, so that the contribution of each population to the effective
feedback takes place in different ranges of the collective variable k; (ii) covariances aﬁ,f,)l of different signs, so
that the effective feedback can flexibly take both positive and negative values in different ranges of x. These
mechanisms can also be applied to networks with rank higher than one. In that case, the overlap between
loadings is given by a matrix 0'1(-521 instead of a scalar, while the gain of each population is a scalar value.
Populations with different covariance matrices and gains that vary at different ranges of the collective variables
are able to generate multiple fixed points in different regions of the collective space, or combinations between

stable limit cycles and stable fixed points (Dubreuil et al., 2020).

Fig. 4 C-D shows the dynamics of such a
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Figure 4: Non-linear gain control in rank-one networks with multiple populations. A Scatter plot between
the components of the connectivity patterns m; and n; in a rank-one network with two Gaussian populations, shown in
green (negatively correlated population) and purple (positively correlated population). B Average gain within the two
populations (green and purple lines) at different states of the collective variable . The green population (large variance
02;) saturates at values much closer to the origin than the purple population (low variance afj) ). Therefore, for large
values of k, the purple population has a stronger influence on the dynamics. C Mean-field dynamics generated by the
two-population statistics. Three stable fixed points (filled grey dots) emerge in the 1D recurrent dynamics. Close to the
origin ko, the fixed point is stable because the green population dominates, and it has a negative correlation Ufﬁ% < 0.
Therefore, the origin is stable. At values of k far from the origin, the purple population dominates, and it creates
non-trivial stable fixed points. D Dynamics of the collective variable x in a network with N = 1000 units, initiated at

different initial values. The dynamics converge to one of the three stable fixed points. Parameters: o) = —-10, o) =

45,0') =1.98,0%) =0.02, o) =59.5,0'% =1020, and a1 = a> = 0.5.

Symmetries in loading space A second mechanism for generating multiple fixed points is to exploit sym-
metries in the distribution of loadings P (m, n). Such a symmetry in the connectivity induces a symmetry in the
dynamics of the collective variables. In consequence, if a network generates one non-trivial stable fixed point,
additional stable fixed points appear at symmetric points in the collective space.

We focus here on networks where the overlap between the connectivity patterns is given by the non-zero
means of the loadings, which is complementary to the previous section where the connectivity patterns had
zero mean and the recurrent dynamics is determined by the covariances between the loadings. We introduce
a symmetry in the distribution of loadings by arranging the means of the loadings accordingly. Note however
that symmetrical distributions of loadings can also be generated in the zero-mean case.

As an illustration, we consider first a rank-two network, with units evenly split into P populations. In

each population, the loadings m(lp),mgp),ngp),ngp) have a different set of means a%i, a%)g, a%pl), agfg) and the
(p)

covariances opy,.n, are zero. The variance of the loadings, 0,,2 and 0,2, are identical in all populations. As a
consequence, different populations correspond to clusters of identical spherical shape, but centered at different
points in the four-dimensional loading space.

We specifically arrange the means of the different populations (centers of the different clusters) symmetrically
at the vertices of a regular polygon in the planes of loadings m; — mo and ny — ns:

2 2

aggz = Ry, cos (;p) ) a%; = Ry, sin (;p) ; (42)
2 2

aﬁf’l) = R, cos (?) ) a’l(’lpz) = Ry sin (?) ) (43)

where p is the population index, p = 1...P. The radial distance R,, is fixed so that the patterns m®) and
m(? have unit variance, while the free parameter R,, controls the overlap between the connectivity patterns.
Figure 5 A shows an example with six populations, P = 6. This distribution has a discrete rotational symmetry
of order P, since rotations of angle 27 /P in the planes m; — ng and my — n; leave the distribution unchanged.
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Using the mean-field description in Eq. (17), the dynamics of the two collective variables now read

T% =—K1+ = Za(p) < ( (p) K1+ a(p) Ko, 00, (K7 + /{2))> (44)

P s LS (o (e ol ) E

Given the symmetry in the distribution, if we identify one non-trivial stable fixed point, there will be at
least P — 1 other fixed points with the same stability. Focusing on the direction given by ko = 0, the velocity
in the ko direction, given by Eq. (45), is always zero due to the symmetry in the distribution. Therefore, we
obtain a fixed point equation for k; on the ko = 0 direction using Eq. (44):

1 < 27p 2mp ) o
-5 ZR” cos <P> <¢ (Rm cos <P) K1, Jmn1)> . (46)
p=1

The r.h.s. is a sum of P monotonically increasing bounded functions of ;. If the slope at the origin is larger
than one, then, the r.h.s. will intersect with the function x; at a non-trivial point. The slope of the r.h.s at the
origin, obtained by differentiating the r.h.s. with respect to k1 and evaluating at k1 = 0, is %Ran, so that a
condition for a non-trivial fixed point is

R,Ry, > 2. (47)

Because of the symmetry, if R,,,R,, > 2, there are at least P stable fixed points arranged symmetrically on a
circle (Fig. 5 A-C for a network with P = 6 populations, and Fig. 6 A-C for a network with P = 4 populations).
If the number of population pairs is odd, there are 2P stable fixed points symmetrically arranged on a circle,
because there is also a symmetry with respect to the origin, imposed by the symmetry in the transfer function.
Otherwise, if P is even, P stable fixed points are generated by the network.

Symmetrical arrangements of multiple populations can also be used in higher R-rank networks to obtain
multiple stable fixed points located on a R-dimensional sphere. For example, in rank-three networks, we consider
eight populations whose centers are arranged at the vertices of a cube. The centers of the eight populations in
the three-dimensional space of loadings m("), for r = 1,2, 3, correspond to the vertices of a cube with side 2R,,,
so that

( @ a®) o) ) = (£Rm, R, £Ry) . (48)
Populations p = 1, ..., 8 correspond to one of the eight different possible combinations of the sign. The variances

of the loadings, 0,,2 is identical in all populations. The value of R,, is fixed so that the norm of each connectivity
pattern m™) is N.
The centers of the n(") loadings follow the same configuration, at the vertices of a cube of side 2R,,:

(o). 08).al2)) = (R, R0, £Ry), (49)
where each population p correspond to the same combination of signs as for the m loadings, so that

bgn( <p)) _ bgn< (p)) ’ (50)

with the collective index r = 1,2,3 and the population index p = 1...8. The value R,, is, as in the previous
case, a free parameter that controls the overlap between connectivity patterns. This configuration is shown in
Fig. 6 D-E and G-H, for two different values of R,,. This distribution exhibits a cubic symmetry in the loading
space m1 — ms —mg and in space ny — ng — n3. Thus, if we identify a non-trivial fixed point, these symmetries
require the existence of symmetric solutions in the collective space. Inspecting the direction ko = k3 = 0 in the
dynamics, we obtain a criterion for having a non-trivial stable fixed point:

Za(”)< ( fﬁim,ofnmf)> (51)
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Eq. 51 has a non-trivial solution, which is always stable, if R, R,, > 1. When this solution exists, applying a
rotation of 7/2 in the m; — ms plane and in the m; — mg, it is possible to determine the other five stable fixed
points that are generated by the symmetry (Fig. 6 F). These stable fixed points are arranged in the collective
space at the vertices of an octahedron, the dual polyhedron of the cube (the dual of a polyhedron A is the
polyhedron B where the vertices of A correspond to the edges of B). Applying symmetry principles, the middle
point of each triangular face of the octahedron is also a fixed point. However, the stability of this fixed point
depends on the overlap R, R,,. If R, R,, is larger than one but low, these fixed points are saddle points (Fig. 6
F). Beyond a critical value of R, R,,, these fixed points become also stable. This second set of fixed points
consists of eight points arranged on a cube (Fig. 6 I, blue dots).

In general, any K-dimensional discrete symmetry in the loadings will generate a dynamical system with
stable fixed points on a K-dimensional sphere, arranged with the symmetry of the dual polytope. A regular
polytope is defined as the generalization of a regular polyhedron generalized to more than three dimensions.
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Figure 5: Discrete rotational symmetry in rank-two networks with multiple populations. A Scatter plot
between the components of the connectivity patterns in a rank-two network. The network consists of six populations,
with centers located on the vertices of a regular hexagon. The distribution is invariant to rotations of an angle 27/6 in
the mi1—n2 and ma—n; planes. B Mean-field dynamics of the network, the colormap represents the speed of the dynamics
Q@ (blue: slow dynamics, yellow: fast dynamics). The hexagonal symmetry in the loadings produces a solution with
hexagonal symmetry, with six stable fixed points (black dots) symmetrically arranged along a ring. Saddle points (white
dots) appear between the stable fixed points. F Trajectories of the collective variables in finite-size simulations, initiated
at different initial conditions. All trajectories converge to one of the six stable fixed points. Two different network
realizations are shown for each initial condition. Parameters: centers arranged as in Eqgs. (42) and (43) where p = 6 and
» = 1.5. Variance 0,2 = 0.2, equal in each population. Network size N = 1000.

Relation to Hopfield networks Classical Hopfield networks (Hopfield, 1982) storing R < N patterns can
be seen as a particular limit of Gaussian-mixture low-rank networks, where multiple stable fixed points are
generated based on symmetries in the connectivity. A Hopfield network is designed to store R binary patterns
mz(-r) = +m, where for every neuron the sign of the entry in each pattern generated randomly, and m is a scalar
parameter. A Hopfield network storing these R patterns is defined as a recurrent network with connectivity

matrix

R
Jij opfield _ Z mgr)mgr) (52)
r=1
Such a configuration corresponds to a specific type of low-rank matrix, and can be mapped onto Gaussian-
mixture low-rank networks. A first specific property of Hopfield networks (Eq. 52) is that the connectivity is
symmetric, so that the left and right connectivity patterns are proportional to each other

m® = n® (53)
where ¢ is a positive constant. A second specific property is that the loadings of the patterns m®) and n(*), for

r=1,..., R, are binary and of equal sign, so that each neuron is characterized by 2R loadings that can only
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differ from each other in their signs. Therefore, each neuron in a Hopfield network belongs to one of the 2%
sign combinations allowed. In terms of the low-rank framework, Hopfield networks can therefore be described
as low-rank networks with 2% deterministic populations, which have means

(a,gg{,--- ,a,gg;) = Ry (£1,...,+1), (54)
(ag?,--- ,agg;;) =R, (£1,...,41), (55)
sgn (asfl’?‘) = sgn (asf’r)) , (56)

and where there is no dispersion around the mean of each population, so that crﬁ,f) = or,(lp ) =0.
A rank-two network with four populations P = 4 —characterized by Eq. (42), see Fig. 6 A-C,— is therefore

equivalent to a two-pattern Hopfield network in the limit of no dispersion around the mean of each cluster,

afsg = 0. In this limit, saddle points are located at the midpoints between neighbouring stable fixed points. In

(p)

the more general rank-two networks in Eq. (42) where o, 5

> 0, the saddle points between stable fixed points

move further away from the origin (such as in Fig. 6 B, where 07(5 3 = 0.3), but the four stable fixed points
remain on the vertices of a square along the axes k1 = 0 and ko = 0. In the limit of very large 07(52‘ the saddle
points between stable fixed points approach the circle that circumscribes the stable fixed points.

The rank-three network presented in Eqgs. (49) and (50) also becomes a classical Hopfield network in the

limit of 055; — 0. Allowing for values aff; 3 > 0, as illustrated in Fig. 6 D and G, does not change the number of

fixed points generated by the Hopfield network nor their direction in collective space. These networks generate
pairs of stable fixed points along the directions m™, m®) and m®. When R,,R, is large, additional fixed
points become stable along directions +m) + m(? + m®). These additional fixed points correspond to well
known spurious mixture states in Hopfield networks (Amit et al., 1987).
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Figure 6: Dynamics in rank-R networks with discrete symmetry in multiple populations: Hopfield net-
works. A Scatter plot between the entries of left singular vectors m; and right singular vectors n; in a rank-two network
with four populations following Egs. (42) and (43), with P = 2, R, = 2.3 and on2 = 0.5. B Corresponding mean-field
dynamics. The colormap represents the speed of the dynamics, defined as the norm of vector ‘il—': (blue: slow dynamics,
yellow: fast dynamics). Four stable fixed points emerge, arranged in a square. C Trajectories starting at different initial
conditions in a finite-size network. Each initial condition shows trajectories for two network realizations. D Analogous to
A in a rank-three network with loadings arranged as in Egs. 48 and 49. E The populations are arranged at the vertices
of a cube in loading space. R,, = 2.1. F Dynamics of the collective variables. Six stable fixed points (grey dots) emerge,
arranged at the vertices of a dodecahedron (dual polygon of the cube, highlighted in red for visual purposes). Grey lines
correspond to the trajectories of finite-size networks, initialized at different points in state-space. G-I Same as in D-F,
but for a network whose populations have larger mean values, R,, = 7. For such large values, spurious fixed points that
are proportional to the combinations of the three stored patterns (£mi + m2 + mg3,) also become stable. Therefore,
apart from the six fixed points in a octahedron (red polygon), eight other spurious fixed points appear arranged in a
cube (blue polygon). Network size N = 1000.
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6 Approximating dynamical systems with Gaussian-mixture low-
rank networks

In the previous section, we focused on generating multiple fixed points in an autonomous network by means of a
few Gaussian populations in the connectivity. More generally, as shown in Section 2.3, multi-population rank-R
networks can approximate any R-dimensional dynamical system. In this section, we propose an algorithm for
that purpose.

Previous works have developed algorithms for training recurrent networks to implement given dynamics that

effectively used low-rank connectivity (Eliasmith and Anderson, 2003; Rivkind and Barak, 2017; Pollock and
(r)

Jazayeri, 2019). These methods rely on tuning the loadings n; ’ of individual neurons, given fixed external

inputs Ii(s) and connectivity loadings mgr). Here we focus instead on networks based on mixtures of Gaussian
populations, in which the couplings between individual neurons are not precisely set, but instead sampled from
a distribution. We extend previous methods to find the first and second order moments of multiple Gaussian
populations that approximate a given dynamical system.

Our goal is to approximate the R-dimensional dynamics specified by a vector field G (k):

dK
i G(R). (57)

Our algorithm proceeds as follows. We first fix the number of Gaussian populations in the network and
the fraction of neurons included in each population, a,,. Depending on the complexity of the target dynamics

and the required accuracy, a smaller or larger number of populations is required. Second, we set the mean

and variance of the m™) vectors in each population, aﬁ}i} and 07(752,

external input, a(Ip ) and a%). We randomly assign these parameters randomly according to a certain probability

distribution. Finally, we determine the statistics of the n*) vectors, the only unknown in the network, using
linear regression.

We define a number of set points {kj},_; , on which we impose that the effective flow in the low-rank network
given by Eq. (17) be equal to the target vector field

together with the mean and variance of the

G (ki) = —rii + iap (a® (& (1 (m1), AP (50)) ) + o Bhmac (o (1 (1), AP (50)) )) - (58)

These k = 1... K set points should be relevant points of the vector field G (k); they can be fixed points, but can
also be chosen within a grid in collective space or based on sampled trajectories of the target system (Eq. 57).
For simplicity, in Eq. (58) we are considering that the input pattern I is orthogonal to the connectivity patterns
n™) . It is straight-forward to extend the algorithm to account for non-zero values of the parameters On,I-
Note that u® and A®) depend on the statistics of patterns I and m®) that are fixed (see Eq. (19)), but
not on a%pr) and J,(fl’zm which we aim to determine. Eq. (58) can therefore be written as a linear system of the

form
G=w'xX (59)

where, for each individual set point, G is a vector of length R, G = G (ki) + Kk, the vector

X — [aglll)7 o aglllz’ Ume’ . Ufian, . 07(123711’ . Jginw .. a%}f) . U,(,ian (60)
has length R (R + 1) P and the corresponding matrix W of size R(R + 1) P x R. For the K set points kj on
which we want to approximate the dynamics, we concatenate the vector G and matrix W of each point, so that

they will be of size R+ K and R- K x (R(R + 1) P) respectively.
The unknown values of vector X can now be obtained by standard linear regression as

X = (WWT)_l WG. (61)

Often, it is convenient to regularize the regression algorithm to avoid the entries of X being exceedingly large,
at the cost of increasing the error in the approximation of the dynamics. Solutions with very large values of
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X are less robust, because they produce stronger finite-size effects when sampling from the found mixture of
Gaussians, potentially affecting the stability of the solution. One standard possibility amongst many is to use
ridge regression to find the unknown values

X = (WWT + fPI) “wa (62)

where 3 is the ridge parameter that controls the amount of regularization.

The number of populations, the level of regularization, together with the distributions chosen to fix the mean
() () _(p) (p)

and covariance values am,, 0,5, ay~ and op,’ are hyperparameters of the algorithm. These hyperparameters
can be tuned progressively by }unning several iterations of the algorithm. For example, a possible goal is to
search for the the minimal number of populations required for approximating a given dynamical system within
some accuracy limits. In general, we observe empirically that the distribution underlying the fixed parameters
does not play a crucial role in the accuracy of the algorithm, as long as they span a wide range of values.

To illustrate the algorithm, we use a rank-two network to approximate a Van der Pol oscillator. The Van
der Pol oscillator is a two-dimensional non-linear dynamical system that generates non-harmonic oscillations.
It is defined as

dx

%zy (63)
%:u(l—:ﬂ)y—x (64)

where 4 is a scalar parameter that controls the strength of the non-linearity. For this example, we set u =1

(Fig. 7 A). Secondly, we determine the statistics of the left connectivity patterns and the external input,

(p) (p)
I

by drawing random values for the mean values in each population a;’ and a, from a zero-mean uniform

(p)

m3
points, we use a K = 30 x 30 grid for values x and y ranging between -3 and 3 (red square, Fig. 7 A).

We first analyze the performance of the algorithm as a function of the number of populations, for two different
levels of regularization. We find that regularization is necessary to avoid diverging values of the parameters
in X (Fig. 7 B, black vs red curve). This is due to the fact that the matrix WW™T is close to singular, so
that its inverse reaches very high values. Interestingly, the error in the approximation increases only slightly
with a strong level of regularization (Fig. 7 C). As the number of populations is increased, the error in the
approximation for all levels of regularization monotonically decreases.

The algorithm is based on the mean-field description in Eq.(58), which holds in the limit of very large
number of neurons per population. We next study whether the obtained mean-field networks describe well the
dynamics in networks with a finite number of neurons per population. We therefore sampled the connectivity
and input loadings from the multivariate Gaussian distribution that characterizes each population. For that
purpose, it is necessary to set the variances of the right connectivity patterns Jg;),
the mean field dynamics. As a general approach, we set those variances parameteré to be as low as possible,
but high enough so that the correlation matrix of the multivariate Gaussian distribution is positive-definite.
Sampling a finite number of values from the distribution introduces deviations in the sampled mean and sampled
covariance matrix that introduce additional finite-size errors in the approximated dynamics. We find that when
the parameters obtained in X reach very large values, the approximation error in networks with N = 2000 per
population is very large (Fig. 7 D, black curve). However, when the algorithm is constrained by a strong level
of regularization, the finite-size error remain approximately constant as the population size increases (Fig. 7 D,
red curve).

We then show the approximated dynamics for two different number of populations, P = 15 (Fig. 7 E-F) and
P = 35 (Fig. 7 G-H), in the regularized case. Fifteen populations are enough to obtain a limit cycle with similar
features to the Van der Pol oscillator, although there are deviations in the shape and frequency of oscillation
(Fig. 7 E). The finite-size effects remain small, so that the dynamics of a simulated network resemble the mean-
field approximation (Fig. 7 F). For a larger number of populations, the mean-field approximation increases
considerably the accuracy (Fig. 7 G). However, finite-size effects increase with the number of populations, when
the number of units per population is kept constant, so that the approximation error in finite-size simulations
is not necessarily reduced (Fig. 7 H).

distribution, and the variances o5 and 0512)) from an exponential distribution, all values of order one. As set

which do not influence
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This algorithm can be applied to generate any given dynamics in collective space within a finite domain.
Beyond this finite domain sampled through the chosen set points, if the target vector field does not follow the
required asymptotic behavior (Eq. 27), as it is the case for the Van der Pol oscillator, the network will not
extrapolate to the target dynamics (region outside square |k1, k2| > 3 in Fig. 7 E-H, left). However, in practice,
it may produce qualitatively similar dynamics: in the example of the Van der Pol oscillator, if the network is
initialized at a point outside the limit cycle, the resulting trajectories still converge to the limit cycle.
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Figure 7: Approximation of a Van der Pol oscillation with multiple-population low-rank networks. A
Dynamics of a Van der Pol oscillator (u = 1). The red square indicates the boundaries of the grid used to approximate
the dynamical system. B Variance of the obtained parameters X for two different levels of regularization 8 (Eq. 62.
The variance grows extremely fast as the number of populations P is increased in non-regularized networks. Error bars
represent the standard error of the mean (SEM) with 50 realizations. C Average approximation error by the mean-field
description as a function of the number of populations. The error is measured as the average deviation from the target
vector field, assessed at the grid points used for training the algorithm. D Average approximation error by a finite-size
network, with N = 2000 units per population. The finite-size error quickly grows with no regularization. E Mean-field
approximation with P = 15 populations. Left: dynamical landscape. The red curve corresponds to a trajectory initiated
at state (1,1). In black, the corresponding trajectory of the Van der Pol oscillator. Right: trajectories as a function of
time. F Finite-size network corresponding to the mean-field solution found in E. G - H Similar to G-H, with a larger
number of populations, P = 35. The mean-field solution approximates better the Van der Pol oscillators. However, the

finite-size approximation does not improve, given that the number of units per population was kept constant (N = 2000).
(p) (p)

o2 and o,
T

Parameters: Solutions in E-H are regularized, § = 0.5. Values o are initially drawn from an exponential

distribution with unit variance, agp ) and aﬁﬁi are drawn from a uniform distribution with bounds -2 and 2, and a%’; =0.
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7 Discussion

In this manuscript, we have examined the dynamics in Gaussian-mixture low-rank recurrent neural networks, a
class of models in which the connectivity is defined by a low-rank matrix, with connectivity patterns consisting of
several populations with distinct Gaussian statistics. In these networks, the collective dynamics can be described
by R + N, collective variables, where R is the rank of the connectivity matrix and N, the dimensionality of
the input patterns. These collective variables form a dynamical system, the evolution of which is determined by
the connectivity statistics of the populations forming the network. The rank of the network, and the population
structure therefore play complementary roles: the rank of the network sets the internal dimensionality of the
dynamics and defines the corresponding collective variables, while individual populations shape the dynamics
of these collective variables, but do not contribute new ones. We specifically showed that, in the limit of
a large number of populations, this class of network displays a universal approximation property, and can
therefore implement a large range of dynamical systems. Having a small number of populations instead imposes
constraints and limits the achievable range of dynamics.

We focused here on a specific family of distributions for the connectivity patterns, mixtures of multi-variate
Gaussians. This choice was motivated by several considerations. First, this family of distributions can be used
to approximate any multi-variate distribution for the pattern loadings. Second, this family of distributions leads
to a particularly simple form of dynamics for the collective variables, where the time-evolution is formulated in
terms of a simple effective circuit (Eq. 24). Remarkably, in this description of the dynamics, which is exact and
non-linear, the collective variables appear to interact linearly through effective couplings and effective inputs.
This allows for a particularly transparent interpretation of dynamics in terms of gain modulation. Several of our
results are however independent of the specific assumption for the type of distribution; this is in particular the
case for the influence of symmetry in the connectivity on the dynamics. When a large number of populations
is needed to approximate the connectivity structure, other parametric distributions may be more suitable, and
the interpretation in terms of discrete populations may not be appropriate.

Previously published studies (Mastrogiuseppe and Ostojic, 2018, 2019; Schuessler et al., 2020a) have estab-
lished the link between low-dimensional dynamics and low-rank networks, by focusing on fixed points and limit
cycles in single population networks. In these studies, the connectivity matrix contained a random full-rank
term and a low-rank random term. The full-rank term in the connectivity does not allow to express the emerging
dynamics directly as a low-dimensional dynamical system, as presented in this work (Section 3), and to study
the potential constraints on the low-dimensional dynamics.

Low-rank networks with arbitrary pattern distributions form a rich and versatile framework that encompasses
a number of previously studied types of recurrent neural networks. As shown in the last part of the results,
Hopfield networks storing R < N patterns can be seen as a particular limit of Gaussian-mixture low-rank
networks, in which pattern loadings are binary and exhibit a specific type of symmetry. The Neural Engineering
Framework (Eliasmith and Anderson, 2003) and the Manifold Embedding approach (Pollock and Jazayeri, 2019)
provide algorithms that implement specific low-dimensional dynamics by controlling the structure of fixed points
and Jacobians using linear-regression methods. These algorithms generate recurrent networks with low-rank
connectivity, in which the individual couplings between individual neurons are set to specific values. In contrast,
we focus on low-rank networks in which individual couplings are sampled from an underlying distribution, and
our algorithm determines the statistics of this distribution rather than individual couplings. This approach
automatically endows our networks with strong robustness with respect to deletion of individual neurons.

The dynamics of recurrent networks of rate units that include several populations have been studied in
recent years (Aljadeff et al., 2015, 2016; Kadmon and Sompolinsky, 2015). In these works, the connectivity
consisted of full-rank, random matrices in which populations define the pair-wise connectivity statistics. For
example, in a two-population model of excitatory and inhibitory neurons, the inhibitory population is defined
by the connectivity statistics (mean and variance of synaptic strengths) between inhibitory neurons and the
connectivity statistics towards excitatory neurons. In contrast, here we focus on low-rank structure in the
connectivity matrices, and specify populations in terms of the statistics for the low-rank structure vectors
within each population. This allows us to go beyond random connectivity, and study the effects of the rank
and the number of populations independently. Directly relating the two descriptions of connectivity is a topic
of ongoing work.

Our framework is also closely related to Echo-state (Jaeger, 2001) and FORCE networks (Sussillo and Abbott,
2009), which rely on randomly connected recurrent networks controlled by feedback loops. Each feedback loop
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is mathematically equivalent to adding a unit-rank component to the connectivity matrix. Echo-state and
FORCE networks therefore correspond to low-rank networks with an additionnal full-rank, random term in
the connectivity (Mastrogiuseppe and Ostojic, 2018, 2019). Because the feedback loops are trained to produce
specific outputs, the low-rank part of the connectivity is typically correlated to the random connectivity term
(but see Mastrogiuseppe and Ostojic (2019)). Such correlations increase the dimensionality and the range
of the dynamics (Schuessler et al., 2020a; Logiaco et al., 2019), although the low-rank connectivity structure
and the number of populations still generate strong constraints. For instance, for rank-one networks with a
random term in the connectivity, but consisting of a single population, the fixed points are restricted to lie
on a one-dimensional, but non-linear manifold, and typically at most two non-trivial stable fixed points can
be generated (Schuessler et al., 2020a). More generally, random components in the connectivity can strongly
influence learning dynamics during training (Schuessler et al., 2020D).

Gaussian-mixture low-rank networks, the Neural Engineering Framework, and Echo-state networks all exhibit
universal approximation properties (Eliasmith, 2005; Maass et al., 2002). Tt is however important to distinguish
between several variants of this property. In our case, in analogy with the NEF, we started from an R-
dimensional dynamical system fully specified by its flow function, and showed that Gaussian-mixture low-rank
networks can approximate this flow function, provided a large number of populations is available and the flow
function satisfied specific constraints. Echo-state and FORCE networks instead start by specifying a target
readout, and universal approximation means that any such readout can be generated by training the feedback
(Maass et al., 2007). This readout corresponds to a low-dimensional projection of a large dynamical system, and
Echo-state networks are free to implement any dynamical system consistent with the specified output projection.
This is a major distinction with our, and the NEF approach, where the overall dynamical system is more tightly
constrained.

In this work, we have examined only networks with fixed inputs. Varying the inputs instead modifies the
low-dimensional dynamics, an effect that can be understood through modulations of effective couplings that
govern the interactions between collective variables. In a companion paper (Dubreuil et al., 2020), we have
used Gaussian-mixture low-rank RNNs to reverse-engineer networks trained on a range of neuroscience tasks,
and found that gain modulation through input control underlies complex computations, such as flexible input-
output mappings (Fusi et al., 2016). Varying inputs while keeping connectivity fixed therefore has the potential
of implementing a large range of dynamical systems and computations (Pollock and Jazayeri, 2019), but the
full capacity of this mechanism still remains to be fully elucidated.
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Appendix A Dynamics in multi-population networks

In this appendix, we derive the equation for the dynamics of a multi-population low-rank network, Eq. (17).
We consider a low-rank network that consists of P populations, where each population is defined by different
statistics of the probability distribution Py (m,n, I). We assume that the external input is constant in time and
uncorrelated with the left connectivity patterns at the level of each population. Each neuron in the network is
assigned to a population according to the probability ay,. In the following, we set the statistics of each population
to be drawn from a multivariate Gaussian with mean vector a(®), as defined in Eq. (5), and covariance matrix
»®) (Eq. 6).

The recurrent dynamics in a low-rank network are determined by Eq. (16): it consists of a sum over the
N units in the network. In the limit of large networks with defined statistics, by means of the law of large
numbers, this sum over N ii.d. elements corresponds to the empirical average over the distribution of its

elements. Therefore, we can replace the sum over network units for ¢ = 1,..., N of loadings {ngr)} , {mz(-r)}

and I;, by an integral over their probability distribution P (m,n,I). Using this probability distribution, the
recurrent dynamics in Eq. (16) can be expressed as

. R
oo _ Z ap/dmdndfp(p) (m,n, ) ngﬁp)(b (I(P),%I + Z ml(p)m> . (65)

p=1 =1

Note that we refer to the input loadings I as a single Gaussian variable, instead of a set of Gaussian variables
I, because there can only be one effective input pattern when the input is constant in time. We then separate
the contribution of the mean a,, and the fluctuations of n, around its mean into two different terms:

P R
K¢ :Zap/df dm Py (m, 1) a%pr)¢ (I(p) K1+ Zml(p)/il>
p=1 =1

P R
+Z ozp/dnr dI dm P,y (m,n,, I) (nﬂp) — a%@) 10) (I(p) K1+ Zm?’%ﬁ) ) (66)

p=1 =1

This derivation is implicitly conditioned on the values of the collective variables k,.. Under such conditioning,
the argument inside the function ¢ in Eq.(66) is itself a Gaussian variable. Using Stein’s lemma in the second
term, and expressing the argument of the transfer function as a single Gaussian variable, we can express the
dynamics as

<!

P R R
AR Z apag? /DJ; ) a(Ip)m + Z agﬁz,%s +x og)fi% + Z 07(53 K,
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jo R R R
+ Z ap (0;’:)1/11 + Z Uflf)msﬁs> /Dw ¢’ agp)m + Z aﬁfji Ke + 2 a?;)/ﬁ + Z Jff:g, K2, (67)
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where Dz = dx (271')_% e~z . Finally, using the Gaussian integral notation in Eq. (21), we retrieve Eq. (18).

Appendix B Universal approximation of low-dimensional dynamics

The universal approximation theorem for artificial neural networks (Hornik et al., 1989; Funahashi, 1989; Cy-
benko, 1989) states that any piecewise-continuous bounded function G (x), where x is a d-dimensional vector,
can be approximated to arbitrary precision by a finite linear combination of non-linear units having the same
transfer function but different gain and thresholds. More precisely, it is possible to build an approximation

G (x) of G (@)

N
G(x) = Z vip (w T +b;), (68)

=1
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with finite integer N, and real values for v; € R, w; € R%and b; € R, so that ‘G (x) — G (x)’ < ¢, for any e > 0,

given mild assumptions on the non-linear activation function ¢ (x). Historically, the universality property has
been shown using a wide range of transfer functions, using initially squashing or sigmoidal functions (Funahashi,
1989; Hornik et al., 1989; Cybenko, 1989), inclusing Heaviside functions, sinusoidal functions (Gallant and White,
1988) and radial basis functions (Park and Sandberg, 1991). Years later, it was shown that the necessary and
sufficient condition on the transfer function for the universal approximation property is that ¢ (z) be a non-
polynomial function (Leshno et al., 1993).

There is a direct mapping between the second term of Eq. (68) and the recurrent dynamics of a low-rank
RNN. The recurrent dynamics in Eq. (16) can be directly mapped to Eq. (68): the variables %nl correspond to
v;, m; to w;, and k7I; to b;. Thitatis implies that the recurrent dynamics can approximate any flow function
within a finite domain. The parameters %ni, m;, and k;I; can be adjusted independently. In particular, x;I;
is independent of all the other collective variables .., although the opposite is not true: the collective variables
K, obviously depend on the external tonic input x;I;.

The dynamics of low-rank networks with multiple Gaussian populations can also be mapped to the universal
approximation theorem. The mean term contribution to the dynamics in Eq. (17) reads

P
Z pan,® <¢ (amTFL + agp), 052) +K 0(p) n)> ) (69)
p=1

so that apan(p) maps to v;, @m?) maps to w; and a(Ip) is mapped to the bias term b;. The transfer function is

however different. In Eq. (68), the non-linear function used is ¢ (x), while in Eq. (69), the non-linear function

used is (¢ (x, A (x))). Both functions are non-linear and non-polynomial, so that the theorem applies in each

case. The contribution given by the disorder in the population loadings, 0'553 and og) are not required for the

universal approximation. However, quadratic terms like the one introduced by the variance of loadings improve
the approximation in terms of expressibility and efficiency (Fan et al., 2020). Overall, this means that a low-rank
network with a finite number of populations can approximate any dynamical system within a bounded domain.

Appendix C Linear stability matrix at fixed points in networks with
single population

The linear dynamics of small perturbations around the fixed point kg (defined in Egs. 29) read

T =kt [V (¢ (0.67K)) Omnk)] . . (70)

where V is the vector differential operator. We apply the property V (f (k) Ak)) = f (k) A+ Ak (VS (k)"
based on the chain rule, where A is an R x R matrix, to obtain:

chl—'; =K+ [<</)’ (0, K,TK)> OTmn + Tmnk (V' (0, HTK,)>T} K (71)

We then calculate the gradient of the gain factor. To do so, we first write explicitly the Gaussian integral

(V¢ (0,57 k) / wa ) (72)

where Dz is the differential element of a normally distributed variable. Applying the chain rule

(Ve (0,57K)) = / Dag!" (ViTra) V (2VrTk) = / Dag!’ (ViTKa ) oo (73)

KTk

Using Stein’s lemma, the gradient of the gain factor reads:

\/:7 = /Daxb”’ (\/Em) k=(¢" (0,k"K)) k. (74)

(V¢ (0,7 k) /qub”
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Finally, introducing Eq. (74) into Eq. (71), and using the fact that omnko = A-Ko, the dynamics of small
perturbation around the fixed point read

T% = [T+ (¢ (0,k0" ko)) Tmn + (¢" (0, k0" ko)) Tmnkoko' | K, (75)

which leads to the linear stability matrix given by Eq. (31).

It is important to analyze the behavior of the function (¢ (0, A)) to assess the stability. In the limit A =0,
the Gaussian integral reduces to the evaluation of the function at zero. For a transfer function ¢ (z) = tanh (z)
we obtain:

Jlim (¢ (0, A)) = ¢ (0) = —2. (76)

In the limit of infinite A, the Gaussian integral can be expressed as :

—+oo
lim (¢" (0,A)) = / dz ¢" (z) = 0. (77)
A—o00 o

Furthermore, it can be shown analytically that (¢ (0, A)) is never zero for any finite value A, by studying
the minima of its primitive function. The primitive function of (¢’ (0, A)) is proportional to (¢’ (0,A)). The
primitive function has no local minima, because it is a function bounded between 0 and 1 that is a monotonically
decreasing function of A. We can show that the function is monotonically decreasing because for sigmoidal
transfer functions ¢’ (v/A1z) < ¢/ (vAzz) if and only if Ay < A,. Thus, this property is still conserved when
calculating the Gaussian average: (¢’ (0,A1)) < (¢’ (0,Az)) if and only if A; < As.

Putting these analyses together, we conclude that the function (¢"’ (0, A)) is —2 for A = 0, is always smaller
than zero, and tends asymptotically to this upper bound as A approaches infinity. This result is used to study
whether the linearized dynamics around fixed points in low-rank networks with a single Gaussian population
are stable (Eq. 32).

Appendix D Stability analysis of rank-two networks with non-normal
covariance

In Section 4, we analyzed the dynamics generated by a rank-two network with one single Gaussian population
when the covariance matrix o.,, is normal, i.e., the eigenvectors are mutually orthogonal to each other. We
extend here the analysis to non-normal matrices, and show that the main features of the dynamics are conserved
when the correlation matrix is non-normal.

We first studied the case of normal matrices with real eigenvalues (Fig. 3 A-D, and Eqs. (29) - (32)). The
analysis showed that each real eigenvector u, of the covariance matrix o,,, leads to a pair of fixed points, when
the associated eigenvalue )\, is larger than one.

The linear dynamics around fixed points is given by the Jacobian S, in Eq. (31), where » = 1,..., R. The
eigenvectors of S, coincide with the eigenvectors of o, if the covariance matrix has real eigenvectors mutually
orthogonal to each other. Using this property, we can then determine the eigenvalues of the linearized dynamics
around each fixed point in Eq. (32). As a conclusion, this analysis showed that all fixed points are saddle points,
except for the two fixed points in the direction of the eigenvector with largest associated eigenvalue, where the
fixed points are stable.

We now extend this analysis to networks where the covariance matrix o, is a non-normal matrix with real
eigenvalues, in other words, a matrix with non-zero correlations between eigenvectors. Each real eigenvector
u, with eigenvalue A, > 1 generates two fixed points in the direction it spans, exactly the same way as in
matrices with orthogonal eigenvectors. The fixed points are also located at the same radial distance along each
eigenvector (Eq. 30), compared to the case of normal matrices. The Jacobian matrix at the fixed point is still
given by Eq. (31):

1
Sp=-I+—Omn+ (¢ (0,02)) \rpPuru, . (78)

T
When the covariance matrix o,y is a non-normal matrix , the eigenvectors of .S, are not equal to the eigenvectors
of the covariance. Finding an analytical expression for the eigenvectors of S, is in general a challenging problem.
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However, we can still calculate the eigenvalues of S, and show that they remain unchanged in networks with
normal covariances (Eq. 32).

Let’s consider the plane spanned by the eigenvector u, and any other eigenvector of the covariance matrix
u,s. We consider only the linearized dynamics around the fixed point along this plane. We project S, onto this
plane, and indicate it with the notation [S,], which is a 2 x 2 block sub-matrix of the full Jacobian S,.

[50) = = 1+ 3 [omn] + (" (0.62)) Moplusas, ™ (19

The vector u, is still an eigenvector of [S,]. Its associated eigenvalue is

Yr = <¢W (07 P%)> )\7'/)2 (80)

which is a negative number. This implies that all fixed points are stable in the radial direction. Although
calculating the second eigenvector is not obvious, we can calculate the second eigenvalue of [S,] by calculating
its trace and subtracting ~,:

Yo = tr ([Sr]) = - (81)
Using the linearity of the trace operator, the expression simplifies to

A

=—1 .
Y v

(82)

Therefore, the eigenvalues of the full Jacobian S,., given by Egs. (80) and (82), coincide with the eigenvalues
of the Jacobian in the case of normal matrices (Eq. 32). The fixed points along the eigenvector direction u, are
stable if A\, is the largest eigenvalue of opmy,. Otherwise, the fixed point is a saddle point.

Figure 8 A-C shows how the dynamics vary when the correlation matrix o,,, is non-normal, but the
eigenvalues remain constant. The parameter € determines the degree of correlation between eigenvectors: as €
increases, the two eigenvectors become more strongly correlated (Fig. 8 A). This correlation moves the direction
of the associated fixed point, while keeping the radial distance constant (Fig. 8 B). The eigenvalues of the
linear dynamics around the fixed points do not vary. Fig. 8 C shows an example of the dynamical landscape in
collective space. It is interesting to note that the trajectories that go from the saddle points towards the stable
fixed points resemble ellipses, similarly to the case of normal o, (Fig. 3 A-D). However, the stable fixed points
are no longer located in the furthest point of this curve from the origin.

In summary, we showed that the number of fixed points and the stability in a low-rank network with one
single population depends only on the eigenvalues of oy, and not on its eigenvectors. When the eigenvectors
are all mutually orthogonal, we can calculate analytically the eigenvalues and eigenvectors of the linearized
dynamics around each fixed point. When the eigenvectors are not all mutually orthogonal, the eigenvectors of
the linearized dynamics change, but not the eigenvalues. This suggests that increasing the correlation between
eigenvectors introduces a continuous deformation of the collective space while all the temporal quantities are
preserved.

We observed numerically that the previous result holds as well for covariance matrices o ,, With complex
eigenvalues. Each pair of complex conjugate eigenvalues A + iw with eigenvector vy +ivy generates a limit cycle
on the plane spanned by vi—vg if A > 1. If 6,4, is a normal matrix, such that vectors vy and vy have the same
norm and are orthogonal to each other, the limit cycle is a circle. In that case, we showed in Section 4 that the
frequency of the limit cycle is given by 5.

Adding correlations between the real and imaginary part of the eigenvectors vi and vs, or changing their
relative norm, will change the shape of the limit cycle to a curve resembling an ellipse. Fig. 8 D-F shows an
example of a covariance matrix oy,, where the non-normality is controlled by parameter €, without affecting
the eigenvalues. As € increases, the relative norm of the imaginary and real part of the eigenvector u changes
(Fig. 8 D). This correlation changes the shape of the limit cycle, from a circle when ¢ is one (normal case,
Fig. 8 E grey line) to a closed curve resembling an ellipse as € increases (Fig. 8 E-F grey line). The frequency
of oscillation along the limit cycle however stays invariant as e is varied (Fig. 8 E bottom).

To sum up, also in the case of complex eigenvalues, the correlations between eigenvectors deforms the
collective space, introducing a continuous mapping between the circular limit cycle, and the new limit cycle,
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that resembles an ellipse. However, the temporal features of the dynamical landscape, such as the frequency of
the limit cycle, remain constant.

Real and complex eigenvalues are combined in networks with rank three or larger. The same stability rules
hold: the dynamic structure (limit cycle or fixed point) generated by the eigenvalue with largest real part is
stable, while the other ones are not stable in all directions. Figure 9 A-B shows an example of a rank-three
network, whose connectivity matrix has a real eigenvalue \; and a pair of complex conjugate eigenvalues Ao and
A3. The real part of all eigenvalues is larger than one, so that the real eigenvalue leads to a pair of fixed points,
and the complex eigenvalues generate a limit cycle. Given that the real eigenvalue A; is larger than the real part
of the other eigenvalues, the fixed points are stable. The limit cycle is marginally stable in the plane spanned by
the real and imaginary parts of the complex eigenvector of A, but unstable in any other direction. Therefore,
trajectories starting in the plane converge to the limit cycle in the mean-field equation (see grey trajectory in
Fig. 9 C). Small perturbations, such as those introduced by finite-size effects, make these trajectories deviate
from the limit cycle and converge to one of the two stable fixed points (grey trajectories, Fig. 9 D).

A B
m® m® K2 1 0
e /\zl.lz —
12 € n® 8
Omn = 2o -1 p
00 16 p@ < g
[0]
R1 a
YYVY v v
-1 -2
0 1 2
€
D E F €=2.
m® m® K2 1 J[EEE e
(1) 4z =TT =
1.4 € n; Im(u) Z S /—’—/ S g ~——
Omn = S g
x
14 p@
R1
Yy vy vy VY VY Re(u)
1_2‘ : T 0 1
€ K

0 10 20 30
time (T)

Figure 8: Dynamics in rank-two networks with non-normal covariances o,,». A Covariance matrix o,,, with
eigenvalues A1 = 1.2 and A2 = 1.6. The free parameter e controls the angle between the eigenvectors, as shown in the
right. B Stable fixed points (colored dots) and saddle points (white dots) generated by the non-normal covariance matrix
for different values of €. The colored lines indicate the trajectories between saddle points and stable fixed points. As €
increases, the location of the stable fixed points move closer to the horizontal line, while keeping the same radial distance.
The stability of the fixed points does not change with e. C Example of the full dynamics in collective fixed space for
a fixed value of ¢ = 1. D Covariance matrix o,,, with eigenvalues A = 1.4 £ 1. The free parameter ¢ > 1 controls the
relative norm of the imaginary part of the eigenvector u, without modifying the fixed points. E Top. Limit cycles that
emerge in the dynamics for different values of e. When the covariance matrix is normal (e = 1, grey line), the limit
cycle has a circular shape. As € increases, the limit cycle loses the circular symmetry and resembles an ellipse. Bottom.
Projection of the collective variable k2 as a function of time. As e increases, the activity loses its sinusoidal shape, while
keeping the same frequency. F Example of the dynamical landscape in collective space for a fixed value of € = 2.
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Figure 9: Dynamics in a rank-three network with a single Gaussian population - connectivity matrix
combining real and complex eigenvalues. A Scatter plot between the loadings of connectivity patterns ml(.r) and
nET). o = 1.6 and o, = 0.8. B Covariance matrix of the singular vectors (top) and sketch of the eigenvectors (bottom).
The eigenvalues are \; = 1.6 and A23 = 1.2 + /2. The real eigenvector u;y is not orthogonal to the plane spanned by
the real and imaginary part of the complex eigenvectors uz. The real and imaginary part of the complex eigenvectors
span the horizontal plane (shaded in grey) and do not have the same norm. C Mean-field dynamics (Eq. 28) for three
trajectories starting at different initial conditions. Each color indicates a different trajectory. When the network is
initialized in the horizontal plane (grey trajectory), the activity oscillates within the non-circular limit cycle. Otherwise
it converges to one of the two stable fixed points, located in the direction of the eigenvector u;. D Same trajectories as
in G, in finite-size simulations, for three different connectivity matrices. The trajectories always end up in one of the
two stable fixed points, even if initialized in the horizontal plane (grey trajectories). Parameters: N = 1000, opz = 9.
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