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Abstract. In this paper, we focus on efficiently and flexibly simulating the Fokker-
Planck equation associated with the nonlinear noisy leaky integrate-and-fire model,
which reflects the dynamic behavior of neuron networks. We apply the Galerkin spec-
tral method to discretize the spatial domain by constructing a variational formulation
that satisfies complex boundary conditions. Moreover, the boundary conditions in
the variational formulation include only zeroth-order terms, with first-order condi-
tions being naturally incorporated. This allows the numerical scheme to be further
extended to an excitatory-inhibitory population model with synaptic delays and re-
fractory states. Additionally, we establish the consistency of the numerical scheme.
Experimental results, including accuracy tests, blow-up events, and periodic oscilla-
tions, validate the properties of our proposed method.
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1 Introduction

With the development of neuroscience, the analysis of large-scale neuron network models
has attracted significant attention. In recent years, an increasing number of researchers
have begun to employ mathematical theories and tools to analyze the activity of simu-
lated neurons. Various stochastic methods [21,22] are frequently used to simulate these
mathematical models. However, the computational complexity escalates as the number
of neurons in the networks increases. To address this issue, researchers developed the
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mean-field theory [14, 23, 25], which has been the foundation of a growing number of
models [15,16,24] that utilize its principles.

One of the most classic models in computational neuroscience is the nonlinear noisy
leaky integrate-and-fire (NNLIF) model, which utilizes partial differential equations to
describe the dynamic activity of a single neuron’s membrane potential V() with statis-
tical description, such as the distribution and the mean firing rate. The NNLIF model
captures the temporal evolution of the membrane potential, considering both its decay
and reset mechanisms. In the absence of external stimuli, the membrane potential decays
exponentially towards the resting potential V; and we assume V;, =0 for the sake of sim-
plicity in this paper. Provided that neurons receive excitatory synaptic inputs from other
neurons, the voltage of the neuron continues to increase. Once the membrane potential
reaches the threshold voltage Vr, the membrane potential will not continue to increase,
but instead will instantaneously reduce to the reset voltage V. This process will contin-
uously repeat as the neuron responds to the synaptic inputs.

To characterize the dynamic behavior of the neuron population, the evolution equa-
tion for the probability density function, also known as the Fokker-Planck equation, has
been derived as in [2,4,23]

(0up(0)+0: [1(e.N () p(o)]
—a(N(t))0wp(v,t) =0, ve(—o0,VE]/{Vr}, t€[0,T],

(
p(v,0)=p(0), p(—c0,t)=p(Vr,t) =0,
PV ) =p(Vi ), 3op (Vi §) =0up (Vi1 + 0,

(1.1)

where
N(t)=—a(N(t))dp(VE,t),
h(v,N(t)) =—v+bN(t), (1.2)

( ( )) —a0—|—611N( )

Here, the density function p(v,t) represents for a given time ¢ the probability of finding
a neuron at voltage v. The connectivity parameter b is positive for excitatory networks
and negative for inhibitory networks. And h(v,N(t)) is the drift coefficient and a(N(t))
is the diffusion coefficient. N(t) is the mean firing rate of the neurons at time f, and it
determines the magnitude of the flux shift, which results in the complicated boundary
condition at v=Vg. The density function p(v,t) satisfies the mass conservation

Ve Ve
/ p(v,t)dv:/ P’ (v)do=1. (1.3)
In addition, we suppose the initial value po(v) satisfies the following assumptions [10].
Notice that we shall also introduce the extension of the model for the case of two distinct
populations in Section 4, where the excitatory and inhibitory populations are treated sep-
arately.
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Assumption 1.1. p°(v) € C!((—o0,VR)U(Vg,VF])NLY((—00,VF)) is non-negative with
p°(Vr)=0and
: () —
Ug@wavp (v)=0. (1.4)

In recent years, there have been a number of significant developments about the
NNLIF model, including theoretical analysis and numerical simulation. In [4, 10], the
author investigates analytical properties of the solutions, steady states and finite time
blow-up phenomenon for excitatory-average networks or inhibitory-average networks.
Building upon this, multiple population models have been studied in [8, 9] in various
aspects, including stationary solutions and global solution behavior. Additionally, some
researchers focus on the variants of the NNLIF model, such as models with the refrac-
tory state, and synaptic delay [7,9]. Besides, there has been a growing interest in more
complex solution behavior such that the emergence of cascade assemblies [21,22] and
periodic oscillations [1-3,19], and the generalized solution of the NNLIF model has been
proposed to allow blow-up events by introducing the dilated time scale [11,12], which
may serve as a foundation tool for analyzing these complex dynamics in the partial dif-
ferential equation (PDE) models.

Due to the non-linear drift and diffusion terms and the unique flux shift mechanism, it
is challenging to investigate the Fokker-Planck equation (1.1) with analytical techniques.
Therefore, numerical methods are often desired to approximate the exact solution of the
Fokker-Planck equation (1.1). More specifically, we seek an efficient and flexible numer-
ical method that can not only handle the complex boundary conditions and nonlinear
terms but is also expected to be applicable to various forms of the Fokker-Planck equa-
tions for neuron networks, including an excitatory-inhibitory populations model with
synaptic delays and refractory states.

Various numerical methods have been proposed to simulate the NNLIF PDE model.
In [5], a finite difference method, which combines the weighted essentially nonoscillatory
(WENO) construction and the Chang-Cooper method, is applied to this model with the
explicit third-order Runge-Kutta method. In [27], a comparison was made between a fi-
nite element method (FEM) using Euler’s backward difference scheme and the WENO
finite difference method, with the finite element method showing potential advantages
for nonlinear noisy LIF models. Additionally, a discontinuous Galerkin method for the
variant model with delay and refractory periods is proposed in [26] with justified stability
properties.

In recent years, developing structure-preserving methods for this model has appeared
to be anew trend. A conservative and conditionally positivity-preserving scheme is pro-
posed in [18] in the framework of the finite difference method, and the semi-discrete
scheme is also proved to satisfy the discrete relative entropy estimation. Based on [18],
the authors propose an unconditionally positivity-preserving and asymptotic preserving
numerical scheme in [17] and a specialized multi-scale solver, integrating macroscopic
and microscopic solvers, is presented in [13] along with a rigorous numerical analysis for
hybridizing both solvers.
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To further reduce the computational complexity, there is also a trend to reduce the
complex PDE dynamics to the hierarchy of moment equations, which naturally implies
a computational tool. A moment method based on the maximum entropy principle is
introduced in [30] to approximate the master equation of interacting neurons. In [31],
an asymptotic preserving numerical method in the framework of the spectral method
without the above limitation is introduced, where the construction of the basis function
can satisfy the dynamic boundary conditions exactly, and the spectral convergence is
validated. However, unnecessary boundary conditions are imposed in its variational
formulation, and the extension of the method in [31] in the current form is rather limited.

In this paper, we focus on developing a flexible spectral-Galerkin method for solving
the Fokker-Planck equation (1.1) in a semi-unbounded region. Spectral methods have
demonstrated significant advantages for simulating the PDE model as shown in [31],
particularly in terms of spectral accuracy. That method in [31] primarily utilizes the Leg-
endre spectral-Galerkin method to solve a specific variational formulation of the Fokker-
Planck equation. In this variational formulation, three types of boundary conditions
are imposed, including the Dirichlet boundary conditions, the continuity condition, and
the dynamical derivative conditions. However, due to the strict constraints imposed
by the derivative conditions, it is challenging to extend such a method to models with
more complex derivative boundary conditions, such as population models with synaptic
delays and refractory periods. To overcome these limitations, we propose a Laguerre-
Legendre spectral-Galerkin method (LLSGM) based on an alternative variational form.
We reconstruct the weak formulation to only include the essential boundary conditions
and the dynamical derivative boundary conditions are naturally implied. Consequently,
the proposed numerical method can be readily extended to models with variant deriva-
tive boundary conditions. Additionally, we demonstrate the consistency of the numerical
scheme with the Fokker-Planck equation, ensuring the reliability of the computational re-
sults.

We also carry out extensive numerical experiments with the proposed numerical
method. We test the convergence in the temporal and spatial directions and the ability to
capture the blow-up events in finite time. Additionally, we extend the proposed method
to the excitatory-inhibitory populations with synaptic delays and refractory states and
observe the periodic oscillations. The results indicate that the proposed method can be
effectively applied to the variants of the Fokker-Planck equation (1.1). We stress that,
in contrast to the spectral method in [31], the variational formulation presented here in-
cludes only zeroth-order boundary conditions, while the derivative boundary conditions
in (1.1) are implicitly contained within the weak form, ensuring the general applicability
of the method.

The organization of the paper is as follows. In Section 2, we introduce the weak so-
lution and classical solution of the Fokker-Planck equation (1.1), and develop their con-
ditional equivalence. In Section 3, we construct the spectral approximation based on the
weak solution, where we introduce the basis functions to discrete the spatial direction
and the semi-implicit scheme employed for discretizing the temporal direction. Further-
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more, the consistency of the numerical scheme is verified. In Section 4, we extend our
method to the two-populations model with synaptic delay and refractory period. In Sec-
tion 5, we present numerical experiments, including those for the one-population model
and the two-population model.

2 Weak solution

In this section, we present a detailed description of both the weak solution and the clas-

sical solution to the PDE model (1.1)-(1.2). Additionally, we demonstrate the equivalence

between the weak solution and the classical solution under certain conditions, establish-

ing a critical theoretical foundation for the proposed numerical method in later sections.
First of all, we consider the definition of classical solution as presented in [20].

Definition 2.1 (Classical Solution). (p(v,t),N(t)) is a classical solution of the system (1.1)-
(1.2) in the time interval [0, T| for any given 0<T < +o0 with Assumption 1.1 under the following
conditions:

(1) N(t) is a continuous function for t € [0,T],

(2) p(v,t) is continuous in the region {(v,t): —co<v<Vp,t€[0,T]},

(3) wp(v,t) and op(v,t) are continuous in the region {(v,t):v € (—oo,Vr)U(Vg,VE],
te (0,71},

(4) 9,p(Vg ,t),00p(VR ,t) and dup (V5 ,t) are well defined for t € (0,T],
(5) for t€(0,T],0,p(v,t) =0, where v— —oo,
(6) p(v,t) satisfies (1.1)-(1.2) and p(v,0) = p°(v) for v€ (—o0,VR)U(VR,VE].

Here, the fifth condition involves the limit of the derivative at negative infinity. For sim-
plicity, we will use the notation d,p(—o0,t) =0 to denote

lim d,p(v,t)=0. (2.1)

V——00

Based on the classical solution p(v,t) as defined in Definition 2.1, we derive a weak so-
lution by multiplying both sides of (1.1) with a test function ¢(v) € C°((—oo, V¢]), where
09,$(0),0,¢(v) and vp(v) € L®((—o0,Vr]). We then perform integration by parts to obtain

/VF [0:p(v,t)p(v) —h(v,N(t)) p(v,£)0.¢(v)+a(N(t))dop(v,t)dup(v)]|dv

—00

+(h(eN®)po.H@)| " +h(0.NE) ple @)y, )
— (a(N()3up(0,0)9(0)[ ™5, +a(N (D) dup (2, (o) |y ) =0. 2.2)
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Defining the operator B(p,¢) as

B(pg)= [ [0ip(o0p(o0) ~h(mN (1) p(0)3:(2)

+a(N(t))dop(v,t)0u¢(v)]do, (2.3)
then, by applying the boundary conditions (1.2), (2.2), reduces to
B(p.¢)+a(N(t)dp(Ve,t) [$(VR) — ¢ (V)] =0, (2.4)
where p(v,t) satisfies
p(=00,t)=0, p(Vr,t)=0, p(Vg,t)=p(Vy t). (2.5)

Thus, the weak solutions are introduced formally as below.

Definition 2.2 (weak solution). Define the trial function space
U(Q)={p(v) eH(Q) | p(Vr) =p(=0) =0, p(Vg ) =p(Vi) }, (2:6)

where Q=(—o00,Vr)U(VR, V). Let p(v,t)eC([0,T];U(Q)),N(t)eC([0,T]) and p(v,0)=p° (v)
satisfying Assumption 1.1 for veQ). Additionally, assuming that p(v,t) is differentiable at Vi, Vg
and V.

Then (p(v,t),N(t)) is a weak solution of (1.1)-(1.2) if for any test function ¢(v) €
H! ((—o0, V]) with vd,¢p €H ((—00,VE]), ¢p(v) and vg(v) €L* ((—o0,VE]), the following equa-
tion:

B(p.¢)+a(N(£))dop(Ve,H)[(Vr) —¢(VE)]| =0 (27)
is satisfied for all t € (0,T).

Here, C'([0,T];U(Q))) represents the space comprising all continuous functions f(v,t)
from [0,T] to U(Q)) with

Hf(t)HC([o,T];X)izofg%XTHf(f)HX<0°, (2.8)

and first derivatives are also continuous with

19 (B)llcqo 0= max IR (1) 1 <, 29)
where X=U(Q). The set of bounded functions is denoted as L*((—co0, V¢]). H!((—c0, V])
is used to denote the abbreviation of classical Sobolev space W2 ((—oo,VF]). It should be
noted that the boundary conditions satisfied by the weak solution in Definition 2.2 only
include the zeroth-order boundary conditions, while the derivative boundary condition
in (1.1) is implied within the weak solution as a natural boundary condition. This treat-
ment of boundary conditions simplifies the variational formulation of the problem (1.1)
by removing the need to enforce higher-order derivatives at the boundaries.
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Remark 2.1. The model extension discussed in Section 4 further supports the reason-
ableness of retaining only the zeroth-order boundary conditions as essential boundary
conditions. This demonstrates that the numerical method based on the weak solution
presented in Section 3 is both practical and effective.

Before constructing the numerical scheme, we first demonstrate the relationship be-
tween the weak solution in Definition 2.2 and the classical solution in Definition 2.1.

Theorem 2.1 (Equivalence to the Classical Solution). Given p(v,t) € C1([0,T);U(QY)), if
(p(v,t),N(t)) is a classical solution of (1.1)-(1.2), then (p(v,t),N(t)) is a weak solution. Con-
versely, if (p(v,t),N(t)) is a weak solution of (1.1)~(1.2) and p(v,t) € C1((0,T];C?((—o0,Vg)U
(Vr,VE])), then (p(v,t),N(t)) is a classical solution of (1.1)-(1.2).

Proof. First, it is obvious that if p(v,t) € C' ([0, T];U(Q2)) and (p(v,t),N(t)) is the classical
solution of (1.1)-(1.2), then (p(v,t),N(t)) is also a weak solution.

Then, given that p(v,t) € C'((0,T];C?((—o0,Vg)U(Vr,V])), it is suffices to verify if
the weak solution (p(v,t),N(t)) satisfies the conditions in Definition 2.1. It is easy to
derive that the conditions (1)-(4) in Definition 2.1 hold from Definition 2.2. Hence, it only
remains to prove the conditions (5)-(6) in Definition 2.1 are valid.

It follows from (2.6) that

(2N ®)pp@)] |7+ (2N O) p )] | =0 (2.10)

Then, using integration by parts and (2.10), (2.7) is rewritten into

[ Flpwn1p()do+a(N () p(Ve) Pop(Vi ) ~2ep(Vie )+ 0up(Ve, )]

—00

—a(N(#))dup(—o0,t)p(—00) =0, @.11)

where
Flp(o,t)]=0rp(v,t)+0u [h(v,N(t)) p(v,t)] —a(N(t))doop(v,t). (2.12)

Taking
¢(v) €Wy ={¢(v) eW(—00,Vp) : p(Vr) =¢(—00) =0}, (2.13)

where

W(—00, Vi) ={p(v) EH' (—00,Vp] : 03, EH'(—00, V], p,0p € L®(—00,VE|}, (2.14)

hence, (2.11) is reduced to ”
/ " Flp(o,6)]¢(v)do=0. (2.15)

—00

Due to the continuity of F[p(v,t)] and the arbitrariness of ¢(v), we obtain

Flp(ov,t)]=0. (2.16)
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Next, taking
P(v) EWr={¢(v) EW(—00,VF) : $(Vr) =0} (2.17)

and substituting (2.16) into (2.11), the following identity holds:
a(N(5)2up(—o0,1)p(~e0) =0, @18)

which implies
dyp(—o00,t) =0. (2.19)

Finally, applying (2.16) and (2.19) to (2.11), we can derive
a(N(t))p(Vr)[0op(Vi 1) —0up(Vy 1) +00p(VE,1)] =0. (2.20)

Hence, due to the arbitrariness of ¢(v), it holds

dop(Vg ,t) :avP<V1zrrt) —dop(VE,t)
N(t)
a(N(t))

Consequently, from (2.16), (2.19) and (2.21), we can deduce conditions (5)-(6) in Defini-
tion 2.1 hold, and the proof is complete. O

—=3,p(Vi b+ (2.21)

3 Numerical scheme

In this section, we develop a numerical scheme for the Fokker-Planck equation using
a spectral method combined with semi-implicit time discretization to obtain a fully dis-
crete scheme. Additionally, we demonstrate the consistency of the numerical scheme
with the Fokker-Planck equation in the nonlinear case.

3.1 Weak formulation and basis function

We introduce the weak formulation based on (2.4), and a set of basis functions is con-
structed. Based on (2.4), the variational formulation of (1.1) is given as follows: Find
p(v,t) € W such that

B(p,¢)+a(N(t))9op(VE 1) [p(VR) —¢(VE)| =0, VoeW, (3.1)

where W C U is the trial function space, with U defined in (2.6). Since we employ the
Galerkin spectral method for spatial discretization, the test function space coincides with
the trial function space W.

The trial function space W is spanned by a set of basis functions, and one must care-
fully select function basis to handle the complex boundary conditions (2.5) of the prob-
lem (1.1). Denoting the set of basis functions of the trial function space W by {4y }{> ;, we
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can expand the approximate solution p(v,t) € W as

p(ot)= ) u()i(v), (32)

e

where uy(t) denotes the coefficient corresponding to the k-th basis function. To satisfy
the continuity requirement of the density function p(v,t) at Vg, we consider the use of
a subset of basis functions designed to fulfill the boundary conditions (2.5), comple-
mented by another subset designed to satisfy the homogeneous conditions. Specifically,
let W=W; +W,, where any density function p(v,t) € W; satisfies the boundary conditions
(2.5) and any p(v,t) € W, satisfies the following homogeneous boundary conditions:

p(—o0,t)=0, p(V,t)=0, p(Vg)=p(Vg)=0. (3.3)

This decomposition method enables us to handle complex boundary conditions more
effectively while enhancing the flexibility of the numerical method. This flexibility pri-
marily lies in the choice of basis functions in Wj, which address the boundary conditions,
while W, is used to improve accuracy within the interval.

To keep the dimension of W as low as possible, we observe that the four boundary
values to consider from the boundary conditions (2.5) are the values of the density func-
tion p(v,t) at Vg, Vlzr ,Vr , and negative infinity. However, there are only three conditions
in the boundary conditions (2.5). Hence, only a single basis function g; (v) is needed. We
can define W; as

Wi =span{g1(v)}, (34)

where the basis function should satisfy

(3.5)

Specifically, we can determine a simple form for the basis function g; (v), which is a piece-
wise function composed of an exponentially decaying function and a linear function

{eﬁ(vgv), veE (—oo,VR),

1= v—VE (36)
Vz,V,

VR_V[-‘, ve < R/ F]I

where f is an adjustable parameter. It should be noted that the basis function g;(v) can
also be chosen in other forms.

Next, we proceed to the construction of W,. Given the discontinuity of the interval
Q= (—o00,Vg)U(Vg, V) at point Vg, handling homogeneous boundary conditions (3.3) is
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non-trivial. To address this issue, we divide the interval () into two subintervals, namely
(—o0,Vg) and (Vg,Vg). Specifically, we define

W C Poy (=00, VR) 4 Poo (V&, V), 3.7)
where v
P(—c0,Vi) = {e" T f| fE P00, Vi) } (3.8)

and P (a,b) represents the set of all real polynomials over the interval (a,b). According
to the homogeneous boundary conditions (3.3), the values of the density function p(v,t)
at the boundaries of the intervals (—oo, Vi) and (Vg,Vg) should be zero. This implies that
the basis functions must vanish at these boundary points. Thus, W, can be rewritten in
the following form:

A

W, :X(*‘X’,VR) +X(VR/VF)’ (3.9)

where

A

Koo v) = {9 € Poo(—00, V) : ¢(—00) = (V) =0},
X, ve) =19 € P (VR,VE) : (V&) = @(VE) =0}

Here, we consider the construction of basis functions in X (—oo,v) @and X(v, v;). Because

(3.10)

)A((_OO,VR) is defined on a semi-infinite domain, we can utilize Laguerre functions to span
}A((,OO,VR). The generalized Laguerre functions [29] of degree n are defined by

xfacex/Z d
ol dx”(

x"t*e™¥), xeR,, a>-1, n>0, (3.11)

where E,(f‘) (x) is Laguerre polynomials. These Laguerre functions are orthogonal with the

weight function @, (x) =x", namely,

+oo n
/ 2 () 25 (20) D (x)dxe =7 Sy, (3.12)
0
where

The three-term recurrence relation of Laguerre functions is
x)=e 3, 19 (x)=(a+1-x)e 3,
( p(x)= @n+a+1—x)2% (x)— (”4‘“)@%?,1)(35)' (3.14)

Since @,(f‘)(x) is defined on (0,+0), we construct the basis function ht(v) defined on

(—o0, V) with a coordinate transformation

ht(0) =20 (o4 VR) + a8l (—v+ Vi), (3.15)
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where
Mo)=1, lim Y (v)=0. (3.16)

Since the solution satisfies p(—oo,t) =p(Vy ,t) =0, basis functions ht (v) should satisfy the
following conditions:
hf(—c0)=0, hf(Vg)=0. (3.17)

Therefore, we get a; = —1.

For the bounded region on the right side of Vi, we employ basis functions that differ
from those used in the left interval (—oo,Vg). Specifically, Legendre polynomials Li(v)
are chosen to construct the basis functions on the interval (Vg,VE). Since the domain of
Legendre polynomials is [—1,1], a coordinate transformation

o= (Vp+WR)/2
*(0)= (VinR)R/z /

(A (VR,VF) (3.18)

is necessary. Furthermore, the basis functions in the interval (Vg,Vg) are given by
I (0) = Hye(0) +b1 41 (0) +ba Hyey2(0), (3.19)

where

Hy(v) =Li(x). (3.20)
Similarly, from (3.9) and (3.10), we obtain
h(VE)=0, hf(Vr)=0. (3.21)

By substituting (3.21) into (3.19), we get that by =0 and b, = —1.
In conclusion, we have designed a suitable set of basis functions for the trial function
space W as follows:

{¢k}1c<>o:1 — {gl,hé,hL,“vhﬁplw',héa,hR,'-',hRMfl,"'}~ (3.22)

Then the solution of (3.1) can be written as

p(0,0)= Y () (o). (3.23)
k=1

3.2 Fully discrete scheme

We introduce a Laguerre-Legendre spectral-Galerkin method (LLSGM) for the spatial
discretization of the Fokker-Planck equation (1.1), transforming it into a system of ordi-
nary differential equations (ODEs) in time. We then derive the fully discrete scheme for
the weak formulation in two steps. First, we construct a finite-dimensional trial function



12 L. Yan et al. / CSIAM Trans. Life Sci., x (2026), pp. 1-35

space and apply the spectral method for spatial discretization. In the second step, a semi-
implicit method is used for temporal discretization, resulting in a nonlinear fully discrete
scheme.
To obtain the finite-dimensional trial function space W, we denote the approximation
space Wy, as
Wy =W +WH, (3.24)

where W; is a one-dimensional space and W is the truncated space of W,. From this,
we derive the following form of WZM using (3.9) and (3.10):

w! :XM(foo,VR) + XM(Vg, Vi) (3.25)

where
X (—oovg) = {9 EPm(—00,VR) : @(—00) =(Vr) =0},

(3.26)
Xpi(ve,ve) =19 € Pm(Vr, V) : 9(Vr) = ¢(VF) =0}.
The notation Py;(—oo, V) represents
~ _ —v+VR
Pu(—o0, Vi) ={e™ == f| f € Pu(—o0, Vi) } (3.27)

and Py(a,b) denotes the set of all real polynomials of degree at most M in the inter-
val (a,b). In Wi, we have identified that a single basis function g (v) satisfies the bound-
ary conditions (3.5). Therefore, the dimension of the approximation space Wy, is 2M +1.
Then the numerical solution py(v,t) can be expressed as

2M+1

pm(vt)=Y_ ()i (v), (3.28)
k=1

where l;(t) are the expansion coefficients and
{lpk}if]—‘rl = {gllhé/hL/ T /h]L\/IfllhR/hR/ e IhRMfl } (329)

According to the spectral-Galerkin method in [28], the variational formulation ob-
tained from (3.1) can be written as follows: Find pp(v,t) € W such that

B(pm,@)+a(N(t))dopm(Ve,t)[p(Vr,t) —p(VE,t)] =0, YpeWn, (3.30)

where Wy, is the subspace of W. Substituting the numerical solution (3.28) to the varia-
tional formulation (3.30), we obtain the semi-discrete form

dir

Ha—|—Aﬁ—bN(t)Bﬁ+a(N(t))Cﬁ—i—a(N(t))Dﬁ:O, (3.31)
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where .
o= (ﬁl (t)/uAZ(t)/uA?)(t)/---/ﬁ2M+1 (t)) ’

VF VF
Hi= [ e, Ap= [ opdapdo,

- (3.32)
V[: VF
Bj = /_ Pidoydo, Cr= /_ oo,
D= 0ur (VE) [9;(VR) —9;(VEF)], jk=12,....2M+1.
The mean firing rate N(t) is obtained by
2M+1
N(t)=—a(N(t)) ) @(t)doe(Ve). (3.33)
k=1
The initial coefficients can be determined by the projection method,
Ve2M+1 Vg 0 )
/ Y i (0) i (0) ; (v)do = /_ P (0);(0)do, j=12,...2M+1. (3.34)

—® k=1

To achieve a balance between stability and efficiency in temporal discretization, we
employ a semi-implicit scheme, a technique well-suited for spectral methods. The linear
part of the equation is treated implicitly to enhance stability, while the nonlinear part is
treated explicitly to avoid the complexity of solving nonlinear equations. We consider
dividing the interval [0, Tmax| into 111 equal parts with the time-step length denoted as At,
where

t"=nAt, n=0,1,2,...,n;. (3.35)

#i" and N" represent the numerical approximation of coefficients #(t") and the mean
firing rate N(#"). Then the fully discrete form of the variational formulation (3.30) is as
follows:

(éHjLA—bN”B+a(N”)C+a(N”)D> ﬁ”“:im", (3.36)
where
2M+1
N"=—a(N") Y 2{0,¢(Vp). (3.37)
k=1

Since a(N) depends linearly on N in (1.2), an explicit expression for N can be obtained
from (3.37),

N = X B0 (V)
1+ Eif1+l ﬁZale)k(VF>

This yields a(N"), which is then substituted into (3.36), so that #"*! is computed by
solving the resulting linear system.

(3.38)
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3.3 Consistency of the numerical scheme

In the above section, we have derived the variational formulation and developed a nu-
merical scheme for the Fokker-Planck equation (1.1). Note that the exact solution does
not satisfy the numerical scheme (3.30) when it is truncated to the same order. However,
we shall show that it satisfies the numerical scheme (3.30) when the dimension of the
approximation space goes to infinity.

It is clear that

p(ot)= ﬁuk<t>¢k<v> (339
satisfies the variational formulation (3.1). ];efine
L(p,¢)=B(p,¢)+a(N(t))dp(Ve,t)[p(Vr) —¢(VF)], (3.40)
we have
L(p,$)=0, VpecW. (3.41)

From the variational formulation (3.30), we have

L(pm,¢)=0, VpcWy, (3.42)
where
2M+1
pm= Y 0e(t)Pi(v). (3.43)
k=1

Obviously, provided that we truncate the exact solution p(v,t) in (3.39) to

2M+1
=Y ur(t)yi(v), (3.44)
=1
then . .
p(ot)=Y u(B)pe(v)=pm+ Y, w(t)p(o). (3.45)
k=1 k=2M+2

It is straightforward that ); does not satisfy the variational formulation (3.30). Specifi-
cally, the coefficients uy from fi) are the same as those in (3.39) for the first 2M +1 terms,
but differ from the coefficients 7, calculated from the variational formulation (3.30), as
shown in (3.28). Therefore,

L(Pm,p)#0, VpeWp. (3.46)

However, we claim that pj, satisfies the variational formulation (3.30) in the limit as
M — +oc0. Namely, for any fixed M; >0 and any test function ¢; € Wy, M > M;,

L(Pam,¢i) =B(pa,¢i) +a(N(t)) 9o it (Ve ) i (VR ) — pi(VEE)] — 0, (3.47)
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where
N(t)=—a(N(t))dopm(Ve,t),

—i
h(v,N(t)) =—v+bN(t), (3.48)
fl(N( )) :ao+a1N( )
Let us denote the above assertion as the consistency of the numerical scheme (3.30). Con-
sequently, we can summarize the above discussion as the following theorem. To simplify

notation, we denote a(N(t)) by a and h(v,N(t)) by h. Analogously, we use the same
convention for @ and h.

Theorem 3.1 (Consistency). Assume that

Mlijﬂoo [P —PMmll2(—c0,vi) =0,

i 3 (p =) iz =0, (349)

WFm[190(p = paa) (v 1 =0,

then the numerical scheme (3.30) is consistent with the differential equation (1.1), which means
that (3.47)-(3.48) hold as M — oo.

Proof. Denoting Y 2> a1, - uk(t) P (v) as Ry(v,t), then we rewrite p(v,t) as

p(v,t)=pm(v,t)+Ru(v,t). (3.50)
Here, our goal is to show
Mlﬁmﬁ(pM"Pi) =0, ¢picWpy,. (3.51)
First, we observe that
L(p,¢i)=0, ¢:i€Wn,, (3.52)

because of Wy, €W from the variational formulation (3.1). By subtracting this identity,
we get

L(pm, i) =L(Pm,¢:) — L(p,$:)
443 .
= /,ooat(ﬁM —p)¢i+ (hp—hpm)dudi+ (40, Pp — adyp)duPido
+[a00prm(VE,t) —ado p(VE, 1) [¢i(VR) — i (V). (3.53)

To facilitate the comparison of the terms in (3.53), we introduce intermediate terms as
follows:

Vp VF ~ ~ ~
E(ﬁM,QDi):/ at<f)M—p)¢idU+ - (l’lp—hp—i—hp—hf)M)avgbidv (3.54)

Vi
+ [ (@0upu—ad,p-+10.p—adop)d.ido

+ (30, pm(VE, t) — @0, p(VE,t) +d0yp(VE,t) —adep (Ve 1)][¢i(VR) — 9:i(VE)].
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After simplification, we group the consistency error terms and obtain

PM/(Pz Z Ik/ (355)
where
"V Ve - VE ~
h=[ apu-plgde, L= /f (h=R)pacgide, L= [ (p—pu)dupico,
Ve Vg

Is ﬁ[a Pm(VE ) —0op (Ve )] [¢i(VR) —¢i(VE)],
I;=(a—a)9,p(Vr,1)[$i(Vr) = §i(VE)].

Since
N(t)=—ad,p(V,t) =—(a0+a1N(t))dup(VE,t), (3.57)
we have 30 (Vet)
—Aap UP Flt
Nt)=——F"""72. 3.58
( ) 1+a180p(Vp,t) ( )

Therefore, defining

- —a00,Pm(VE,t)
N(t)= . 3.59
< ) 1+a18vﬁM(Vp,t) ( )
It holds that ~
I’l—fl: baoava(Vp,t)—avp(Vp,t)
(1+a100p(VE,t)) (14190 pu (Vi) 640
i—a= a1aOaUP<VF/t)_avﬁM<VF,t) '
(14a10,p(Ve,t)) (1+a100pm (V1))
Hence, from the error estimation (3.49), there exists My >0 and ME) >0 such that
[[B=[| Lo (v v ) < Moll9w (Paa = 1) (V) | o (v v D)
1d—all L (ve,ve) < Moll9o(p—pm) (Vi t) | oo (v, Vi)
Namely,
lim Hh hHLw (Vr,VE] =
M=+ (3.62)
Mlgﬂrlooﬂa a||L°° (Vr,Ve] =
Hence, it is easy to prove that
I = @[90 P (V1) =00 p (Ve £)]| <1100 (Fm — ) (VE) |1 (v v 669)

[ I7|=[(a—a)dop(VE,t)| < [|[d—al| L= (v, v, ][00 P (VE, 1),
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which implies that
lim ’16‘ :0, lim ‘17’ =0. (364)
M— 400 M— 400

From the definition of weak solution, we can know that ¢;(v) € H'((—o0,V¢]). From the
Holder’s inequality, we get

Vi )
1111_‘/ 3 (pai—p)ido| < (/_ ((Pu—p > </ ¢dv>
i Ve 3
=0k (pra = ) oo [ 00) 6.:65)
Therefore, we obtain
lim |I;|=0. (3.66)
M—+o00

Because of ¢;(v) € H!((—o0,VE]),dp¢; € L?((—00,VE]). Then from (3.62) and Holder’s in-
equality, we obtain
VE - - Vr
=] [ h=R)ploupco] < Il | posce (667)
lim |L|=0. (3.68)

M—++o00

From the definition of weak solution, we know that vd,¢; € H'((—o0,V¢]). Therefore,
applying the Holder’s inequality, we get that

_‘ / —0dui+ BN (1)opi) (p— Pa)do

\13\—‘/ (p—Pm)9u¢ido

Ve 7 Ve 2 %

g(/_ (—0v9y¢;+bN(t)d v(,bl-) ?J) </_ (r—Pm) dv) , (3.69)

which can be written as

Ve 5 5 \2
|13!§</ (—v90¢i+DN()0u¢hi) dv) [P =Ml 2 (—co,vi)- (3.70)
Thus, we have
lim |I3|=0. (3.71)
M—+o00

Similarly, we can obtain the following conclusions:

Ve Vi B
]14]:‘/_wﬁ(avﬁM—avp)av<pidv :‘/_Oo (a0+a1N(£))30(Pat — p)ducpicto

—00

Ve ) LA\
S(/ ((a0+a1N(£))99) dv) 180 (Pra =) l2(—o,v2)s (3.72a)
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V[: VF
]15]:‘/ (G—a)0,pdy¢pido :(Ez—a)/ 0y pypido

Vg
< Hﬁ_aHL”(VR,VF}/_Ooavpav¢idv- (3.72b)
Therefore, we get
li Li|= li Is| =0. 7
Mg’ﬂoo’ 4|=0, Mgﬂoo‘ 51=0 (3.73)
In conclusion, we have
lim =0, k=12,...,7. (3.74)
M—4o00

Accordingly, substituting (3.74) to (3.56), we obtain
7
MIEQOOHPM,@) = Mlgﬂook; L =0. (3.75)

Namely, the numerical scheme (3.30) is consistent with the Fokker-Planck equation (1.1).
The proof is complete. O

4 Model extensions

In the previous section, we introduced a fully discrete numerical scheme for the Fokker-
Planck equation (1.1). Thanks to the flexibility of the LLSGM, this method is readily
applicable to more complex models. In this section, we consider a more realistic NNLIF
model (see e.g. [9]), featuring two populations, synaptic delays, and refractory periods,
and its numerical simulation is more challenging. To verify the flexibility of the proposed
numerical method, we explore the extended models from a numerical perspective.

4.1 Model introduction

Starting from the one-population formulation, we consider several NNLIF model exten-
sions — two interacting populations, delayed synaptic coupling, and refractory states.
After detailed presentations of each extension, we shall summarize the fully extended
model at the end of this subsection.

In the one-population model, we examine the simplest scenario in which all neurons
are considered either excitatory or inhibitory. However, in large-scale neuron networks,
the dynamical behavior becomes more intricate due to the interplay between two distinct
populations of neurons, excitatory and inhibitory. To accurately capture the dynamics
of a neuron network, the model (1.1) has been extended to incorporate both excitatory
populations (E-P) and inhibitory populations (I-P). The extended system now comprises
two probability density functions, pg(v,t) for the excitatory population and p;(v,t) for
the inhibitory population, each governed by an analogous Fokker-Planck equation [8]
with (1.1), as follows:
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0tPa+0o [h* (v, Ng (£),Ni (1)) pa(v,t)]
—ay (NEg(t),Ni(t)) 0o pa(v,t)
=Ny (t)6(0—VR), (4.1)

where
Ny (t) =—a4(Ne(t),Ni(t))9opa(VE,t), «B=E,I (4.2)

is the mean firing rate of the population a. The drift and diffusion coefficients are

h“(U,NE,NI) = —U—Fb%NE —b?NI—F (b% _bE)VE,ext/ (4 3)
aa(NE,NI):d%VE,ext—Fd%NE—Fd?NI, '

where VE o > 0 describes the external inputs originating from excitatory neurons. The
synaptic strength between the two populations is governed by the connectivity parame-
ters bg >0 and d% >0, which correspond to the parameters b and a; in (1.1), respectively.
Specifically, these parameters describe the strength of synaptic connections from neurons
in population 8 to neurons in population «. In contrast, the connectivity parameter b in
the one-population model primarily represents the interactions between neurons within
the same population, without the distinction between excitatory and inhibitory neurons.

In addition to the interactions between the two populations, synaptic delays, which
describe the transmission delay of a spike, are introduced to enhance the realism of the
model. When a neuron in population S fires, its effect on neurons in population « is

o

delayed by a constant time interval D B The Fokker-Planck equations with the synaptic
delays are expressed as

3P+ o [1* (0,Ng (= D%, Ny (£ = D)) pa]
— a4 (N (= D%),Nj (t— D¥)) Do Pa
= Na(1)3(0—VR). (4.4)

After firing, neurons enter a refractory period, during which they are temporarily
unresponsive to inputs. Over time, neurons gradually recover from their refractory state,
becoming responsive again to inputs. The mean recovery rate from the refractory period
is denoted by M, (). This mechanism is modeled by the following differential equations
that describe the probability of neurons being in the refractory state R,:

dRq (1)
dt

= N () — My (b). (4.5)

There are multiple choices for M,(t) [1,6]. In this section, we consider

Ma(t) = R‘;i”, (4.6)
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where 7, measures the mean duration of the refractory period. Therefore, the correspond-
ing Fokker-Planck equation, which includes the recovery mechanism, is given by
01pa+0o " (0,Ng (= Df) Ni (= Df) ) pa]
=M, (t)é(v—Vg). (4.7)
The source term on the right-hand side represents the fact that the membrane potential
is immediately reset to Vi after the neuron fires, and it stays in the refractory period for
a duration.

Compared to the previous NNLIF model (1.1), this mesoscopic model includes two
Fokker-Planck equations that govern the evolution of the probability density functions
p«(v,t), along with two ordinary differential equations that describe the evolution of the
refractory states R, of the neurons. By setting the same equation on (—co,Vg)U(Vg, VE]

and incorporating the jump conditions, Dirichlet boundary conditions, and initial condi-
tions, we have this nonlinear system [9], for v € (—oo, V| /{Vr},t€10,T],

Otpa+9y [h* (v,Ng (t— D), N1 (t— D7) ) pa)
—a, (NE (t—Dg),Ni (t—Df) ) 00 =0,

dR,(t) _
T =Ny (t) —M,(t),

N“(t) =l (NE(t_D%)’NI(t_D[IX))aUP“O/F/t)I (48)
pa(0,0)=p3(v) >0, Ry(0)=RY>0,

Pa(—00,t) = pa

dopa(Vig 1) —avm(VR*,t) =

)
(Vet) =0, pa(Vi ) =pa(Vi t),
M, (t)
aq (NE(t),Ni(t))
Here, we take N, (t)=N? in the time interval [—max(D%,D%),0] to complete the problem.

Since the number of neurons remains unchanged, the total mass should be conserved,
as shown below

V V
/Fpa(v,t)dijRa(t):/ "0(0)do+RO=1, Vt>0, a=E,L 4.9)

Despite previous theoretical and numerical studies on the model by [9,26], several prop-
erties remain unexplored. This study further investigates the periodic solution phenom-
ena in this model.

4.2 Numerical scheme

We now elaborate the numerical scheme for (4.8), employing the spectral method to
discretize space and a semi-implicit format for time discretization of the Fokker-Planck
equations. Concurrently, the ODEs are solved using the forward Euler method.
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Thanks to the derivation in Section 2, the variational formulation of Eq. (4.8) can be
naturally obtained as follows: Given pY(v) €W, find p,(v,t) € W,a =E,I such that

[ (0upu0,)p(0) ~ P00 () a0dpe 0,20 (0)) o

— 400 Pu(VEA)P(VE) — My (t)p(VR) =0, YPeW,
IR Ny (1) M),

pu(0,0)=pa(0), Ru(0)=Ry.

Here, W is the trial function space, and for simplicity we write h*(v,Ng(t—D%),
N;(t—DY)) and a,(Ng(t—D%),Ni(t—DY)) as h* and a,, respectively. Similar to the fully
discrete scheme in Section 3.2, we first truncate the trial function space W to obtain Wy,
then the numerical solution p, 1 is expanded as

(4.10)

2M+1
paM Ut Z u“k l/Jk , VlIJkEWM. (411)

The initial condition for the expansion coefficients {1, x(0) };> 2M+1

least square approximation

can be obtained by the

Ve 2M+1 Vp
/ Z 11, (0) i (0) 3 (0)do Kwpg(v)¢j(v)dv, i=12,...2M+1. (4.12)

Similarly, we choose the semi-implicit scheme in the time direction. Namely, the nonlin-
ear part is treated explicitly and other parts are treated implicitly. Notice that, the drift
coefficients h, and diffusion coefficients a, in the model involve synaptic delay terms
related to historical information. So we define the delayed time index

Dp
nﬁ max (O n— At) (4.13)

Consequently, one should adjust the parameters to ensure that 7§ is an integer in numer-

ical experiments. As in the one-population model, we divide [0, Tmax] into 17 equal parts
and denote t" =nAt. We obtain the fully discrete scheme as follows, for a =E, I,

<A1tH+A Va (NEENTT) Bt (NEE N ) Coeae (NG NG G> i+l

= L Hil+ MIF, (4.14)

Ri+1 =RI+At(N—-MI),
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where
-

i = (g1 ("), a2 ("), Aaomi (F7))
R =R, (t"),
n
M= e (4.15)
T

G =0 (VE)¥;j(VE), jk=12,...2M+1,

F= (1P1(VR)JP2(VR)/”'zlP2M+1(VR))T/

and the matrix H, A, B,C are defined in (3.32). R} and M} represent the numerical ap-
proximation of R,(#") and M,(#"). The mean firing rate can be obtained by solving the
following equations:

e 2MA
NE=—ap (NgFNTT) Y 00 (Vi),
k=1 (4.16)
gy 2T
N? =—daj (NEE,NI 1> Z Ml,kavlle(Vp).
k=1
The synaptic delay terms in (4.14) is mainly reflected in V,,a, as
Vi (NEENT) = b NEE — b NTT - (b~ b v, ext
(4.17)

a, (Ng%,N}“‘f) = d%p et + dENDE +d4NTT,

Here, the computation of the mean firing rates and the expansion coefficients follows the
same procedure as in the one-population model. Note that two independent equations
are computed to solve the system (4.14) once M, is obtained as

n
_Ra
Ty

My

(4.18)

5 Numerical test

In this section, several numerical tests are studied to validate LLSGM. First, the conver-
gence rates of the numerical schemes proposed in (3.36) for the one-population model
and (4.14) for the two-population model are studied, followed by a stability study in Sec-
tion 5.1. Then, the numerical examples for the efficiency of LLSGM are tested, including
the comparison with the finite difference method [17] and the spectral method [31] in
Section 5.2. Moreover, the blow-up phenomena for both the one-population and two-
population model are also investigated in Section 5.3. Finally, the numerical experiments
are extended to the two-population model with synaptic delays and refractory states in
Section 5.4, where transitions between periodic oscillations, steady states, and divergence
are explored.
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In all numerical tests, Vi and Vy are fixed as VF=2 and Vg =1, and the initial distri-
bution is chosen as the Gauss function

2

1 7(0;1720)
V)=—e 0, 51
pe(v) V2700 Mo 61

where vy and ¢ are the mean and variance respectively. Here, M is a normalization
factor, which makes pg(v) satisfy

73
/ ooiﬂc(v)dvzl- (5.2)

In the numerical tests, vy, 0p, and M are set problem-dependent.

5.1 Study of the order of accuracy and the stability test

The order of accuracy for LLSGM including the temporal and spatial convergence of the
one-population model (1.1) and (1.2) is first tested, followed by the convergence order
of LLSGM in both temporal and spatial discretizations for the two-population model.
Finally, the stability of LLSGM for the one-population model is examined by varying the
expansion number M and the time-step length At.

5.1.1 Order of accuracy for one-population model

The convergence order for LLSGM in temporal and spatial discretization is studied. The
initial distribution in (5.1) is setas vg=—1 and O‘g =0.5 with the parameters in (1.1) chosen
asag=1,a;=0.1and b=0.

The convergence of the explicit-implicit scheme (3.36) in temporal discretization is
tested by calculating the L2 and L* errors between the numerical solution obtained with
different time-step lengths and the reference solution. Here, the reference solution is ob-
tained by the finite-difference method (FDM) proposed in [18] with the mesh fine enough.
In the simulation, the expansion number M is set as M =16, and the final time is t =0.2.
Table 1 shows the error calculated by (5.3)

llp2at =prlls (5.3)

O :10 7
AL =082

where p, denotes the reference solution and p,; is the numerical solution with the time-
step length At. For the numerical solution, the time-step lengths are set as At =0.04,
0.02,0.01 and 0.005. Table 1 indicates the first-order convergence of (3.36) in the temporal
direction.

Then the convergence of LLSGM (3.36) in the spatial space is studied, where the L2
error between the numerical solution obtained with different expansion numbers M and
the reference solution is calculated. Here, the same reference solution obtained by FDM
is utilized. For the numerical solution, the time-step length is fixed as At =0.001, and the
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Table 1: Order of accuracy in Section 5.1.1. The first order convergence of the explicit-implicit scheme (3.36)
in the temporal discretization for the one-population model.

At | |lpar=prll2 | Oppr2 | Ipar—prlleo | Oat i
0.04 4.58e-03 - 3.89e-03 -
0.02 2.36e-03 0.95 2.02e-03 0.95
0.01 1.20e-03 0.97 1.04e-03 0.97
0.005 6.09e-04 0.98 5.31e-04 0.96

expansion number varies from M =3 to 12. Here, we want to emphasize that the number
of basis functions is 2M+1. The corresponding error is calculated as

Om2=In||py—prll2, (5.4)

where p) is the numerical solution with the different expansion number M. Fig. 1 shows
the error obtained by (5.4) with different M, where the numerical results obtained by odd
and even M are plotted respectively. In Fig. 1, we observe a linear relation between the
error (5.4) and M, which indicates the spectral convergence of LLSGM.

5.1.2 Order of accuracy for two-population model

The convergence order of LLSGM applied to the two-population model is studied, focus-
ing on both temporal and spatial discretization. For the two-population model, the same
Gaussian function (5.1) is utilized for the initial distribution of both excitatory and in-
hibitory populations with the mean and variance denoted by v} and (¢0§)?,a =E,I. Here,
we set M, =N, and the other parameters in (4.8) are shown in Table 2. The refractory pe-
riods and transmission delays are set to zero for both populations to simplify the system.

1 -2
2t 3t
_3»
4t
4T g
= = -5
Q 5t o
_67
_6—
7 7
gl g
2 3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 12 18
M M
(a) odd M (b) even M

Figure 1: Order of accuracy in Section 5.1.1. The spectral convergence of the explicit-implicit scheme (3.36) in
the spatial discretization for the one-population model. (a) M is odd. (b) M is even.
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In subsequent experiments, the full model with refractory periods and synaptic delays is
considered to investigate the activity of neurons. We remark that, although in the general
model M, # N,, in the current numerical setting M, and N, coincide.

Similar to the one-population model, to assess the temporal convergence of the nu-
merical scheme (4.14), the L? and L™ errors between the numerical solutions obtained
with different time-step lengths and the reference solution are calculated. Here, the ref-
erence solution is obtained by the finite-difference method [18] with a sufficiently fine
mesh. In the simulation, the expansion number is fixed as M =16. The error calculated
by (5.3) for both the excitatory and inhibitory populations at t =0.2 is shown in Table 3,
where the time-step length utilized to obtain the numerical solution is At=0.04,0.02,0.01
and 0.005. It clearly demonstrates the first-order convergence of the scheme (4.14) in the
temporal direction.

Next, the spatial convergence of LLSGM (4.14) is investigated by computing the L2
error between numerical solutions obtained with different expansion numbers M and

Table 2: Order of accuracy in Section 5.1.2. Computational parameters in (4.8) for the two-population model.

Diffusion coefficient a
External input VE ext
Refractory periods TE, 7]
E (,E\2
y -1,0.5
Initial distribution [UOI (U(} )2] | }
00 (99)°] [0,0.25]
Synaptic delays DE, DL, DE, D! 0
bE,bf 0.5,0.5
Connectivity parameters (0 b : }
[bF,b] [0.75,0.25]

Table 3: Order of accuracy in Section 5.1.2. The first-order convergence of the scheme (4.14) in the temporal
discretization for the two-population model.

Excitatory population Hpgt — pf H2 Oit L2 H pgt — pf Hoo Ogt,L“’
At=0.04 4.16e-03 — 3.52e-03 —
At=0.02 2.15e-03 0.95 1.83e-03 0.94
At=0.01 1.09e-03 0.97 9.46e-04 0.95

At=0.005 5.54e-04 0.98 4.81e-04 0.98

Inhibitory population | [|pg,—prll, | Oprrz | [PAe=Prlles | Ot
At=0.04 1.02e-02 — 1.12e-02 —
At=0.02 5.28e-03 0.96 5.72e-03 0.97
At=0.01 2.68e-03 0.98 2.87e-03 0.99

At=0.005 1.35e-03 0.99 1.42e-03 1.01
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Figure 2: Order of accuracy in Section 5.1.2. The spectral convergence of the scheme (4.14) in the spatial
discretization for the two-population model. Here, the blue line is for the excitatory population (E-P) and the
red line is for the inhibitory population (I-P). (a) M is odd. (b) M is even.

the same reference solution. The L? error is calculated by (5.4). In this simulation, the
time step length is fixed at At=0.001, while the expansion number M varies from 3 to 12.
Fig. 2 displays the error obtained by (5.4) with odd and even M plotted separately, where
alinear relationship between the error (5.4) and M is revealed, demonstrating the spectral
convergence of LLSGM for the more complex two-population model (4.8).

5.1.3 Stability test for one-population model

We assess the stability of LLSGM applied to the one-population model (1.1). The initial
distribution (5.1) is set as vg = —1 and (Tg = 0.5, and the parameters in (1.1) are a =1,
a1 =0.1 and b=0. Here, the reference solution is obtained by the finite difference method.
The L? error between the numerical solution and the reference solution at ¢ = 0.2 for
different expansion numbers M and time-step lengths At is shown in Table 4. The L? error
remains bounded and does not exhibit significant increases with changes in M and At,
demonstrating the numerical stability of LLSMG.

5.2 Efficiency comparison

The efficiency of LLSGM is validated by comparing it with the finite difference method
(FDM) proposed in [18] and the Legendre-Galerkin method (LGM) in [31]. All simula-
tions are performed on the model Intel Core i5-1135G7 CPU@2.40 GHz.

In the simulation, we consider the initial distribution (5.1) with vp =0 and ¢ = 0.25.
The time-step length is fixed at At=10"" so that the time discretization error is negligible
compared to the error in the spatial space. The final time is t=0.5 and parameters in (1.1)
are set as a=1 and b=0.5. Here, the reference solution p, for both LLSGM and LGM is
the numerical solution with M = 30, respectively. For FDM, the reference solution p;, is
the numerical solution obtained with spatial size h =1/128.
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The L2 error and the computational time for LLSGM, LGM, and FDM are presented in
Table 5. For the same expansion number, the error and the computational time of LLSGM
are slightly less than those required by LGM in [31]. Furthermore, when the expansion
number is small, the computational time of LLSGM is significantly less than that of FDM
when the similar order of the numerical error is obtained. When the expansion number is
larger, the computational time of LLSGM is much less than that of FDM. Specially, when
the numerical error reaches e~°, the computational time of FDM is more than ten times
of LLSGM.

Next, considering the more complex two-population model (4.8), the computational
time for periodic solutions obtained by LLSGM and FDM is compared. In the simula-
tion, the final time is set as t = 0.5 and the time-step length is At = 10~7, while other
parameters are listed in Table 6. The corresponding computational time is provided in
Table 7. Significantly less time is required by LLSGM compared to FDM, demonstrating
its greater efficiency for a more complex scenario. The computational cost of LLSGM pri-
marily consists of two parts: the projection of the initial distribution and the solution of

Table 4: Stability test in Section 5.1.3. The L2 error of LLSGM with different M and At.

M At 0.1 0.05 0.025 0.0125 0.0063 0.0032
3 1.63e-01 | 1.69e-01 | 1.73e-01 | 1.75e-01 | 1.76e-01 | 1.76e-01
4 6.96e-02 | 6.86e-02 | 6.81e-02 | 6.79e-02 | 6.77e-02 | 6.77e-02
5 6.27e-02 | 6.44e-02 | 6.55e-02 | 6.61e-02 | 6.65e-02 | 6.66e-02
6 2.04e-02 | 1.85e-02 | 1.78e-02 | 1.75e-02 | 1.74e-02 | 1.74e-02
7 2.01e-02 | 1.91e-02 | 1.90e-02 | 1.90e-02 | 1.91e-02 | 1.92e-02
8 1.11e-02 | 6.80e-03 | 4.81e-03 | 4.06e-03 | 3.81e-03 | 3.74e-03
9 1.09e-02 | 6.58e-03 | 4.69e-03 | 4.07e-03 | 3.92e-03 | 3.89e-03

10 1.06e-02 | 5.91e-03 | 3.45e-03 | 2.36e-03 | 1.97e-03 | 1.85e-03
11 1.05e-02 | 5.68e-03 | 3.03e-03 | 1.71e-03 | 1.15e-03 | 9.56e-04
12 1.05e-02 | 5.68e-03 | 3.02e-03 | 1.67e-03 | 1.06e-03 | 8.38e-04
13 1.05e-02 | 5.64e-03 | 2.94e-03 | 1.51e-03 | 7.76e-04 | 4.17e-04

Table 5: Efficiency test in Section 5.2. The computational time of LLSGM, LGM and FDM for (1.1).

LLSGM LGM FDM
M |||ppm—prll2 | CPU time (s) | M| ||[pm—prll2 | CPU time (s) | k| ||pn—prll2 | CPU time (s)
4 | 3.55e-02 30.98 4 | 6.18e-02 38.85 1/4 | 3.75e-03 47.72
8 | 6.72e-03 47.55 8 | 9.51e-03 63.97 1/8 | 1.12e-03 93.72
12| 1.33e-04 62.75 12| 4.04e-04 73.48 1/16| 3.12e-04 219.30
16| 2.11e-05 83.09 16| 7.23e-05 96.21 1/32| 8.16e-05 536.48
20| 1.96e-06 106.14 20| 2.26e-06 139.73 1/64| 1.98e-05 4741.07
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Table 6: Efficiency test in Section 5.2. Computational parameters in (4.8) for the two-population model with
delays and refractory states.

Diffusion coefficient a 1
External input VE ext 20
Refractory periods TE, T] 0.025
E (,E\2
/ -1,0.5
Initial distribution [UOI (U(; )2} | )
[vo, (7)) | [=1,05]
Synaptic delays D, DL, DE, D! 0.1
bE, bl 5,4
Connectivity parameters 1D, b 1354
(b b]] 0.75,3]

Table 7: Efficiency test in Section 5.2. The computation time of LLSGM and FDM for (4.8).

M| llpm=prll; | [Pm=prll, | CPU time (s)
LLSGM 4 3.97e-01 2.32e-01 65.72
8 2.12e-02 2.27e-03 91.12
12 1.47e-03 3.06e-04 122.29
16 1.41e-04 2.78e-05 163.61
i | \lpi=prlly | llph—psll, | CPU time (s)
1/4 2.78e-02 1.97e-01 137.34
FDM 1/8 8.02e-03 7.74e-02 213.06
1/16 2.19e-03 1.94e-02 509.48
1/32 7.78e-04 4.54e-03 1259.75
1/64 3.31e-04 9.04e-04 11375.21

the resulting linear system at each time step. Among these, the dominant cost arises from
solving the linear system. The complexity of this step is O(M?7), where the exponent 7y
depends on the specific solver employed. From Tables 5 and 7, the measured CPU times
are consistent with the expected computational complexity.

5.3 Blow-up events

The blow-up events are first studied with LLSGM for the one-population model, and the
occurrence of blow-up phenomena in the two-population model is then observed. The
blow-up events have been widely studied in the NNLIF model, where the solution may
blow up in a finite time.



L. Yan et al. / CSIAM Trans. Life. Sci., x (2026), pp. 1-35 29

5.3.1 One-population model

The blow-up events are studied in detail with LLSGM for the one-population model.
The study in [4, 31] shows that the blow-up events occur if the parameter b in (1.1) is
sufficiently large. In the simulation, the parameters are set as a0 =1,4; =0 and b =3, and
the scheme (3.36) is utilized with the expansion number M =16 and the time step length
fixed as At=0.001.

The evolution of the mean firing rate N(t) is plotted in Fig. 3(a), and the distribution
of the density function p(v,t) on v at t=2.95,3.15 and 3.35 is shown in Fig. 3(b). It can be
observed that the density function becomes increasingly concentrated around Vx, with
a sharp increase in response to a rapid increase in the firing rate N(t).

Moreover, the numerical experiment for the strongly nonlinear case is performed. We
set a1 =4,b=0.5 while keeping the other parameters unchanged. Figs. 4(a) and 4(b) depict
the evolution of N(t) and p(v,t), respectively, and demonstrate that the blow-up event is
highly sensitive to a; even for relatively small b.

5.3.2 Two-population model

We extend blow-up events by applying the LLSGM method to the excitatory-inhibitory
population model (4.8). As shown in [8,9], blow-up events can occur for the two-popu-
lation model when the connectivity parameter b% becomes sufficiently large. In the sim-
ulation, we set M, = N,, and the scheme (4.14) is adopted with the expansion number
M =16 and a fixed time-step length At=0.001. The detailed parameters in (4.8) are listed
in Table 8.

Figs. 5(a) and 5(c) illustrate the evolution of the mean firing rates Ng(t) and Nj(t),
while Figs. 5(b) and 5(d) show the distribution of the density functions pg(v,t) and p;(v,t)
at different time. As depicted in Fig. 5, two populations nearly blow up simultaneously.
The concentration of the density functions around Vg, as shown in Figs. 5(b) and 5(d),
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Figure 3: Blow-up event for the one-population model in Section 5.3.1. (a) The evolution of the mean firing
rate N(t). (b) The density function p(v,t) at t=2.95,3.15, and 3.35.
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Figure 4: Blow-up event occurs for the one-population model in the strongly nonlinear case in Section 5.3.1.
(a) The evolution of the mean firing rate N(¢). (b) The density function p(v,t) at t=0.65,0.85, and 1.05.

Table 8: Blow-up events for the two-population model in Section 5.3.2. Computational parameters in (4.8) for
the two-population model.

Diffusion coefficient a 1
External input VE ext 0
Refractory periods TE, 7] 0
ok, (0F)? ~1,05
Initial distribution v/ (% )2} [ }
00, (00)"] | [-1,05]
Synaptic delays D, DL, DE, D! 0
.y [bE bE] [3,05]
Connectivity parameters
[bE, 1] [0.75,0.25]

provides a clear indication of the blow-up events. Compared to the inhibitory popula-
tion, the density function of the excitatory population accumulates more distinctly at the
reset voltage Vg, resulting in a sharper peak.

5.4 Two-population model with delays and refractory states

We perform numerical experiments to investigate the dynamics of the two-population
model (4.8), focusing on the significant roles of refractory states and synaptic delays.
These factors are critical in shaping the collective behavior of neuron populations and
are known to influence the emergence of periodic solutions, as shown in [9]. However,
the interactions between excitatory and inhibitory populations have been comparatively
less explored. To better understand the interaction between excitatory and inhibitory
populations in the neuron networks, specifically, we consider a special scenario where
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Figure 5: Blow-up event for the two-population model in Section 5.3.2. The first row is the behavior of the mean
firing rate NE(t), and the density function pg(v,t) at +=23.85,4.05, and 4.25 for the excitatory population, and
the second row is the behavior of the mean firing rate Nj(t), and the density function pj(v,t) at t=2.25,3.25,
and 4.25 for the inhibitory population.

an inhibitory population, exhibiting periodic oscillations under external stimuli due to
synaptic delays and refractory states [9], is coupled with an excitatory population. By
varying the connectivity between the two populations, we aim to observe the dynamic
behavior of the system, including transitions between periodic oscillations, steady states,
and divergence.

In the simulation, the expansion number is fixed at M =16, with a time-step length
of At=10"7, and the other parameters are listed in Table 6. Since the blow-up events
occur for large enough excitatory synaptic strength bE [8], we systematically vary bk
while keeping other parameters fixed. For numerical convenience, the synaptic delays
are considered integral multiples of the time-step length. When the excitatory synaptic
strength bk is small, the dynamic behavior of the system is expected to resemble that of
a single inhibitory population. As bE increases, the system is anticipated to transition
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to a steady state. For sufficiently large values of bE, the phenomenon of divergence is
expected to occur in the system.

Results from the numerical experiments confirm the expected transitions. When the
excitatory synaptic strength bE is relatively small, it seems that the inhibitory population
dominates the system, and the firing rates N, () exhibit periodic oscillations, as shown
in Figs. 6(a) and 6(b) for bE =3.5.

As bE increases, the influence of the excitatory population seems to intensify, grad-
ually weakening the dominance of the inhibitory population, and shifting the system
towards a steady state. In this case, both the excitatory firing rate Ng(f) and inhibitory
firing rate Nj(t) increase without explosion and become constant after a certain period,
depicted in Figs. 7(a) and 7(b) for bE =3.82. This transition occurs because the excitatory
synaptic strength is enhanced, leading to a more balanced interplay between the excita-
tory population and the inhibitory population.

Finally, when bk is sufficiently large, the excitatory population dominates the system,
leading to the overall divergence in the system, as observed in Figs. 8(a) and 8(b) where
at bE =4 the firing rates N, (t) grow without bound.

6 Conclusion

In this work, we have presented an efficient numerical scheme based on the spectral
method to solve the Fokker-Planck equation in the semi-unbounded region associated
with the Nonlinear Noisy Leaky Integrate-and-Fire model. The scheme is consistent with
the Fokker-Planck equation and exhibits spectral convergence in the spatial direction.
A comparison of computation time at the same accuracy level demonstrates the high
efficiency of LLSGM. Additionally, we successfully extend the method to an excitatory-
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Figure 6: Two-population model with delays and refractory states in Section 5.4. The evolution of the mean
firing rates Ny(t),a=E,I for bE:S.S, where the periodic oscillations are observed.
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Figure 7: Two-population model with delays and refractory states in Section 5.4. The evolution of the mean
firing rates Ny (t),a=E, I for bE:S.SZ, where the phenomenon of steady state is observed.
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Figure 8: Two-population model with delays and refractory states in Section 5.4. The evolution of the mean
firing rates Ny (t),a=E,I for bE:S.SZ, where the phenomenon of steady state is observed.

inhibitory population model with synaptic delays and refractory periods and explore the
transitions between periodic solutions, steady states, and divergence. In the future, we
may develop a more stable high-order numerical scheme in time and investigate more
complex properties of the Fokker-Planck equation.
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