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1 Supplementary Note 1: The likelihood calculation

The model likelihood is given by Eq. (3), in which the transition probability densities p(x, |y, ;)
are obtained from the solution of Eq. (6), and the probability densities of spike observations
are p(yy,|xy,) = f(zy,). The absorption term p(A|x;,) only applies in the case of absorbing
boundaries and is given by Eq. (9).

For an efficient numerical time-propagation of the latent probability density, we transform
Eq. (6) to the Hermitian form with the operator H = exp(®(z)/2)H exp(—®(x)/2), where
H is defined in Eq. (6) [1]. The Hermitian operator H. evolves the scaled probability density
p(x,t) = p(z,t) exp(P(z)/2) according to:

Ip(,1)
ot

— Hp(a,t). (1)

This operator consists of two parts H = Ho+H;, where Hy accounts for the drift and diffusion
in the latent space, and H; accounts for the decay of probability density due to spike emissions:
0 0
Hy = —?@2 L pet@) L o@)2
0 ¢ Br ° T
Hr = fl2) (2)

We solve the eigenvector-eigenvalue problem for the Hermitian operator H,:
Using Supplementary Eq. (2), we rewrite Supplementary Eq. (3) as:

—%Deé(z)%dm(m) = )\oe’q’(:”)(bo(x). (4)
Here ¢g(x) = exp(P(z)/2)Wo(x) are the scaled eigenfunctions corresponding to the scaled
probability density p(z,t) exp(®(z)/2) = p(z,t) exp(P(x)). The eigenfunctions of the operator
H, are obtained as Wo(x) = ¢o(z) exp(—P(z)/2).

For the case of absorbing boundaries, p(z,t) satisfies the forward Fokker-Planck equation
with absorbing boundary conditions

[p(z, t)]x:j:l =0, (5)

and the scaled probability density p(x,t) exp(®(x)) satisfies the backward Fokker-Planck equa-
tion also with absorbing boundary conditions [1]. Thus the eigenfunctions ¢g(x) are obtained
by solving Supplementary Eq. (4) with the boundary conditions ¢g(x)|z=+1 = 0.
For the case of reflecting boundaries, p(z,t) satisfies the Fokker-Planck equation with re-
flecting (zero flux) boundary conditions
dd(x) Op(z,t)

—WD(az)p(x,t) — DT L =0, (6)



and the scaled probability density satisfies the backward Fokker-Planck equation with zero
derivative (Neumann) boundary conditions [1]. Thus the eigenfunctions ¢o(x) are obtained by
solving Supplementary Eq. (4) with the boundary conditions 0¢y/0x|,=+1 = 0.

To find the eigenfunctions of the operator H, we solve another eigenvalue-eigenvector prob-
lem (Ho + H;)V(x) = AV(z) in the basis of the operator Hy. As a result, we obtain an
eigenbasis {V,(z)} and eigenvalues {\;} of the operator H, where j = 1,2, ...N, and the eigen-
basis is truncated to the N, eigenvectors with the smallest eigenvalues. We refer to the operator
H as H.ps or H,er for absorbing and reflecting boundary conditions, respectively.

We solve the eigenvector-eigenvalue problem Supplementary Eq. (4) using Spectral Ele-
ments Method (SEM) [2, 3, 4]. We use the Gauss-Legendre-Lobatto (GLL) grid with Lagrange
interpolation polynomials as the basis functions (SEM basis). In the SEM basis, each function
is represented by a vector that consists of the function values evaluated at the SEM grid points
{z;}, where i = 1,2,..., N. For example, the firing rate function f(z) is represented by a vector
f with components f; = f(x;). In the SEM basis, the eigenbasis {¥;(x)} is a matrix Q of
size N x N, defined as Q;; = V;(x;). The transformation between the SEM basis and the
eigenbasis of ‘H is performed by generalized rules of basis transformations via f QTW f and
f=Q f where f is the representation of f in the eigenbasis of H. Here W = diag(w) is the
SEM weight matrix that normalizes the matrix of eigenvectors: QTW Q = I. Integration of
functions in the SEM basis is performed with Gaussian quadrature by taking an inner product
with the weight vector w: [ f(z)dx = fTw, where the weights for the GLL grid are calculated
analytically [4].

We compute the likelihood in the eigenbasis of H. The formal solution of Supplementary

Eq. (1) is given by

—H(t—tr—1) e_%Atk ) (7)

p(xtk |xtk—1) =€

In the eigenbasis of H, the corresponding matrix is diagonal:
Tyij = /\I’i(x)e”m"\llj(x)d:c = §;je Nk, (8)

In the H-basis, the spike emission operator matrix takes the form E = QTW fQ. The
absorption operator takes the form A = Q¢ diag(Xo)Q,y, where )\ are the eigenvalues of #,
obtained from Supplementary Eq. (3), and Qj is a transformation matrix from Hg-basis to
H-basis. The integration over the terminal state z;, in Eq. (3) is realized by performing the
inner product with a column vector By ., = QTWpeq, where peq is a representation of the
function exp(—®(z)/2) in the H basis. Since the operator H propagates the scaled probability
density p(z,t), first scaling p(z,t) with exp(—®(z)/2) and then taking the inner product with
the weight vector corresponds to the integration of the original probability density p(z,t).

Thus, in the H basis, the likelihood Eq. (3) is represented by a chain of matrix-vector
multiplications:

¥ =piT\ETsE.. TNET N 1 ABy 1o, (9)

where the absorption operator A is applied only in the case of absorbing boundaries. Here
Py is a row vector that corresponds to the scaled initial probability density of latent states



po(z) exp(P®(z)/2) in the eigenbasis of the operator H. The chain of matrix-vector multiplica-
tions in Supplementary Eq. (9) realizes the integration over x;,, zy,, ..., 21, in Eq. (3). The last
inner product with the vector By, realizes the integration over the final z;, in Eq. (3).

On each iteration of the gradient descent, we evaluate the likelihood numerically by calcu-
lating the eigenvalues and the eigenfunctions of the operator H, computing the matrices Ty, E,
A, and performing the chain of matrix-vector multiplications in Supplementary Eq. (9) from
left to right (forward pass). To calculate the likelihood derivatives, we also perform a backward
pass, where the chain in Supplementary Eq. (9) is calculated in the reverse order.

2 Supplementary Note 2: Variational derivatives of the
likelihood

The variational derivatives of the model likelihood are obtained using calculus of variations as
described previously [2]. The final analytical expressions read:

0L _ ZG”Qeq)(x)d(@( )¢, (x )) / (Bol(5)p0(5)ePO2 — auyya(s)eP2) ds,

IF(x) “2 dx

0L e

T = |, 1) (2 =) ds (10)
0L @ do;(x) doi(z)
oD _/ )Z i dx c;x '

Here Fy(z) = py(z)/p(z) is an auxiliary function used to perform unconstrained optimization
of po(z) (Methods). ¢;(z) = V;(z) exp(P(x)/2) are the scaled eigenfunctions of H.

The functions «;(z) and f;(x) are calculated with, respectively, the forward and backward
passes through the chain Supplementary Eq. (9) in the eigenbasis of the operator H:

= PoTa

o, =o, T,F, n=12...N,

any = anTyy, ango = an A (11)
/6N+1 = ABN+27

B, =FETN..0,.1, n=12...N,

ﬁo =T:0,. (12)

The absorption matrix A in Supplementary Eqgs. (11),(12) is applied only in the case of ab-
sorbing boundary conditions.
The matrix G is defined as:

N+1

Gij = Z T a8, (13)

7=0



where 4, j index the components of the vectors o, and 3,,,. The matrix I'" is defined for
T=N+2asI" =—1I, and for 7 < N 4 2 it is defined as:

At At ef)w'AtT i =1
— _ . . T I - j7
F; — / e (Atq— u))\ze UA] du = e_AiAtT —ei/\j Aty . . (14)
0 X=X 1 7é I

where At, =t, —t,_; are interspike intervals, and ); are the eigenvalues of H. The vectors «;
are calculated with a forward pass Supplementary Eq. (11), and the vectors §; and G are sub-
sequently calculated with a backward pass Supplementary Eqs. (12)-(14). The implementation
of the forward and backward passes is based on the sum-product and scaling algorithms, similar
to the Hidden Markov Models [5]. The algorithm scales all a; and 3; so that of ; = 1 for all
i, which prevents numerical underflow. The antiderivatives (indefinite integrals) in Supplemen-
tary Eq. (10) are evaluated by multiplication with the integration matrix that is constructed
by analytical integration of the Lagrange interpolation polynomials [2].

While we perform computations in the SEM basis, the likelihood derivatives Supplementary
Eq. (10) are expressed in terms of continuous functions, which can be discretized in any appro-
priate basis with arbitrary precision specified by the basis dimensionality. Detailed derivation
of Supplementary Eq. (10) is provided in Supplementary Information 3.

3 Supplementary Note 3: Analytical derivation of the
likelihood variational derivatives

Here we derive the analytical expressions Supplementary Eq. (10). For convenience, we repre-
sent the likelihood using the Dirac bra-ket notation [2, 3]:

e_H(tl_tO) yt2..'e—ﬂ(tN—thl)ytNe—%(tE—tN)A‘/6N+2> . (15)

—ﬂ(tz—tl)

2y 010 = (po

ytl €

In this notation, the scaled latent probability density p(x,t) = p(z,t) exp(P(z)/2) is represented
by the bra vectors, with the initial state (pg|. The time-propagation of the latent probability
density is carried out by the operator exp(—#HAt,), where At, = t, — t,_1. The operators
Yy, account for the observed spikes. The ket |3y2) accounts for the marginalization over the
terminal latent state ;.

To find variational derivative of the likelihood with respect to the force F'(z), we differentiate
Supplementary Eq. (15) applying the product rule of derivatives. The likelihood dependence
on F(z) is hidden inside the terms py and By,2, and in each of the operators exp(—HAt,),
and A. Thus, the derivative is given by the sum:

5%3) - 2]: [; os(r = (0 T o (v g (v )2 IA) .
+ Z [&:;}(70) bi(0) + a;(N + 2)% = L1 + Lo,

i



where ¢ and j index the eigenfunctions of the operator H. In Supplementary Eq. (16), we
introduced the quantities:

(o] = (pol, (o] = (anale ™5y, . n=1,2...N,

(an ] = (anle 30 (ay | = (analA,

Bn+1) = AlBn+2), (17)

’5n> = ytneiﬂAthrl |Bn+1>7 n= 17 27 cee N7 ‘50) = eifHAtl |51>7

a;(1) = (ar W), bi(7) = (¥;]B:).
In a finite basis, such as the truncated eigenbasis of the operator H, each ket («.,| corresponds
to a vector a.,, and each a;(7) is the i-th entry of this vector, compare Supplementary Eq. (17)
with Supplementary Eqgs. (11),(12). Thus, a;(7) and b;(7) are calculated with the forward-
backward pass.

We first derive the expression for the first term in Supplementary Eq. (16) denoted as L.
Using the formula for the derivative of an exponential operator [6], we obtain [2, 3]:

5<‘I’z”€_ﬂAtT"I’j>
T 1
OF Vi OF v F”’ (18)

where the matrix I'" is defined in Supplementary Eq. (14), and here 7 = 1,2,... N + 1. The
operator H can be written as [3]:

o) + 7). (19)

Using the Euler-Lagrange equation for a variational derivative, we obtain:

<\1/ > D/ ( + F(Z)Q) U, (2)de =

?(F(m)%(w)%(w)—d(‘l”'(flf’ﬂ ) = -2 expt-aa MDA,

Here we normalize ®(x) such that [ exp(—®(z))dz =1, and ¢;(x) = ¥;(z) exp(P(z)/2) are the
scaled eigenfunctions.

The absorption operator is A = Hy, where H, is the part of H that accounts for the drift
and diffusion in the latent space:

F2( )

H=-DV*+D + D

OF (20)

Fl(z) | F(x)
2 TP 4

Therefore, the derivative of the operator A with respect to F'(x) is the same as the derivative
of the operator H and is given by Supplementary Eq. (20).

Combining Supplementary Eqgs. (18),(20), we obtain the expression for L; (c.f. with the
first term in Supplementary Eq. (10)):

Ho = —DV?+ D— (21)

]



Here the matrix G, defined in Supplementary Eq. (13), gathers the contributions from all terms
exp(—HAt;) and A (where for 7 = N 4 2 we define I'" = —1I, so that Supplementary Eq. (18)
also holds for the operator A).

Next, we compute the second term in Supplementary Eq. (16) denoted as Lo, which requires
calculating the derivatives of @;(0) and b;(IN + 2) with respect to F(z). For convenience, we
write this term in the function representation:

4] ! 1 s
= 5F(x) |:/_ CYO(JU)ﬁo(SU)dSL’ —|—/ O‘N+2<£)ﬁN+2(l’)dl‘] = 5F(x) [ll + lQ] .

1 -1

Here the functions «;(x) and S;(z) correspond to (o;| and |5;) in Supplementary Eq. (17),
respectively. We have ag(z) = po(z) exp(P®(2)/2), Byi2(x) = exp(—P(x)/2) (Methods), and
the derivative does not apply to the functions fy(z) and anio(z), since their dependence on
F(x) is already accounted for in the term L; in Supplementary Eq. (16). The derivatives are
evaluated using the chain rule for functional derivatives:

5[1 . ! 5l1 (5(1)(8)
SF(x) /_ B 55(5) 5P (x)” (24)

where [; = f_llpo(x) exp(®(z)/2)Bo(x)dz. Using the Euler-Lagrange equation, we obtain:

S = mls) exp(B(5)/2)60(),

(s)

®(s) _ 0 ° N 0 ' / N (25)

F@) ~ oF (@) /_IF(s)ds = “3F@) /_IF(S)H(S—S)dS =
:-H(s—a}):—l—i—H(l’—S),

S

where H is the Heaviside step function. Thus, we obtain:

oh / ds=po(s) exp(®(s)/2)fo(s) (—1 + H(z — 5)) =

OF () 12 (26)
= _% N % /_1 dspo(s) exp(®(s)/2)Bo(s).

The variational derivative of the second term [y in Supplementary Eq. (23) is calculated simi-
larly. As a result, we obtain the expression for Lo (c.f. with the second term in Supplementary
Eq. (10)): ,

=3 / s (po(s) exp(®(s)/2)50(5) — an-4a(s) exp(~(s)/2)) . (27)

To derive the expression for 6.2 /0 Fy(x), we write the likelihood in the function representa-
tion:

7 /_ (o) exp(®(2)/2) (o). (28)
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The likelihood depends on Fy(z) only through the term py(z):

0.L /1 0.2 6po(s)
— = ds————+—%. 29
dFy(x) L O0po(s) dFy(x) (29)
We compute the derivative §.Z/dpo[s] using the Euler-Lagrange equation:
0.7
— = o 2 .
S = exp(()/2) () (30)
To compute the derivative dpy[s]/dFo(x), we express po(x) through Fy(z) (Methods):
exp([*, Fo(a')dx") ¢G(@) [ eS8 (e — o) da!
po(x) = == - , : (31)
f cexp( 7, Fo(a!)da')dx [~ e¥@da’ S, eCEda
Here G(x f Fyo(2")H(x — 2')d2’, and H is the Heaviside step function. Using the chain
rule, we obtaln
dpo(s) / ,0po(s) 0G(s")
= ds’ . 32
5Fy(z) ), " 8G(s) 6 Ry () (82)
Using the Euler-Lagrange equation, we get:
(5]?0(8) B GG(SI)(S(S o S/) f_ll 6G(:v’)dxl _ 6G(s’)eG(s)
5G(s) 1 ol 2 ’
) (2, ectear) (33)
IG(s")
= H r_
F@) ~ A )
As a result,
1 G(s') ! G(s') ,G(s)
5}90(8):/ ds’ 61 6(8, S)_ - g 2 H(S/—iﬂ):
0Fo(z) )y -, S dar (ﬁl ea(mr)dx/)
eG(s) f_ll eCCVH(s' — 2)ds'
= H(s—x)— - -
[, eC@da! J-, eC@da! (34)
fl eG(&) gg!
= po(s) [H(S—fﬂ) vl
f—l eG@) day!
1
= po(s) {H(S—x) —/ po(S')dS’} = po(s) { (@ —s +/ Po(s ]
T 1
By substituting Supplementary Eqs. (34),(30) into Supplementary Eq. (29) we obtain:
7 [ asesa@e2mems [ -5+ [ nias
= X —_ =
(SFO(x) . p 0 _lpo

- / ds exp(®(s)/2) Bo(s)pol(s) +-£ po(s)ds’ = / pols) (2 — exp(®(s)/2)o(s)) ds
(35)



Finally, we derive the expression for the derivative d.#/dD. The likelihood Supplementary
Eq. (15) depends on D through the operators exp(—HAL,) and A. Applying the product rule
for derivatives, we obtain:

0L o O, |e=HA |0 )
9D Z a;(t —1)b;(7) 5D +a;(N 4+ 1)bj(N +2)

i Lr=1

O(Wi| A[V;)
oD ’

(36)

where a;(7), b;(7) are defined in Supplementary Eq. (17). Similarly to Supplementary Eq. (18),
we have 000, |-t ) oH
ile Y
=—(V;|=—= |V, ) I
a2 = (g )T

where the matrix I'" is defined in Supplementary Eq. (14). Using Supplementary Eq. (19) and
the Euler-Lagrange equation, we obtain:

<qu- qu> _ /_1 {\I/i(:c) (Fé‘r> + Fz(“")) U, (x) — \Ifi(x)\lf;l(x)] iz —

1
where we used integration by parts, and the boundary term vanishes for both absorbing and
reflecting boundary conditions.

Combining Supplementary Egs. (36),(37),(38), we obtain (c.f. Supplementary Eq. (16)):

(37)

4
dD

(38)

1

_ /_11 [¢z($) (exp(_@(w))¢;($))/] dr = / exp(—@(x))(b;(x)qﬁ;(x)dm’

-1

0L _ / et Y Gyl (2)6 () (39)
aD . - (VR J )
where the matrix G is defined by Supplementary Eq. (13).

4 Supplementary Note 4: A relationship to the likeli-
hood of an inhomogeneous Poisson process

In this section we derive the likelihood of a spike sequence Y (¢) from an inhomogeneous Pois-
son process when the latent trajectory X(t) is fixed and fully observed. The data Y (t) =
{to,t1,....,tn,tg} consist of spike times ¢y,ts,...ty, and ¢y and tgp are the trial start and end
times, respectively. Since the trajectory is fully observed, the time-dependent firing rate of
the Poisson process A(t) is known: A(t) = f (X(t)), where f(x) is the firing-rate function. By
definition of the Poisson firing rate, the probability density p(y:,) of a spike occurring at time
t; equals A(t;), and the probability of not observing a spike in a time interval [t;_1;;] is given
by [7]:

s tio)) = P(no spikes in [t;_1;%,]) = exp (— /t t A(t)dt) . (40)



Since Poisson process has no memory, the probability density of observing the entire spike
sequence Y (t) is a product of the probability densities of all observed spikes and probabilities
of not observing a spike during all interspike intervals (cf. Eq. (4)):

p(Y ()[A()) = [Hp(yti)p(tia ti—l)] P(te, tn). (41)

Substituting Supplementary Eq. (40) and p(y:,) = A(t;) into Supplementary Eq. (41), we obtain:

p(Y(DA?)) = [f:v[ (i) exp (— /t til )\(t)dt)] exp (— /j )\(t)dt) . (42)

Rearranging the terms in Supplementary Eq. (42) to combine all exponents into a single expo-
nent, we obtain a familiar equation for the likelihood of a spike train from an inhomogeneous
Poisson process with a known time-dependent firing rate A(t) [7]:

P (Y(HIA®D) = exp (— I A(t)dt) 180! (43)

Thus, for a single fully observed trajectory X'(t), the likelihood of spike data Y'(¢) is simply
given by the likelihood of an inhomogeneous Poisson process. Supplementary Eq. (43) is widely
used for maximum likelihood estimation of parameters in neural encoding models, in which the
relationship between a stimulus and firing rate is implemented by a known parametric function

3].

5 Supplementary Note 5: Derivation of the modified
Fokker-Planck equation

Our goal is to infer latent Langevin dynamics from spike data. In this case, the one specific
trajectory that produced the observed spike sequence is unknown and therefore we cannot di-
rectly use the likelihood of an inhomogeneous Poisson process Supplementary Eq. (43). Instead,
we have to consider all possible latent trajectories that may have produced the data Y (¢) and
weight each trajectory not only according to how consistent it is with the data (Supplementary
Eq. (43)) but also how likely it can arise from the Langevin dynamics.

To perform this computation, we again use the fact that Poisson process has no memory
and factorize the probability density of the entire spike sequence into probability densities
of observing each spike and probabilities of not observing a spike during interspike intervals,
as in Supplementary Eq. (41). We denote the latent state at each of the observation times
{to,t1,...,tn,tg} by X(t) = {xt,, x4y, ..., Tey, Tty b, which is a discrete set of points along a
continuous path X'(¢). We fix the set of points X () and later marginalize over it in Eq. (3).

Fixing the latent state x;, at the spike time ¢; allows us to find the probability density of
this spike occurring p(yy,|xs,) = f(x(t;)), the same way as we did in Supplementary Eq. (42).

10



To compute the probability of no spikes occurring during the interspike interval [t;_q;;], we
need to average the probability in Supplementary Eq. (40) over all possible latent paths that
connect x;, , and x;,. This averaging corresponds to the expectation of the stochastic path
integral [3]:

p(xti

v = B oo (= [ s s - o)

X(tiq) = xt] : (44)

Here a stochastic trajectory X'(t) follows the Langevin dynamics Eq. (1), with the fixed start
and end points: the state z;, at time ¢; and the state z;, , at time ¢,_;. Using the Feynman-
Kac formula, the path integral Supplementary Eq. (44) can be transformed into the backward
Kolmogorov equation [9]:

ap(x,ﬂl’/,t/) _ ! 0 82 / 1oy Ayt ’ogl
— oy DF@)@ D@Jrf@) p(z,tl2’, ") = H p(x, ta',t), (45)
p(l’7 t’l’/, t) = 5(:{: - I/)
To find the corresponding forward equation, we derive the adjoint operator:
.t 0 0?
(h(z),H q(x)) = [ hz) | —DF(x)5- — D75+ f(z) ) q(x)dz =
ox ox (46)

/ [(%DF (z) = ;—;D +f (-r)) h(x)] q(z)dz + Q(h, q) = (Hh(z), q(x)) + Q(h, q).

Here Q(h,q) is a boundary term that arises from integration by parts. For both the reflecting
and absorbing boundary conditions for the function A(z) (in the forward equation), the bound-
ary conditions for the function ¢(x) (in the backward equation) are chosen so that the boundary
term is zero [1]. The operator H in Supplementary Eq. (46) contains the usual drift and dif-
fusion terms that are the same as in the Fokker-Planck operator for the Langevin dynamics
Eq. (1). In addition, it contains the term f(x) that accounts for the decay of the probability
density due to spike emissions through the inhomogeneous Poisson process. We refer to the

forward equation with the operator —H as a modified Fokker-Planck equation:
0 0?

= —Hp(x, t|2' 1) = (—D%F(x) + D@ - (ZL')) pla, tla’ t").  (47)

op(z, t|z',t')

ot
We use this equation to propagate the latent probability density between the adjacent spikes,
which is the same as computing the probability of not observing spikes during interspike in-

tervals averaged over all possible latent paths connecting the states x;, , and x;,. In the main
text Eq. (6), we use p(z,t) instead of p(x,t|2’,t") to keep the notation simple.

11



6 Supplementary Note 6: Feature complexity and model
selection

6.1 Feature complexity for non-stationary dynamics

Feature complexity is the negative entropy of latent trajectories. We derive an analytical
expression Eq. (14) for the trajectory entropy Eq. (13) for non-equilibrium dynamics following
the steps similar to the derivation of the equilibrium trajectory entropy [10]. First, we discretize
time with a uniform step At and represent a continuous latent trajectory as a sequence of states
X = [xo, x1, %2, ...xN], so that Eq. (13) turns into:

_ P(X)
S =— AI}:IBO dzodzy . ..deyP(X)In X

(48)

Using the Markov property of Langevin dynamics, we substitute the factorizations P(X) =
p(xo) [ p(@ri1]|z,) and Q(X) = q(xo) [ [, ¢(xr+1|7,) into Supplementary Eq. (48):

N-1
=— 1 x7+1’$7'
S = Al}fr_rgo (:!1]d$7—/dﬂpr(ZE())p<l'T/+1|$7—/)) < ) . (49)

$T+1 ‘xT
This expression can be reorganized by interchanging the integration order:

= — lim Z/daz,+1dx7p Tri1|T,) In (xTH’xT)x

s a(wr o)

/ T1 devdoplan)plon alemptorsale) | - (50)

T'#T
T'#r+1

PRt p(x0)

/dxo [/TI;IOde/Hp(xo)p(xTurﬂxT/)] In q(xz).

The terms in square brackets can be simplified using the normalization property of probability
densities:

/ TL devdenplooiplonalonlpteraler) =

I#T
T'AT+1

_ </ A yop(Tria|Tri1) - - (/ drn_1p(TN_1|TN_2) (/ d:ch(q;N|3;N1))) ) y (51)
X (/ drr ap(r|r, 1) - - (/ dr1p(s|z1) (/ dIop(I1|x0)p(x0)>) > — p(z,).

12



N-1

/ TT dorrsp(w0)p(Enr 1)) = pla) X
=0 (52)

([ st ([ dex-spton-sox-s) [ assptenton-) )+ ) = plon)

Substituting Supplementary Eqgs. (51), (52) into Supplementary Eq. (50), we obtain:

Z p(x7+1|xT) / p(zo)
=—1i d Td T T+1, L1 In d 1 ’
A}fr—I}O / T-AT +1p Lr41, T ) q<-r7+1|x7—) xop(‘r()) n Q(x()> (5?))

We introduce the following notation:

p(xo)
Seq = — /d:v Zo) In , 54
q Op( 0) q(xo) ( )
SkL(At, T) = — /da:deTHp(xTH,xT) IHZM. (55)
q(Try1lT7)
Now we can rewrite Supplementary Eq. (53) as
o . - e . SKL(At, 7')
S = Seq + Algoz SKL(AL, T) = Seq + /0 dr lim =25 (56)

Following Ref. [10], we evaluate the limit in the second term with a L’Hopitals rule (for
notation convenience, we now use the subscript in x, to represent the continuous time variable):

b{zr t‘fE‘r)
lim SKL(At,T) - (f dl’fd$r+tp($r+t;$7)ln m>
A0 At n ot

0 p(%ﬂ‘%))
— ATy p(Trpel,) In ————= )
ot </ t+ p( +t| ) Q(x7+t|x7-) .

Interchanging integration with the time derivative, we obtain:

-— E

p(zr)

SKL (At, T)
lim ————=
At—0 At

_ / dzop(z, )iy
(58)

p(x‘r+t’x7) p(xT+t‘xT) :|
8 T T l TN _|_ a T ) —a T T
|: tp(x +t|x ) nQ(xT+t‘xT) tp(z +t|x ) Q(x7+t’ 7') tq(x +t|$ )

t=0

To evaluate the expression in square brackets, we use the asymptotic solution for p(z,|x,)
valid for small times ¢ [11]:

1 (T4t — 2y — DF(x,)t)?
Trit|Tr) = ——=e€xp |—

} + O(t%), (59)
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where F'(x) is the driving force in the Langevin equation. For the reference model (free diffusion
with zero driving force), the exact analytical solution for q(z,,¢|x,) is:

CO [ @T“‘“)Q]
Trat|Tr) = ———exp | ——— |,
G\ Tr4¢ vz Dt p 1Dt

which is valid for all times. Here we also took into account that the reference model has the
same diffusion coefficient D. Taking the time derivatives in Supplementary Eqs. (59), (60), we
obtain:

(60)

Op(mslr) 1 (Tt — 27 — DF(x,)t)? 1 DF*(x,) N (Trys — 2, )?
rt]Tr) = ——=exp |— - — ,
N T 4Dt 21 1 4DE
(61)
1 (Tryt — xT)Q 1 (Trqe — $T>2
) = Tt =) 2 W T ) 62
Fha(ryilr) = 5o=ss exp { 4Dt TAY,Y (62)
Now we can evaluate each term in the square brackets in Supplementary Eq. (58) separately:
p(Trie|z7) DF?(x,)
8 T T In—/———~= = —>9 T — L7 ), 63
tp<x +t’x ) DQ(xT+t|x7) » 9 (‘T +t — T ) ( )
8tp<x7-+t’x‘r> =0, (64)
t=0
Trit|r DF?(x,
Mﬁtﬁl(ﬁrﬁmﬁ = #5@7% — ), (65)
Q(x7+t|x7) =0 4
so that Supplementary Eq. (58) evaluates to:
Skr(At DF?*(x,
lim M — _/dep(xT)dl.‘lﬂi»t&

N Tryt — Tr) = —g /deFz(a:T)p(xT). (66)

At—0 At 4

With this result, Supplementary Eq. (56) transforms into

S = Seq—/ dT%/dCL’Tﬁa(ZL‘T)p(l’T,T), (67)
0

which is equivalent to Eq. (14).

6.2 Numerical calculation of feature complexity

While the first term in Supplementary Eq. (67) can be evaluated in a straight-forward man-
ner by numerical integration of Supplementary Eq. (54), the second term in Supplementary
Eq. (67) involves space-time integral. We compute this term in the eigenbasis of the op-
erator Ho with the eigenvalues A and the eigenfunctions Wy(x) defined by Supplementary

14



q. (3). Since Supplementary Eq. (3) is an eigenvalue-eigenvector problem, the solution for
( ,t) = p(x,t) exp(P(x)/2) can be written as:

t) = Zpo’kqjo’k(l’)ei)\kt, (68)
k

where pg are the coefficients of expansion of the function py(z) = po(z)exp(®(x)/2) in the
eigenbasis Wy (z). Using Supplementary Eq. (68), we obtain for the space-time integral:

/ dt/ dap(z, ) F2(x / dt/ dpl, ) F2(z) exp|—®(x) /2] =

= /0 dt /_1 dx Z W () pope Z Woy(2)(F? exp[—®/2]); = Z pok(F eii[—CI)/Q])k’

(69)
where (F2 exp[—®/2]); are the coefficients of expansion of the function F?(x)exp[—®(z)/2] in
the basis Wy (z). To derive Supplementary Eq. (69), we first used the eigenbasis expansion for the
functions under the integral, and then we used the orthonormal properties of the eigenfunctions
and evaluated the time integral analytically.

6.3 Numerical calculation of the Jensen-Shannon divergence

We approximate Eq. (15) by the midpoint rule:

Dys = Aty ISD (p (a, 1) || (x, t3)) , (70)

1=0

where t; = iAt, and we choose the terminal time %,,,, = nAt to be sufficiently large such that
nearly all probability density p(x,t) decays to zero due to absorption at the boundaries. Here
p(z,t) is the time-dependent solution of the Fokker-Planck equation Eq. (5).

Since JSD is defined for normalized distributions p and ¢, we take into account the prob-
ability loss through the absorbing boundaries and define a normalized distribution p(x,t) =
p(x,t)+1,0(x—xp), where I, = 1— [ p(z, t)dz is the total probability loss through the absorbing
boundaries up to time t. Here we do not distinguish between the probability loss through the
left and right boundaries, and collapse the total probability loss into a single term. JSD is then
calculated using the following expression:

NI 1 2p(x) 2q(x)
JSD(p(x)||q(x :—</px 10g—dx+/qm log ——————dz | +
PNt =5\ JPee ey g™ ) 18y e
1 21 21
- I,1 L 1,1 2
+2(pog +Iq+qog[p+IQ)’
where we used the sifting property of the delta function.

To calcuate Djg between two models, we first solve the eigenvector-eigenvalue problem
Supplementary Eq. (3) and use this solution to find the probability densities p'(z,t) and p?(x, t)

(71)

I

p
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via Supplementary Eq. (68) at time points 0, At, 2At, ...,nAt. Next, for each time point, we
evaluate I, = 1 — [ p(z,t)dz and I, = 1 — [ p*(z,t)dz, and use Supplementary Eq. (71) to
calculate JSD. Lastly, we sum JSDs across all time points using Supplementary Eq. (70). The
numerical integration over the latent domain is performed by a dot product of the function
with a vector of GLL weights (Supplementary Information 1).
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7 Supplementary Table 1

Parameter ‘ Value \ Description
Ground-truth model parameters
O (z) —5x potential for ramping dynamics in Figs. 3,5, S2(a)
O(x) —2.65x potential for ramping dynamics in Figs. 4,52(b)
() cubic splines* potential for stepping dynamics (all figures)
P (x) 2(2/0.8)* — 4(x/0.8)? double well potential in Fig. S1(a)
() 2(x/0.6)* — 4(x/0.6)> double well potential in Fig. S1(b,c)
D 0.1 noise for ramping dynamics in Figs. 3,5, S2(a)
D 0.56 noise for ramping dynamics in Figs. 4,S2(b)
D 1 noise for stepping dynamics
po(z) o exp(—100(x + 0.3)?) initial probability density in Fig. 3,5,52(a)
po(z) o exp(—100z?%) initial probability density in Fig. 4,51,S2(b,c)
f(x) 50z + 60 firing rate function, Hz
Spectral Elements Method
Thegin -1 left boundary in the latent space
Tend 1 right boundary in the latent space
N, 111 — 447 number of eigenfunctions of ‘H
N, 16 — 64 number of elements
N, 8 number of grid points per element
Optimization hyperparameters
VF 0.001 — 0.005 learning rate for F'(z)
YD 0.00025 learning rate for D
YFy 0.01 — 0.025 learning rate for Fy(x)
FO) (z) 0 initialization for F'(z)
DO 1 initialization for D
FO(O) (x) 0 initialization for Fy(x)

Supplementary Table 1.

Simulation parameters.

*We define the potential function

for stepping dynamics using six smoothly patched cubic splines. This potential shape is well
approximated by the 14-degree polynomial: ®(x) = 213.72'* — 34.3921% — 830.82'? + 61.33z! +
1329210 4 37.882° — 11442° — 160.527 4+ 590.72°% 4+ 1332° — 192.42* — 37.5123 +33.0322 — 0.3233x +

0.4446.
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8 Supplementary Figures

a Short trials b Long trials C Long trials
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Supplementary Figure 1. The accuracy of inferring the initial state distribution
depends on trial durations. (a) The initial state influences the trajectory only at short
times before the dynamics equilibrate. When the data consist of many short trials such that
the system has no time to equilibrate, the trajectories contain information about the initial state
and po(z) can be accurately inferred (lower panel). The data was generated from dynamics in
a two-well potential (upper panel) with a narrow po(x) distribution and absorbing boundary
conditions. The low potential at the boundaries results in short trial durations. The data
contained 100 trials with the average duration ~ 1 second. (b) When the data consist of a few
long trials such that the dynamics are largely at equilibrium, then trajectories contain little
information about the initial state and the inference of py(z) is less accurate (lower panel).
The data was generated as in a but the potential has large barriers near the boundaries (upper
panel), which results in long trial durations. The data contained 4 trials with the average
duration ~ 25 seconds, i.e. the total data amount is similar to a. (c) For long trials, the
potential and noise magnitude can be inferred accurately even when the inference of py(x) is
inaccurate. The potential ®(x), initial state distribution py(z), and noise magnitude D are
inferrred simultaneously from the same spike data as in b. For long trials, the dynamics are
largely in equilibrium and independent of py(x), and therefore accurate inference of py(z) is not
important for accurate inference of the potential function.
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Supplementary Figure 2. Model selection based on feature consistency for ramping
and stepping dynamics. Model selection based on feature consistency for (a) ramping
dynamics with 400 trials, (b) ramping dynamics with 3,200 trials, and (c) stepping dynamics
with 3,200 trials. For each model, we generated ten independent datasets and performed
optimization and model selection on each dataset separately. We divide each dataset in two
halves and compare features between the models fitted on each data half. We choose the
optimal feature complexity M* (upper row, color dots) by thresholding D;s(M) at the value
Dires = (.001 (upper row, grey dashed line). For each of the ten datasets, the selected models
(lower row, pairs of potentials shown with colored lines) agree well with the ground-truth (black
line). For some of the simulations in ¢, the Djg threshold was not reached after the maximum
number of GD iterations (set to 20,000). In this case, we plotted the pair of models with the
maximum achieved feature complexity.
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