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Abstract

Symmetry is widely applied in problems such as
the design of equivariant networks and the dis-
covery of governing equations, but in complex
scenarios, it is not known in advance. Most pre-
vious symmetry discovery methods are limited
to linear symmetries, and recent attempts to dis-
cover nonlinear symmetries fail to explicitly get
the Lie algebra subspace. In this paper, we pro-
pose LieNLSD, which is, to our knowledge, the
first method capable of determining the number of
infinitesimal generators with nonlinear terms and
their explicit expressions. We specify a function
library for the infinitesimal group action and aim
to solve for its coefficient matrix, proving that its
prolongation formula for differential equations,
which governs dynamic data, is also linear with
respect to the coefficient matrix. By substituting
the central differences of the data and the Jaco-
bian matrix of the trained neural network into the
infinitesimal criterion, we get a system of linear
equations for the coefficient matrix, which can
then be solved using SVD. On top quark tagging
and a series of dynamic systems, LieNLSD shows
qualitative advantages over existing methods and
improves the long rollout accuracy of neural PDE
solvers by over 20% while applying to guide data
augmentation. Code and data are available at
https://github.com/hulx2002/LieNLSD.

1. Introduction

From traditional mathematical physics to deep learning,
symmetry plays an important role. In differential equations,
symmetries can assist in integration by reducing the order
(Olver, 1993; McLachlan, 1995; Ibragimov, 1999; Hydon,
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2000; Bluman & Anco, 2008; Bluman, 2010). Equivariant
networks embed symmetries into their structure, achieving
better performance on specific tasks (Zaheer et al., 2017,
Weiler et al., 2018b;a; Kondor & Trivedi, 2018; Wang et al.,
2021; Finzi et al., 2021; Satorras et al., 2021). Furthermore,
symmetries can guide the discovery of governing equations
from data (Yang et al., 2024b). However, these methods all
require prior knowledge of symmetries, which is challeng-
ing when dealing with complex tasks and messy datasets.
Therefore, automatically discovering symmetries from data
has become an important topic.

Most existing symmetry discovery methods can successfully
identify linear symmetries in the observation space (Zhou
et al., 2021; Dehmamy et al., 2021; Moskalev et al., 2022;
Yang et al., 2023). However, they are unable to discover
nonlinear symmetries, which are common in dynamical
systems. For example, in the case of the wave equation
Ut = Uggy + Uyy, these methods can only find Lorentz
symmetry and scaling symmetry, while missing translation
symmetry and special conformal symmetry.

Recent works have attempted to explore nonlinear sym-
metries. LaLiGAN (Yang et al., 2024a) uses an encoder-
decoder architecture to map the observation space to a la-
tent space, making nonlinear symmetries in the observation
space appear as linear symmetries in the latent space. How-
ever, since the encoder and decoder are black boxes, they
cannot explicitly discover the nonlinear symmetries in the
observation space. Ko et al. (2024) and Shaw et al. (2024)
propose methods to directly find non-affine symmetries from
observed data. Nevertheless, Ko et al. (2024) use an MLP to
model the infinitesimal generators, which suffers from the
same interpretability issues as LaLiGAN, while Shaw et al.
(2024) are limited to one-parameter group symmetries.

In this paper, we propose the Lie algebra based NonLinear
Symmetry Discovery method (LieNLSD), which can deter-
mine the number of infinitesimal generators and explicitly
provide their expressions containing nonlinear terms. Our
setting assumes that the dataset originates from a dynamic
system governed by differential equations, with common
forms including first-order dynamic systems u; = f(u’)
and second-order dynamical systems us; = f(u'), where v/
represents u and its spatial derivatives. This is a general set-
ting, as static systems governed by algebraic equations are
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also included (i.e., zero-order dynamic systems). We spec-
ify a function library © for the infinitesimal group action,
which may include nonlinear terms. Then the infinitesimal
group action can be expressed in the form of W©. Our
ultimate goal is to solve for the coefficient matrix W of O,
thereby explicitly obtaining the expression for the infinitesi-
mal group action.

We first prove that the prolonged infinitesimal group action
is linear with respect to vec(W), and thus the infinitesimal
criterion for the symmetry group of differential equations is
also linear with respect to vec(WW'). We then estimate deriva-
tives from the dataset using the central difference method
and obtain the Jacobian matrix of differential equations
via automatic differentiation from the trained neural net-
work. Substituting these into the infinitesimal criterion, we
derive a system of linear equations for vec(1V'), whose solu-
tion space is found based on Singular Value Decomposition
(SVD). Finally, we apply the Linearized Alternating Direc-
tion Method with Adaptive Penalty (LADMAP) (Lin et al.,
2011) to sparsify the infinitesimal generators for intuitive
and interpretable results.

In summary, our contributions are as follows: (1) we pro-
pose LieNLSD, a novel pipeline for discovering nonlinear
symmetries from dynamic data, which is the first method ca-
pable of determining the number of nonlinear infinitesimal
generators and explicitly solving for their expressions to
our knowledge; (2) we prove that if the infinitesimal group
action is linear with respect to the coefficient matrix W,
then its prolongation formula is also linear with respect to
W (3) we construct and solve a system of linear equations
for the coefficient matrix vec(W) of the infinitesimal group
action based on the infinitesimal criterion; (4) we apply
LADMAP to the sparsification of infinitesimal generators to
enhance the intuitiveness and interpretability of the results;
(5) the experimental results on top quark tagging and a series
of dynamic systems confirm the qualitative advantages of
LieNLSD over existing methods; (6) we apply LieNLSD to
guide data augmentation for neural PDE solvers, improving
their long rollout accuracy by over 20%.

2. Preliminary

Before discussing related works and methods, we first
briefly introduce some preliminary knowledge of Lie groups
and differential equations. For readers who are not familiar
with the relevant theory, we strongly recommend referring
to Appendix A or the textbook (Olver, 1993) for a detailed
version, and Appendix C for concrete examples.

Group actions and infinitesimal group actions. A Lie
group GG is a mathematical object that is both a smooth
manifold and a group. The Lie algebra g serves as the
tangent space at the identity of the Lie group. A Lie algebra

element v € g can be associated with a Lie group element
g € G through the exponential map exp : g — G, i.e.,
g = exp(v). Representing the space of the Lie algebra
with a basis {v1, va,...,v,}, in the neighborhood of the
identity element, we have g = exp (3_;_; €'v;), where
e = (e}, €2,...,€") € R" are the coefficients. The group
G acts on a vector space X = R" via a group action U :
G x X — X. Correspondingly, the infinitesimal group
action of v € gat ¢ € X is defined as:

bVl = | Ylexp(ev),z)- V. M

e=0

We abbreviate U(g, ) and ¥(v) as g - « and v, respectively,
when the context is clear. We refer to the infinitesimal group
actions of the Lie algebra basis as infinitesimal generators.

This is a more general definition that encompasses the
nonlinear case. Previous works focusing on linear sym-
metries (Moskalev et al., 2022; Desai et al., 2022; Yang
et al., 2023) commonly use the group representation px :
G — GL(n) to characterize group transformations, i.e.,
Vg € G,x € X : U(g,z) = px(g)x. The correspond-
ing Lie algebra representation dpx : g — gl(n) satisfies
Vv € g : px(exp(v)) = exp(dpx(v)). Then, the re-
lationship between infinitesimal group actions and Lie
algebra representations is:

WwegrzeX: v, =dpx(v)z-V. (2)
A concrete example of group actions and infinitesimal group
actions is provided in Appendix C.1.

Symmetries of differential equations. Before defining
the symmetries of differential equations, we first explain
how groups act on functions. Let f : X — U be a function,
with its graph defined as I'y = {(z, f(z)) : z € X} C
X x U. Suppose a Lie group G acts on X x U. Then, the
transform of I'y by g € Gis givenby g - T'y = {(Z,4) =
g (z,u) : (z,u) € Ty}. We call a function f : X — U
the transform of f by g, denoted as f= g - f,if its graph
satisfies I' F=9- I'f. Note that f may not always exist,
but in this paper, we only consider cases where it does. A
concrete example is provided in Appendix C.2.

The solution of a differential equation is expressed in the
form of a function. Intuitively, the symmetries of a differen-
tial equation describe how one solution can be transformed
into another. Formally, let . be a system of differential
equations, with the independent and dependent variable
spaces denoted by X and U, respectively. Suppose that a
Lie group G acts on X x U. We call G the symmetry
group of . if, for any solution f : X — U of ./, and
Vg € G, the transformed function g - f : X — U is another
solution of .%.
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Table 1. Comparison of LieNLSD and other symmetry discovery methods.

Applicability L-conv LieGG LieGAN LaLiGAN Koetal. Shawetal. LieNLSD (Ours)
Nonlinear? X X X V4 V4 v N4
Explicit? Vv Vv vV X X 4 Vv
Determine Lie algebra subspace dimension? X Vv X X X X Vv
Discover Lie algebra subspace? V4 V4 V4 V4 V4 X V4

Prolongation. To further study the symmetries of differ-
ential equations, we need to “prolong” the group action on
the space of independent and dependent variables to the
space of derivatives. Given a function f : X — U, where
X =RPandU = RY, ithas ¢-pj, = ¢- (P~ distinct k-th

.. a* £ (x)
« «
order derivatives u§ = 0 f*() = 3557 505> Where

ae{l,....q},J =(1,.--,Jk),and 5; € {1,...,p}. We
denote the space of all k-th order derivatives as Uy, = R?P*
and the space of all derivatives up to order n as U™ =

UxU x...U, =R where pi = (PF™). Then,
the n-th prolongation of f, pr(™ f : X — U™ is defined
as pr(™ f(x) = u(™, where u§ = 0 f(x).

Based on the above concepts, the n-th order system of dif-
ferential equations .# can be formalized as F'(z,u(™) = 0,
where F : X x U™ — R!. A smooth function f : X — U
is a solution of . if it satisfies F(x, pr(™ f(z)) = 0.

Below, we explain how to prolong the group action on X xU
to X x U™, Let G be a Lie group acting on the space of
independent and dependent variables X x U. Given a point

(zo,ul™) € X x UM, suppose that a smooth function

f X — U satisfies uén) = pr(™ f(xy). Then, the n-th
prolongation of g € G at the point (2, u{") is defined

as pr™g - (xo,ué")) = (:Eo,ﬁ(()n)), where (Zg,p) = ¢ -

(0, up) and @™ = pr™ (g - f) (o).
Note that by the chain rule, the definition of pr(")g depends

only on (z, uén)) and is independent of the choice of f.

Similarly, the n-th prolongation of v € g at the point
(z,u(™) € X x U™ is defined as:

(n)y _4d

bt (z,u(m)) ~ de

{pr(”) [exp(ev)] - (x,u("))}~v.
3)

Concrete examples of prolongation are provided in Ap-
pendix C.3.

e=0

3. Related Work

Symmetry discovery. Some previous works have at-
tempted to discover symmetries from data. Early methods
parameterize group symmetries as part of network training
(Benton et al., 2020; Zhou et al., 2021; Romero & Lohit,
2022; van der Ouderaa et al., 2024). However, they have

strong restrictions on the type of group symmetries—they
require prior knowledge of the parameterized form of group
actions or are limited to subgroups of a given group.

Subsequent works use Lie group and Lie algebra representa-
tions to characterize group symmetries. L-conv (Dehmamy
et al., 2021) proposes the Lie algebra convolutional net-
work, which serves as a building block for constructing
group-equivariant architectures and learns the Lie algebra
basis. LieGG (Moskalev et al., 2022) constructs a polariza-
tion matrix based on the trained network and training data,
extracting the Lie algebra basis from it. SymmetryGAN
(Desai et al., 2022) and LieGAN (Yang et al., 2023) use gen-
erative adversarial training to align data distributions before
and after transformations, where the generator generates
group transformations from the Lie algebra basis. As shown
in Equation (2), Lie group and Lie algebra representations
can only describe linear group actions, which limits these
methods to discovering linear symmetries.

Recently, some works have explored the discovery of nonlin-
ear group symmetries. LaLiGAN (Yang et al., 2024a) learns
a mapping from the observation space to a latent space
and extends the LieGAN approach to discover linear group
symmetries in the latent space. Ko et al. (2024) model the
infinitesimal generators using an MLP and optimize the va-
lidity score of the data transformed through ODE integration.
Shaw et al. (2024) propose an efficient method for detecting
non-affine group symmetries. However, LaLiGAN and Ko
et al. (2024) fail to explicitly provide the infinitesimal group
actions on the observation space. Shaw et al. (2024) are
limited to discovering a single Lie algebra element rather
than the subspace it belongs to. Furthermore, these meth-
ods cannot accurately determine the number of infinitesimal
generators, i.e., the dimension of the Lie algebra subspace.

We compare our LieNLSD with other symmetry discovery
methods in Table 1. To our knowledge, LieNLSD is the first
method capable of accurately determining the number of
nonlinear infinitesimal generators and explicitly solving for
their expressions.

Note that from an implementation perspective, the types
of PDE symmetries discovered by LieNLSD (ours) and
LaLiGAN (Yang et al., 2024a) differ. Taking X = R%2, U =
R as an example (e.g. u(x,y) represents a planar image),
the symmetries found by LieNLSD act pointwise on X X
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Figure 1. Pipeline of LieNLSD.

U = R3. Such symmetries are commonly referred to in the
literature as “Lie point symmetries”. On the other hand, the
symmetries found by LalLiGAN are defined over the entire
discretized field. Specifically, if v is a field on a 100 x 100
grid, then LaLiGAN’s symmetries act on R190%100 (see the
reaction-diffusion dataset in the original paper of LaLiGAN
for details). For PDEs, the setting of Lie point symmetries
(which act pointwise on both coordinates and the field) is
more common, as the search space is significantly reduced
compared to symmetries defined over the entire discretized
field, and the physical interpretation is more intuitive.

Applications of symmetry. Symmetry is widely applied
in problems such as the design of equivariant networks and
the discovery of governing equations. We summarize related
works in Appendix D.

4. Method

We formalize the problem as follows: given dynamic data
governed by differential equations, we aim to determine the
number of infinitesimal generators and their explicit expres-
sions. In Section 4.1, we provide a flexible function library
for the infinitesimal group action and present the prolonga-
tion formula in Theorem 4.1, which is linear with respect to
the coefficient matrix W. In Section 4.2, we introduce the
infinitesimal criterion for the symmetry group of differential
equations in Theorem 4.2. It is combined with central dif-
ferences of the data and automatic differentiation from the
trained neural network to construct a system of linear equa-
tions for vec(W'), whose solution space corresponds to the
infinitesimal generators. In Section 4.3, we summarize the
overall algorithm. In Section 4.4, we sparsify the infinitesi-
mal generators for better intuitiveness and interpretability.
We present the pipeline of LieNLSD in Figure 1.

4.1. Prolongation Formula of Infinitesimal Group
Actions

To explicitly obtain the infinitesimal group action on
X x U = RP x RY, we define v = WO(z,u) - V.
Here, O(x,u) € R"™! is a predefined function library,
and W = [Wy,Wa,...,W,,]T € RPFDXT jg 3 co-
efficient matrix to be determined. For example, in the

case where p = 1 and ¢ = 1, we can specify the
function library to include terms up to the second order,
O(z,u) = [1,2,u, 2%, u?, xu]". Clearly, v is linear with re-
spect to W, i.e., v = O¢(x, u)vec(W), where O¢(z,u) =
diag[®(x,u)",...,0(z,u)"] € REtOx(p+ar) — To
study the symmetries of differential equations, we are inter-
ested in whether pr(™v remains linear with respect to .
In fact, the following theorem will provide the answer.

Theorem 4.1. Let G be a Lie group acting on X x U =
RP x RY, with its corresponding Lie algebra g. Assume that
the infinitesimal group action of v € g takes the following
form:

v=WO(x,u) -V 4)
= [ Wy Wyigl  O(z,u) -V ()

= ; O, u) Wig—

q
0
- + Z @(I,U)TWM_@%,
a=1
(6)

where W € RPHDX" and ©(x,u) € R, Then, the n-th
prolongation of v is:

q
prWy = v + Zqui(x,u("))%, (7
a=1 J J

where J = (j1,...,7k), with j; € {1,...,p} and k €

{1,...,n}. The coefficients ¢/ are given by:

¢J($ u(n) ZZ’U,I ZDJ\I@ W; +DJ@ Wp.l,_a,

i=1I1CJ
) - ®)
a _ Ouy _ e} “
wﬁere UG = 5ot = smsaiaare J \ I denotes the set
difference, and D j represents the total derivative.

The proof of Theorem 4.1 is provided in Appendix B.2.
Note the distinction between total derivatives and partial
derivatives. For a smooth function P(x u(™), they are
related by D; P = gz 12 UG i Guw au . Equations (7)

and (8) indicate that pr(”)v remains hnear with respect to
W, thus it can be expressed as:

priMy = O (z, u(”))vec(W) -V, 9)
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where O, (z,u(™) € RE+ar™)x((>+0))  We provide
a concrete example of the construction of ©,, in Ap-
pendix C.4.

Algorithm 1 LieNLSD

Input: Dataset D = {(z[i], u[i])}2_,, prolongation order
n, function library © : X x U — Rr*1, sample size M,
thresholds €1, €5.
Output: Number of infinitesimal generators d, explicit
expressions of infinitesimal generators {v;}%_,.
Execute:
Estimate the derivatives of u with respect to = using
the central difference method, resulting in the prolonged
dataset prD = {(2[i], u™ [} ,.
Separate the variables of pr(™D = S;,, U S, into input
and output features (for example, for a first-order dynamic
system, S;;, = {v'} and S,,: = {u:}), and train a neural
network to fit the mapping f : S;;, — Sout-
Construct ©,, : X x U™ — R@+ap")x((0+9) ) from
© by Equations (7) to (9).
Apply automatic differentiation to the trained neural net-
work, obtaining Jp : X x U™ — R (p+ap™)
if % < €, then
Compute C' € R(M-Ox((p+4)7) by Equation (13).
Perform SVD on C, the number of singular values less
than €, is d, and the corresponding right singular vector
matrix is Q € R((P+a)m)xd
else
Initialize C'T C' O((p+q)-r)><((p+q)-r)-
fori =1to M do
C; < (Jr©,) (x[i], u™][i]).
C'C+CTCc+C/C;.
end for
Perform SVD on C' T C, the number of singular values
less than €3 is d, and the corresponding right singular
vector matrix is Q € R((pta)m)xd,
end if
fori =1toddo
W; < Q[:,4).reshape(p + ¢, 7).
v« W;0(z,u) - V.
end for
Return d, {v;}< ;.

4.2. Explicit Discovery of Infinitesimal Group Actions

Our goal is to determine the coefficient matrix W of the in-
finitesimal group action v = WO (x, u) - V, and we have al-
ready derived the formula for its prolongation pr(™v. Theo-
rem 2.31 in the textbook (Olver, 1993) relates the symmetry
group of a differential equation to its prolonged infinitesimal
group action, which is restated as follows.

Theorem 4.2. Suppose .7:

E (z,u™)y=0, v=1,...,1, (10)

is a system of differential equations, where F : X x U(") —
R is of full rank (the Jacobian matrix Jp(x,u(™) =
(%I;?’ g%) e Rx@+ap™) g of rank | whenever
F(z,u™) = 0). A Lie group G acts on X x U, with
its corresponding Lie algebra g. IfVv € g:

prv[F, (z,u™)] =0, v=1,...,I, (11

whenever F(x,u™) = 0, then G is a symmetry group of
.

Substituting Equation (9) into Equation (11), we find that
the infinitesimal criterion is also linear with respect to W:

Jp(x,u("))Gn(x,u("))vec(W) =0, (12)

whenever F'(z,u(™) = 0. As shown in Equations (7) to (9),
©,, can be computed from O, which is manually specified.
Therefore, as long as .J and the data samples of (z, u(™))
are available, W can be solved for.

In practice, we use the central difference method to esti-
mate arbitrary-order derivatives of u with respect to x from
the dataset D = {(z[i], u[i])},, obtaining the prolonged
dataset pr™ D = {(x[i],u™ [i])}}V.,. We then separate the
variables in pr(™)D into input and output features, fitting
the mapping of this supervised learning problem using a
neural network. For example, a first-order dynamic system
is governed by a PDE of the form u; = f(u') (Kantamneni
et al., 2024), where v’ represents the set of u and its spatial
derivatives. In this case, the differential equation can be
expressed as F(z,u(™) = f(u') — u; = 0, and a neural
network is used to fit f. The Jacobian matrix Jr can then be
obtained by applying automatic differentiation to the trained
neural network.

Equation (12) holds for each data sample in prMD. We
sample M points from it for symmetry discovery, resulting
in the following system of linear equations:

(JrOn)([1], u(n)[l})
(JrOn)(x[2], ut™ [2])
Cvec(W) = . vec(W) = 0.
(JFOn) ([ M], u™[M])
(13)
Perform Singular Value Decomposition (SVD) on C"
T
Cvec(W)=U E)J 8} {g—r} vec(W) = 0. Then, the null
space of C'is the solution space of vec(WW'), with the general
solution being vec(W') = @Qp. In other words, the column
vectors of Q € R((P+0)7)xd form a basis for the space of
vec(W), and B € R%*! is the coordinate vector. Overall,
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the number of zero singular values of C represents the num-
ber of infinitesimal generators, and the corresponding right
singular vectors are their coefficient matrices. Therefore,
compared with recent methods for discovering nonlinear
symmetries (Yang et al., 2024a; Ko et al., 2024; Shaw et al.,
2024), our approach can mathematically determine the di-
mension of the Lie algebra subspace and explicitly reveal
the infinitesimal generators.

When the hyperparameter M > r, for efficiency, we
compute C'C e R+ ")x((p+a)") jpstead of C' €
RM-Dx((p+a) ) Specifically, CTC = ZiV; clo;,
where C; = (Jp©,)(z[i],u™[i]). Note that if C' =
ULV, then CTC = VX2V T. Therefore, performing
SVD on CTC will give us the singular values and right
singular vectors of C' that we are interested in.

4.3. The Overall Algorithm

We now summarize the LieNLSD method in Algorithm 1.
LieNLSD consists of two main stages: neural network train-
ing and symmetry discovery, which are decoupled from each
other. In other words, the symmetry discovery procedure
is plug-and-play for a trained neural network. The time
and space complexity analysis of LieNLSD is provided in
Appendix E. Although LieNLSD starts from the setting of
nonlinear symmetries and dynamic data, it can still handle
cases of linear/affine symmetries and static data (governed
by the arithmetic equation F'(z) = 0), which are discussed
in Appendix F.

4.4. Basis Sparsification

In Algorithm 1, SVD guarantees the orthogonality of the
basis, but it does not ensure its sparsity. For example,

if the ground truth basis vectors are g[l, 0,1,0]" and

%[0, —1,0,1]7, we might solve for $[1,—1,1,1]" and
£[1,1,1,-1]7. Although they span the same subspace and
are both orthogonal, the latter lacks intuitiveness and inter-
pretability. Therefore, we aim to find an orthogonal trans-
formation that makes the transformed basis as sparse as
possible, which can be formalized as:

min [QR[11, st R'R=1, (14)

where Q € R((P+a)m)xd R ¢ RIX4 and the (1, 1)-norm of
amatrix [|[Al[1,1 = >, ; |Ai;] is the sum of the absolute val-
ues of all its elements. Note that due to the non-smoothness
of the objective function, gradient-based optimization meth-
ods such as SGD (Robbins & Monro, 1951), Adam (Kingma,
2014), etc., cannot work. We use the Linearized Alternating
Direction Method with Adaptive Penalty (LADMAP) (Lin
et al., 2011) to solve this constrained optimization problem.
By introducing an auxiliary variable Z € R((P+9)7)xd the

original problem is transformed into:

R'"R=1, Z=QR. (15)

min || Z s.t.
i 2],

As shown in Algorithm 2, during the iterative process, we
alternately update R and Z. Here, the 2-norm of a matrix
|All2 = omaz(A) is the largest singular value, and the oo-
norm of a matrix ||Aloc = max; ) _; [A4;;| is the maximum
row sum. The detailed derivation is provided in Appendix G.

Algorithm 2 Basis sparsification

Input: Basis matrix Q € R((P+a)m)xd,
Output: Sparse basis matrix Q* € R((p+a)r)xd,
Initialize €; > 0, €2 > 0, Bnaz > Bo > 0, po > 1,
nr > Q3. nz > 1, Ry = I4, Zo = QRo, Ao =
O((p_;,_q)ir)xd, and k < 0.
repeat
Update Ry, 11 = UV, where UXV T is the SVD of
Ry, — QT(Ak‘Fﬁk(QRk—Zk)).

Brnr
Update Zi+1 = S(g,,)-1 (Zk, n Ak-&-ﬁk(é?’j?l—zk)
where Sc(r) = sgn(z) max(|z| — ¢ 0) is the soft

thresholding operator.
Update Apq1 = Ap + Br(QRry1 — Zyy1).

if Brmax(\Mr||Rkv1 — Rilloos vz Zks1 —
Zk”oo) < €5 then

Set p = po.
else
Setp = 1.
end if
UPdate 5k+1 = min(ﬂmamy Pﬁk)
k< k+1.

until QR — Zi|ls < €1 and By max(\/Ng| Re —
Ry 1lloos vz 1 Zk = Zi—1]lo0) < €2
Return QRy;.

5. Experiment

In this section, we evaluate LieNLSD on top quark tagging
(Section 5.2) and a series of dynamic systems (Section 5.3).
The selection of the quantitative metric and baseline is dis-
cussed in Section 5.1. We demonstrate the application of
LieNLSD in guiding data augmentation for neural PDE
solvers in Section 5.4. The additional experiments are pro-
vided in Appendix L.

5.1. Quantitative Metric: Grassmann Distance

LieNLSD uses the subspace where the Lie algebra resides
to represent symmetries. Therefore, we choose the Grass-
mann distance, which measures the difference between the
computed subspace and the ground truth subspace, as a
quantitative metric. Let Q1, Q2 € R™*? be the orthogonal
bases of two d-dimensional subspaces in R™. Perform SVD

k]
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on @ Q2 to obtain the singular values {o;}<_,. The Grass-
mann distance between the two subspaces is then defined as

dg(Q1,Q2) = \/Zle 62, where 0; = arccos o; are the

principal angles.

As shown in Table 1, other methods for discovering nonlin-
ear symmetries (Yang et al., 2024a; Ko et al., 2024; Shaw
et al., 2024) cannot explicitly provide the subspace where
the Lie algebra resides, rendering this quantitative metric
inapplicable. We extract linear infinitesimal generators from
LieNLSD for comparison with LieGAN (Yang et al., 2023),
the state-of-the-art method for explicitly discovering Lie al-
gebra basis. Before calculating the Grassmann distance, we
perform QR decomposition on all basis matrices to ensure
orthogonality and normalization. Furthermore, we will com-
pare the number of parameters in LieNLSD and LieGAN.
The parameter overhead of LieNLSD is mainly focused on
the neural network used to fit the mapping, while that of
LieGAN is mainly concentrated in the discriminator.

We quantitatively compare LieNLSD with LieGAN on all
experiments in this section in Table 2. The randomness of
LieNLSD mainly comes from the selection of sample points
for symmetry discovery, while that of LieGAN mainly arises
from the random seed setting.

Table 2. Quantitative comparison of LieNLSD and LieGAN on all
experiments in this section. The Grassmann distance is presented
in the format of mean =+ std over three runs.

Dataset Model Grassmann distance (|) Parameters
Tob auark tasaing  LIENLSD  (9:20 £1.83) x 1072 97K
P d EBINE  [ieGAN  (2.5140.41) x 1071 321K
Bureers’ equation  LENLSD  (1.26 £ 0.20) x 102 81K
gers eq LieGAN 1.58 +0.05 265K
W ; LieNLSD  (1.40 +0.01) x 102 82K
ave cquation LieGAN 2.36 +0.15 266K
Sehrisdi sty LINLSD (862 £ 1.31) x 1072 83K
CHrOQIEET equation v jeGAN 2.22 +0.05 266K

5.2. Linear Symmetry Discovery

Top quark tagging. We first evaluate the ability of
LieNLSD to discover linear symmetries on top quark tag-
ging (Kasieczka et al., 2019). The task is to classify hadronic
tops from QCD backgrounds. Its input consists of the four-
momenta p' = (p?,pt,p?,p?) € R* of several jet con-
stituents produced in an event, and the output is the event
label (1 for top quark decay, O for other events).

This is a static system, so we set the prolongation order to
n = 0. To discover linear symmetries, the function library
is specified as O(p*) = [p°, p!,p?,p%]"T € R**!. We use
an MLP with 3 hidden layers and hidden dimension 200 to
fit the mapping. The sample size for symmetry discovery

is M = 100. For LieGAN, we set the dimension of the
Lie algebra basis to 7, using an MLP with 2 hidden layers
and hidden dimension 512 as the discriminator, which is
the same setting as in the original paper (Yang et al., 2023).
More implementation details are provided in Appendix H.1.

We present the visualization result of LieNLSD on top quark
tagging in Figure 2 (in Appendix H.1). LieNLSD obtains 7
nearly zero singular values, which indicates that the number
of infinitesimal generators is 7. The corresponding explicit
expressions are shown in Table 3. These constitute Lorentz
symmetry and scaling symmetry, where v, v3, vy repre-
sent spatial rotations, va, v, vg represent Lorentz boosts,
and vy represents scaling transformations. As shown in
Table 2, even for linear symmetry discovery, LieNLSD out-
performs LieGAN with fewer parameters. Additionally,
LieNLSD can automatically determine the dimension of the
Lie algebra subspace, whereas LieGAN requires manual
specification.

5.3. Nonlinear Symmetry Discovery

We next evaluate the ability of LieNLSD to capture non-
linear symmetries on dynamic data governed by Burgers’
equation, the wave equation, and the Schrodinger equation.
We generate several initial conditions by randomly sampling
the coefficients of the Fourier series. Then, we estimate the
spatial derivatives at each point using central differences
and numerically integrate the trajectories corresponding to
these initial conditions using the fourth-order Runge-Kutta
method (RK4). By selecting time and space steps for sam-
pling, we obtain a discrete dataset.

For LieNLSD, the function library is specified as up to
second-order terms. We set the prolongation order to n =
2, and use the central difference method to estimate all
derivatives up to the second order. We train an MLP with 3
hidden layers and hidden dimension 200 to fit the mapping
u; = f(u®) for first-order dynamic systems, or uy =
f (u(2)) for second-order dynamic systems. The sample size
for symmetry discovery is M = 100. More implementation
details of dataset generation and symmetry discovery are
provided in Appendix H.2.

Burgers’ equation. Burgers’ equation describes the
convection-diffusion phenomenon, which is widely applied
in areas such as fluid mechanics, nonlinear acoustics, gas dy-
namics, and traffic flow. Its potential form is u; = wu,, + ui

We present the visualization result of LieNLSD on Burgers’
equation in Figure 3 (in Appendix H.2). LieNLSD ob-
tains 6 nearly zero singular values, which indicates that the
number of infinitesimal generators is 6. The corresponding
explicit expressions are shown in Table 3. The group actions
they generate for the symmetry group are g; - (t,2,u) =
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Table 3. Infinitesimal generators found on all experiments in this section by LieNLSD.

Dataset Top quark tagging ‘ Burgers’ equation ‘

Wave cqualion ‘ Schrodinger equation

] 0 0
. =2tz + (1 — )5 + 2 ,
Vl:,p3i+p2i vi 170) (£ +2? J) + zy} TUH
op? o’ P p P il 0 f 2 2] 0 lé] d 9
) ) ) 9 d — o 2, a2 9 _ .9 9 _,9_,9.,9.,9
v 2 2 Vi =4 Al — (24 a?) o, | V2 gy + 2+ (=" +y )('Jy Y D AT it R
op° apt 0 9 ) b 5 5 0 0 7] d
) Vo = 2A— 3= (" +y )— 1= +22% —y*)—, vs=azy— vy =— s
Ve = 7;'&571 +p! 7 @; o du B ) o du o ou’ (,3; (g
P vomul 2 = (2t 2 + )= 4 Uw— + Ay— — tu—, Viz Yo bz,
Generators | v4 :[,37 +p0 2, Oz ou’ ot ox ay u Ox dy
o’ 22 V. v taL'3 v 7‘L'l i Vg = g 3
om0 D 4T e VsTrg gy VoS tigy
- ’apl i _2 R 20
vt i ot VIOT T T Ty Y T W V2T TV Ty
=P o g ve=2 N o0 0
S AT R I ox BT e YT gy YT e VO T
T Opo P op* Poi op? P o op? vir = 9 18= 9 Vig il 0= 9
T ou ot’ Ox Ay

(1 t46t71 4et’u+ lln(1_46t)_ 1— 4Et):92'(tax7u):

(€%t e‘x,u), g3 - (t,x,u) = (t,x + 2et,u — ex — €%t),

ga-(t,z,u) = (t,x,u+e), g5 (t,z,u) = (t+€ 2,u), and

g6 (t, z,u) = (t,x+¢€,u), where g; = exp(ev;). The prac-

tical meaning is that, if u = f(¢, ) is a solution to Burgers’

equation, then u; = f ﬁ, 1+‘Z€t) — 2 In(1 + 4et) —
2

g U2 = fle=2t, e Cx), uz = f(t,x—2et) — ex + €,
ug = f(t,x) + € us = f(t —e,x),and ug = f(t,x —¢€)
are also solutions.

Wave equation. The wave equation describes how waves
propagate through various mediums. Its form in two-
dimensional space is uy = Ugy + Uy, Where u(t, z,y) is
the displacement or, more generally, the conserved quantity
at time ¢ and position (x, y).

We present the visualization result of LieNLSD on the wave
equation in Figure 4 (in Appendix H.2). LieNLSD ob-
tains 20 nearly zero singular values, which indicates that
the number of infinitesimal generators is 20. The corre-
sponding explicit expressions are shown in Table 3. There
are 10 infinitesimal generators that constitute the confor-
mal symmetry, where vg, vg, vis represent Lorentz trans-
formations, vig, Vig, Voo represent translations, vy rep-
resents scaling transformations, and vy, vo, vg represent
special conformal transformations. Additionally, v;3 gener-
ates the group action exp(evi3)(t, x,y,u) = (¢, z,y, e“u),
and V3,Vy4,V5,V7,V11,V14,V15,Vig, V17 Canl be unified as
Vo = a(t,z,y) %, where « is a solution to the wave equa-
tion oyy = Qg + ouyy. This implies that if v = f(¢,z,)
is a solution to the wave equation, then w13 = e f(t, z,y)
and uy = f(t,2,y) + ea(t, x,y) are also solutions.

Schrodinger equation. The Schrodinger equation de-
scribes the evolution of the quantum state of microscopic
particles over time. Its parameterization on a plane in terms
of real (u) and imaginary (v) components is expressed as:

ur = —0.5(vgp + vyy) + vu? + 03,

vy = 0.5(Ugz + Uyy) — wv? — ud.

(16)

We present the visualization result of LieNLSD on the
Schrodinger equation in Figure 5 (in Appendix H.2).
LieNLSD obtains 6 nearly zero singular values, which in-
dicates that the number of infinitesimal generators is 6.
The corresponding explicit expressions are shown in Ta-
ble 3. Then, if u = f(¢, x) is a solution to the Schrédinger
equation, we can obtain several derived solutions through
these infinitesimal generators. Specifically, v; represents
scaling u; = eff(e2“t, e“x), vo represents rotation in the
complex plane us = Rf(t,x), v3 represents space ro-
tation us = f(¢, R~'x), v, represents time translation
uy = f(t — €,x), and vs, vg represent space translation
us ¢ = f£(t,x — €), where R € SO(2) and € € R?.

LieNLSD has already demonstrated qualitative advantages
over LieGAN, such as the discovery of nonlinear symme-
tries and the determination of Lie algebra subspace dimen-
sion. Furthermore, we extract the linear infinitesimal gen-
erators found by LieNLSD on the aforementioned three
dynamic datasets and quantitatively compare their accuracy
with the results from LieGAN. The discriminator of Lie-
GAN is set as an MLP with 2 hidden layers and hidden
dimension 512, which is the same setting as in the original
paper (Yang et al., 2023). As shown in Table 2, although
LieNLSD expands the function library © to include up to
second-order terms, while LieGAN’s symmetry discovery
is limited to a linear search space, LieNLSD still achieves
more accurate linear symmetries with fewer parameters.

5.4. Application: Guiding Data Augmentation for
Neural PDE Solvers

We further apply the symmetries identified by LieNLSD to
Lie Point Symmetry Data Augmentation (LPSDA) (Brand-
stetter et al., 2022) to improve the long rollout accuracy of
the Fourier Neural Operator (FNO) (Li et al., 2021), a type
of neural PDE solver. Due to the technical limitation of
LPSDA to one-dimensional cases, we evaluate it on Burg-
ers’ equation, the heat equation (see Appendix I.1), and
the KdV equation (see Appendix 1.2). The implementation
details remain consistent with the original paper (Brandstet-
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Table 4. Comparison of long rollout test NMSE for FNO without data augmentation, FNO with LPSDA based on Ko et al. (2024), FNO
with LPSDA based on LieNLSD, and FNO with LPSDA based on ground truth (GT). The results are presented in the format of mean +

std over three runs with different random seeds.

Dataset FNO + 0

FNO + Ko et al.

FNO + LieNLSD FNO + GT

(2.33+1.07) x 1074
(1.07 4+ 0.10) x 1071
(1.74 +£0.10) x 107!

Burgers’ equation
Heat equation
KdV equation

(1.934+0.75) x 1074
(7.334+1.07) x 1072
(1.51+£0.01) x 1071

(1.80 £ 0.56) x 10~4
(5.994+0.04) x 1072
(1.42+0.16) x 1071

(1.754+0.37) x 1074
(6.01 4 0.20) x 1072
(1.47 £0.02) x 1071

ter et al., 2022). As shown in Table 4, compared to FNO
without data augmentation, FNO with LPSDA based on
LieNLSD improves accuracy by over 20%, which is com-
parable to FNO with LPSDA based on ground truth (GT).
This further validates the effectiveness of LieNLSD results.

Additionally, we compare the long rollout accuracy of FNO
with LPSDA based on LieNLSD and FNO with LPSDA
based on Ko et al. (2024). For Ko et al. (2024), although
they cannot obtain explicit expressions for the infinitesimal
generators, feeding a given point into their trained MLP
still yields the specific values of the infinitesimal generators
at that point, thereby guiding data augmentation. The im-
plementation details are consistent with the original paper.
As shown in Table 4, Ko et al. (2024) can improve the ac-
curacy of FNO, but not as significantly as our method. In
addition to quantitative advantages, Ko et al. (2024) require
the explicit expression of the PDE to compute the validity
score (see Section 4.2 of their original paper), whereas our
LieNLSD does not rely on this prior knowledge.

6. Conclusion

To our knowledge, we propose the first pipeline that can
determine the number of infinitesimal generators and explic-
itly provide their expressions containing nonlinear terms.
The selection of the function library © is more flexible com-
pared with the Lie algebra representation. This is why the
infinitesimal group action solved by LieNLSD can include
more nonlinear terms. After training the neural network,
we solve for the coefficient matrix W of the infinitesimal
group action using mathematical methods. This is why
LieNLSD can obtain the entire Lie algebra subspace and
determine its dimension. In the future, we expect to use the
symmetries identified by LieNLSD to guide the discovery
of conserved quantities or differential equations.
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A. Preliminary

In this section, we provide an in-depth introduction to some preliminary knowledge of Lie groups and differential equations.
For more details, please refer to the textbook (Olver, 1993).

A.1. Group Actions and Infinitesimal Group Actions

A Lie group G is a mathematical object that is both a smooth manifold and a group. The Lie algebra g serves as the
tangent space at the identity of the Lie group. A Lie algebra element v € g can be associated with a Lie group element
g € G through the exponential map exp : g — G, i.e., g = exp(v). Representing the space of the Lie algebra with a basis
{vi,va,...,v,}, wehave g = exp (3/_, €'v;), where e = (¢!, €%,...,¢") € R" are the coefficients. The group G acts
on a vector space X = R via a group action ¥ : G x X — X. Correspondingly, we can define the infinitesimal group
action of g on X.

Definition A.1. Let G be a Lie group with its corresponding Lie algebra g. The group action of G on a vector space X is
given by ¥ : G x X — X. Then, the infinitesimal group action of v € gatz € X is:

_4d
T de o

vV, ¥ (exp(ev),z) - V. (17)
We abbreviate (g, ) and ¢(v) as g - « and v, respectively, when the context is clear. We refer to the infinitesimal group
actions of the Lie algebra basis as infinitesimal generators.

This is a more general definition that encompasses the nonlinear case. Previous works focusing on linear symmetries
(Moskalev et al., 2022; Desai et al., 2022; Yang et al., 2023) commonly use the group representation px : G — GL(n) to
characterize group transformations, i.e., Vg € G,z € X : ¥(g,x) = px(g)z. The corresponding Lie algebra representation
dpx : g — gl(n) satisfies Vv € g : px(exp(v)) = exp(dpx(v)). Below, we demonstrate the relationship between
infinitesimal group actions and Lie algebra representations.

Proposition A.2. Let G be a Lie group with its corresponding Lie algebra g. Suppose the group action of G on a vector
space X is linear:
VgeGeeX: V(g,z)=px(g)x. (18)

Then, we have:
WwegreX: Y(v),=dpx(v)x-V. (19)

The proof of Proposition A.2 and a concrete example of group actions and infinitesimal group actions are provided in
Appendices B.1 and C.1.

A.2. Symmetries of Differential Equations

Before defining the symmetries of differential equations, we first explain how groups act on functions. A concrete example
is provided in Appendix C.2.

Definition A.3. Let f : X — U be a function, with its graph defined as I'y = {(z, f(z)) : € X} C X x U. Suppose a
Lie group G acts on X x U. Then, the transform of I'y by g € Gis givenby g - I'y = {(Z,0) = ¢ (z,u) : (z,u) € T}
We call a function f : X — U the transform of f by g, denoted as f = g - f, if its graph satisfies I" =9 Ly

Note that f may not always exist, but in this paper, we only consider cases where it does. The solution of a differential
equation is expressed in the form of a function. Intuitively, the symmetries of a differential equation describe how one
solution can be transformed into another.

Definition A.4. Let .7 be a system of differential equations, with the independent and dependent variable spaces denoted
by X and U, respectively. Suppose that a Lie group G acts on X x U. We call G the symmetry group of . if, for any
solution f : X — U of ./, and Vg € G, the transformed function g - f : X — U is another solution of .%.

A.3. Prolongation

To further study the symmetries of differential equations, we need to “prolong” the group action on the space of independent
and dependent variables to the space of derivatives. Given a function f : X — U, where X = RP and U = R¢Y,

13
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K po(y
ithas ¢ - pr, = q - (p+Z_1) distinct k-th order derivatives u§ = J;f*(x) = %, where @ € {1,...,q},

J=(Jj1,--.,Jx),and j; € {1,...,p}. We denote the space of all k-th order derivatives as U, = RZP* and the space of all
derivatives up to order n.as U™ = U x Uy x ... U, = ReP™ | where p() = (pi;n)- Then, we define the prolongation of

f.
Definition A.5. Let f : X — U be a smooth function. Then the n-th prolongation of f, pr(™ f : X — U™ is defined as:

prf(z) =u™, ug=0;,%). (20)

Based on the above concepts, the n-th order system of differential equations . can be formalized as:
F(z,u™)=0, v=1,...,1, 1)

where F: X x U™ — R!. A smooth function f : X — U is a solution of . if it satisfies F'(z, pr(™) f(z)) = 0.

Below, we explain how to prolong the group action on X x U to X x U,

Definition A.6. Let G be a Lie group acting on the space of independent and dependent variables X x U. Given a
point (0, ul) € X x U™, suppose that a smooth function f : X — U satisfies u” = pr(™ f(z(). Then, the n-th
prolongation of g € G at the point (z, u(()")) is defined as:

pr™g - (2o, u™) = (Fo,a5"), 22)
where
(Z0,10) = g - (wo,u0), @S = pr™ (g - f) (o). (23)

Note that by the chain rule, the definition of pr(™ g depends only on (zo, u(()")) and is independent of the choice of f.

Similarly, we can prolong the infinitesimal group action on X x U to X x U™,

Definition A.7. Let GG be a Lie group acting on X x U, with its corresponding Lie algebra g. Then, the n-th prolongation
of v € g at the point (z,u(™) € X x U™ is defined as:

pr(My _ 4
(z,ulm) de

{pr®fexp(ev)] - (,u™) } - V. @4)
e=0

Concrete examples of prolongation are provided in Appendix C.3.
B. Proof

B.1. Proof of Proposition A.2

Proof. ¥v € g,x € X, we have:

d
vl = 5 wesp(ev). ) 25)
e=0
d
=% px (exp(ev))z -V (26)
€ e=0
= A pdpx(ev))z - v 27)
de e=0
=4 p(edpx(v)z - V (28)
de|._,
=dpx(v)z- V. (29)
O
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B.2. Proof of Theorem 4.1

Before proving Theorem 4.1, we first introduce Theorem 2.36 from the textbook (Olver, 1993) as a lemma.

Lemma B.1. Let G be a Lie group acting on X x U = RP x RY, with its corresponding Lie algebra g. Denote the
infinitesimal group action of v € g as:

; 0 0
v = ;g (2,u) 5 +;¢a(x,u)%, (30)
Then, the n-th prolongation of v is:
a
0
(n)y = J (n)y_“_ 31
priv v+;§j¢a(a:,u ) 5u 31
where J = (j1,...,jx), withj; = 1,...,pand k = 1,...,n. The coefficients ¢ are given by:
¢2(x,ul™) =D, (% -3 &?) +> &g, (32)
i=1 i=1
_oug Ght1,a

where uf* = %“7, uG; = 5.+ and D j represents the total derivative.

T Oxt0xi1...0xTk’

Next, we prove Theorem 4.1 as follows.

Proof. By Lemma B.1 and the multivariable derivative formula, we have:

p p
¢! (z,u™) =D, <@TWp+a -y @TWiu?> +> 0 Wi, (33)
=1 i=1
p p
=D,0 Wppa — > > uf D@ Wi+ > uf,0'W; (34)
i=11CJ i=1
p
== > UfD\O Wi+D;0 Wyia. (35)
i=11CJ
O

C. Example

In Appendices C.1 to C.3, we present several key examples from the textbook (Olver, 1993) to help readers intuitively
understand the preliminaries. In Appendix C.4, we provide an example of the construction of ©,, in Equation (9).

C.1. Example of Group Actions and Infinitesimal Group Actions
Example C.1. Consider the 2D rotation group G' = SO(2), with its group action given by:
U(e, (z,y)) = (x cose — ysine, xsine + y cose). (36)

Then, according to Equation (1) (or Definition A.1), its infinitesimal group action is:

0 0
PV = Yot Loy (37)

Its Lie algebra representation is:
0 -1

Thus, Equation (2) (or Proposition A.2) is satisfied.
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C.2. Example of Group Actions on Functions

Example C.2. Let X = R and U = R. The 2D rotation group G = SO(2) acts on X x U:
€-(x,u) = (xcose — usine, rsine + ucose). (39)
Let f : X — U be a linear function v = f(x) = ax + b. The points on the graph of f transform as follows:
(Z,1) = (x cose — (ax + b) sine, xsine + (ax + b) cose). (40)
Tosolve i = f (Z), we first solve for z inversely (assuming cos e — asin e # 0):

. T+ bsine @1

cose —asine

Then we obtain the transformed function f =ec- f:

~ 1 b
a:f(@:sme+acosej+ 42)

cose —asine cose —asine

C.3. Examples of Prolongation

We first provide an example of the prolongation of a function.

Example C.3. Let X = R? with coordinates (x, y), and U = R with coordinate u. Then U; = R? has coordinates (u, u),
Us = R has coordinates (U, Usy, Uyy ), and UP) = U x Uy x Uy = RS has coordinates u = (u; uy, Uy U, sy, Uy )-

Consider the function u = f(x,y). Then its second prolongation u(?) = pr(® f(z, ) is:

(st ty g gy 1) = [ 2 2L 0L 08 O°F O°F 43)
s Wy Uy Uz, Ugy, Uyy ,837,81/,6.’1,‘2’81‘83/78?;2 .

We next provide an example of the prolongation of a group action.

Example C4. Let X = R and U = R. The 2D rotation group G = SO(2) acts on X x U as shown in Equation (39).
Given a point (z°,u°,u2) € X x UM, we choose a function f : X — U as:

f2) =ulz + (u® —ula?), (44)

which satisfies:
fa®) =0, f(2°) = . (45)

From Equation (42), the transform of f by e is (assuming cos € — u2 sin € # 0):

< sine + uf cose _ u® — ulda

f(@)=¢€-f(@)= T+ 2 . (46)

cose —ul sine cose — ul sine

Let prie - (20,1, ul) = (2°,4°,@). Then, we have:

N 5~ sine + u? cos
= fl(i%) = ———E%—— (47)

cose —uldsine’
Thus, the first prolongation prt")SO(2) on X x UMW) is:

sine+uwcose). 48)

pr(l)e-(x,u,ug;) = | xcose —usine, rsine + ucose, -
COS € — Uy Sin €

We finally provide an example of the prolongation of an infinitesimal group action.
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Example C.5. Let X = R and U = R. The 2D rotation group G = SO(2) acts on X x U as shown in Equation (39). Its
corresponding infinitesimal group action is:

0 0
v = —u% + x% (49)

As shown in Equation (48), we have:

prexp(ev)](z, u, uy) = (:1: cose —usine, xsine 4+ ucose, SH]EJFUICOSG) . (50)
COS€ — Uy Sin €
Then, according to Equation (3) (or Definition A.7), we obtain the first prolongation of v:
0 0 0
prVv = —u— + 2— + (1 +u2) (51

Oz ou Ouy

C.4. Example of the Construction of ©,,

Example C.6. Consider the case where X = R and U = R. In this case, W = [W;,Ws]T € R?*" and v =
O(z,u) "W + O(x,u) "Wy . According to Equations (7) and (8), we have priv = v + ¢” (z, u(?)) 52, where
" (x, u(l)) = —u,D,0TW; + D,OTW,. This can be rewritten as:

or 0 W
pv=| 0 or [Wl] v (52)
~u,D,07 D,eT|L"?
= 0 (z,u™M)vec(W) - V. (53)
If we specify the function library ©(x,u) = [1,z,u, 22 u? 2u]T, then its total derivative is computed as D,0 =

0,1, Uy, 22, 2utty, u + Tug] .

D. Applications of Symmetry

One application of symmetry is the design of equivariant networks, which embed group symmetries into the network
structure such that when the input undergoes a transformation, the output will undergo a corresponding transformation.
Cohen & Welling (2016) propose the method of group convolutions, which has been extended to different types of groups
(Sosnovik et al., 2021; Worrall & Welling, 2019; Zhu et al., 2022; Naderi et al., 2020; Finzi et al., 2020; MacDonald
et al., 2022; Li et al., 2024) and action spaces (Lenssen et al., 2018; Li et al., 2018; Bekkers et al., 2018; Romero et al.,
2020; Worrall & Brostow, 2018; Winkels & Cohen, 2019; Esteves et al., 2018; 2019a;b). At the same time, some works
construct partial equivariant networks (Wang et al., 2022b) and color equivariant networks (Lengyel et al., 2024) based on
the framework of group convolutions. Later, Cohen & Welling (2017) propose the method of steerable convolutions, which
is generalized by Weiler & Cesa (2019) to an equivariant convolution framework for the general E(2) group. It has also
been applied to different kinds of groups and action spaces (Worrall et al., 2017; Graham et al., 2020; Wang et al., 2022a;
Esteves et al., 2020; Li et al., 2025).

Another application of symmetry is the discovery of governing equations (Loiseau & Brunton, 2018; Guan et al., 2021; Yang
et al., 2024b), which helps reduce the search space of equations and improve accuracy. In neural PDE solvers, recent works
have successfully incorporated symmetries into Physics-Informed Neural Networks (PINNs) (Arora et al., 2024; Lagrave &
Tron, 2022; Shumaylov et al., 2024; Zhang et al., 2023; Wang et al., 2025; Akhound-Sadegh et al., 2023) or performed
data augmentation based on PDE symmetries (Li et al., 2022; Brandstetter et al., 2022), leading to significant performance
improvements. Furthermore, symmetry concepts have enabled notable advances in generative modeling, with a series of
works making outstanding contributions to extending diffusion models from Euclidean space to Lie groups (Bertolini et al.,
2025; Zhu et al., 2025). However, these works require prior knowledge of symmetries, and incorrect symmetries can have
negative effects. Therefore, symmetry discovery from data has become an important topic. We expect to combine our
data-driven symmetry discovery approach with these works in the future, eliminating the need for prior knowledge of the
symmetry group to guide their processes.
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E. Time and Space Complexity Analysis of LieNLSD

The computational cost of the symmetry discovery procedure is concentrated in the SVD, which has time and space
complexities of O(mn min(m,n)) and O(mn) for a matrix A € R™*™ (Li et al., 2019). When TtaT + ) < €1, the time and
space complexities of performing SVD on C' € R(M-Dx((p+a)m) are O(M?12(p + q)r) and O(MI(p + ¢)r). Otherwise,
performing SVD on C'T C' € R{(P+a)m)x((p+a)7) results in time and space complexities of O((p+¢)>r®) and O((p+q)?r?).
In summary, the time and space complexities of the symmetry discovery procedure are O((p + ¢)r min(Ml, (p + q)r)?)
and O((p + q)r min(M1, (p + ¢)r)), respectively.

F. Extension of LieNLSD to Linear/Affine Symmetries and Static Data

Linear/affine symmetry discovery. LieNLSD can discover a broader range of nonlinear symmetries compared with
group representation-based methods (Dehmamy et al., 2021; Moskalev et al., 2022; Yang et al., 2023), thanks to the
flexibility in the choice of the function library O (x, u). If we want to restrict LieNLSD to discovering linear symmetries,
we can set O(x,u) = [z,u]" € RPTD*X1 where the coefficient matrix T/ corresponds to the Lie algebra representation
according to Equation (2). Furthermore, for affine symmetry discovery, we can include a constant term in the function
library: ©(z,u) = [1,z,u]T € RU+PFTa)x1,

Symmetry discovery from static data. Relative to the dynamic data governed by the differential equation F'(z,u(™) = 0,
we refer to the data governed by the arithmetic equation F'(2:) = 0 as static data. The infinitesimal criterion for the arithmetic
equation, similar to Equation (11), is v[F'(x)] = 0 whenever F'(x) = 0. To apply LieNLSD for symmetry discovery from
static data, we simply set the prolongation order n = 0. In this case, the procedure no longer needs to estimate derivatives
but directly uses the original dataset.

G. Detailed Derivation of Basis Sparsification

We use LADMAP (Lin et al., 2011) to solve the constrained optimization problem presented in Equation (15). The
augmented Lagrangian function is constructed as:

L(R.ZA) = |21 + (A QR — 2) + D QR ~ 213 64

where A € R((P+9)7)xd jg the Lagrange multiplier, 3 > 0 is the penalty parameter, and the Frobenius norm of a matrix is
[AlF = />0, A7;. During the iteration process, we alternately update R and Z.

We first update R with Z fixed, as shown in Equation (8) of Lin et al. (2011):

T(A R — Zu) |
Ricj1 = arg min b || p g, 1 @ i+ BlQR = Z1)) (55)
TR=I 2 Brnr F
Let R = Ry, — Q" (AutBn(QRx—Zk)) then we have:
k Bknr > :
Ry =arg min |[R - Rl (56)
—arngllzn tr((R— R)" (R — R)) (57)
= tr(R"R) — 2tr(R" R) + tr(R" R 58
arg min tr(R°R) —2tr(R R) +tr(R ' R) (58)
=arg_min d—2tr(R"R) + tr(R" R) (59)
= arg max tr(R'R). (60)
RTR=I
Let USVT be the SVD of R = Ry, — L0t 0e(QfuzZ0) ey,
Ryy1 = arg mgxltr(RTUEVT) 61)
= arg max tr(V' RTUY). (62)
RTR=I
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Let S=VTRTU,thenSTS =UTRVVTRTU = I. We have:

Ryy1 = arg mgxltr(SZ) (63)
s e, 35 o4

The orthogonality of .S and the non-negativity of the singular values imply that |S;;| < 1 and o; > 0. Therefore, when
Sii = 1,i.e., when S = VT RTU = I, the expression Zle Sii0; reaches its maximum. Due to the orthogonality of U and
V, we have R = UV ". Thus, we obtain the update formula for R:

Ry =UVT. (65)

We then update Z with R fixed, as shown in Equation (9) of Lin et al. (2011):

2

A Ryi1— 7
Zpy1 = argmin || Z]|11 + Binz ||y _ g, _ But BlQ@Bus = Z0) | (66)
z Brnz F
Let Z = Zy, + AHB’“(?Rk“ Z4) | then:
kNz
Zky1 = 6mz 1Z - Z)% (67)
= arg mlnz |Zi;| + 'Bknz Z(Zij — Z-j)Q. (63)
(2% ,J
This problem can be optimized element-wise:
(Zis1)ij = argmzin |z| + 51«;}2 (z — Zij)z. (69)
Let f(z) = |2| + B’“%(z — Zi;)% When z > 0, f/(2) = 1+ Bunz(z — Zi;) = 0 implies z = Z;; — m, where
Zij > ﬁ When z < 0, f'(2) = =1+ Brnz(z — Zij) =~0 implies z :~Z¢j + ﬁ, where Z;; < _ﬁ%nz; When z = 0,
if it is the optimal solution, then 0 € 9f(0) = [~1 — BxnzZij, 1 — BenzZij], and in this case, —ﬁ < Z;; < ﬁ' In
summary:
= 1 > 1
%j ﬁklnz’ Zij > sz
(Zrs1)ij = Zig + Aoz Zis < - fknz (70)
0, 51&72 = Z” = Bknz’
Thus, we obtain the update formula for Z:
Zi1 = Sipens)-1(2) (1)
Ak + Be(QRr+1 — Zy)
= S(Bunz) (Zk + Benlz ) (72)

where S¢(z) = sgn(z) max(|z| — €, 0) is the soft thresholding operator.

H. Implementation Detail and Visualization Result
H.1. Linear Symmetry Discovery

Top quark tagging. In this task, we observe the four-momenta {p!'}2%, € R* of the 20 jet constituents with the highest
transverse momentum pr, and predict the event label (1 for top quark decay, O for other events). We configure an MLP
with 3 hidden layers, setting the input dimension to 80, the hidden dimension to 200, and the output dimension to 1. The
activation function is ReLU. This is a binary classification task, so we apply the Sigmoid function to the output and use BCE
as the loss function. For training, we set the batch size to 256 and use the Adan optimizer (Xie et al., 2024) with a learning
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rate of 1073, For symmetry discovery, we use Theorem 3 in LieSD (Hu et al., 2025) to ensure that the 20 four-momenta
share a group action, which allows us to treat these 20 channels as a single channel in the subsequent analysis. This is a
static system, so we set the prolongation order to n = 0. With the function library set to ©(p#) = [p°, p!, p?,p®] T € R**1,
Theorem 4.1 gives O in Equation (9) as:

et 0 o0 o0
0 e’ o 0

0 = N € R¥*16, (73)
0o 0 0o ©eT

We sample M = 100 points from the training set to construct C' € R?0*16 in Equation (13) (in practice, we construct
CTC € R16%16) For quantitative analysis, we conduct multiple experiments with different sampled points to report error
bars. As shown in Figure 2, we consider the singular values smaller than e; = 10 as the effective information of the
symmetry group, where the singular values drop sharply to nearly zero. For basis sparsification, we set ¢; = 1072 and
€s = 107!, while keeping the remaining hyperparameters consistent with the original paper (Lin et al., 2011).

Figure 2. Visualization result of symmetry discovery on top quark tagging by LieNLSD. The first subplot shows the last 8 singular values.
The other seven subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

H.2. Nonlinear Symmetry Discovery

Burgers’ equation. For dataset generation, we first uniformly sample IV, spatial points z € R™= on the interval [fé, %] .
By sampling the coefficients of the Fourier series f(z) = % + SN (an cos 227E + by, sin 227%) from a Gaussian
distribution, we obtain N;., initial conditions 1y € RNies*N= “We then uniformly sample NV, time points ¢ € R™: on the
interval [0, 7], and numerically integrate the trajectories u € R¥ies*NeXNa yging the fourth-order Runge-Kutta method
(RK4), which, along with ¢ and x, forms the discrete dataset. In practice, we set L = 20, N, = 100, Ny = 10, N;.s = 10,
T = 2,and N; = 1000.

For LieNLSD, we set the prolongation order to n = 2, and use the central difference method to estimate the derivatives
Uy Ugy Uz, Ut We configure an MLP with 3 hidden layers to fit the mapping u; = f(u, uy, uzy), setting the input
dimension to 3, the hidden dimension to 200, and the output dimension to 1. The activation function is Sigmoid. For training,
we set the batch size to 256 and use the Adan optimizer (Xie et al., 2024) with a learning rate of 10~3. For symmetry
discovery, we specify the function library up to second-order terms as O(t, z,u) = [1,t,z,u, t?, 22 u?, tx, tu, xu] T €
R19%1 The infinitesimal group action v has the form:

v = @(t,x,u)Tng + @(t,m,u)TWQ% + @(t,x,u)TWg,%, (74)
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where W = [Wy, Wy, W3] T € R3*19, According to Theorem 4.1, the second prolongation of v is:
0

pr®v =0 Tw;—

ou

+ (—uD,0" W) — u,D, 0T W, + Dz@ng)aa
Uy

+ [~ (wD22©® " + 2t DO W) — (D00 " 4 20, DO )Wy 4+ D, © T W] 85

d
+ (—u,D©0" W, —u,D,0" W, +D,0TW3)

8ut
+ ...

) (75)
where D;© = [0,1,0, us, 2t, 0, 2uug, x,u + tug, zug] |, DO = [0,0, 1, ug, 0, 22, 2ut,, t, tuy, u + zu,] ', and D,,0 =
[0,0,0,Upz, 0,2, 2(u2 + Utigy), 0, tUge, 2Usy + Tuz,] . We omit the irrelevant terms here because we assume the form

of the differential equation is F'(u, g, Uy, ut) = f(U, Uy, Uzr) — uy = 0, which only depends on u, t, Uz, us. More
specifically, for example, since we have 2£

Burs = 0, the row corresponding to % in O of Equation (12) will be ignored.
Equation (75) gives ©5 in Equation (9) as:

0 0 o
_ _UtDz@T _uxDm@T Dx@T 4% 30
©2 = — (DO + 2uuDyOT)  —(ugDye® + 2y D,OT) D07 | € R (76)
—utDtGT —uth@T Dt@T

We sample M = 100 points from the training set to construct C' € R190%30 in Equation (13) (in practice, we construct
CTC € R39%30), For quantitative analysis, we conduct multiple experiments with different sampled points to report error
bars. As shown in Figure 3, we consider the singular values smaller than e; = 0.5 as the effective information of the
symmetry group, where the singular values drop sharply to nearly zero. For basis sparsification, we set ¢; = 10~* and
€2 = 10~%, while keeping the remaining hyperparameters consistent with the original paper (Lin et al., 2011).

Figure 3. Visualization result of symmetry discovery on Burgers’ equation by LieNLSD. The first subplot shows the last 7 singular values
The other six subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

Wave equation. For dataset generation, we first rewrite the equation in its first-order form:

U = v
t ) (77)
VUt = Ugy + Uyy.
. . . . 2 . .
We uniformly sample N2 spatial points on the interval [—%7 %} , with coordinates x €
2 2 . . . .
RN; andN y € RN, By sampling the coefficients of the Fourier series f(x,y) = %9 +
St Sonty (@mn coszm%cos%# + by COS 2L g

2 . 2 . .
7 sm%—l—cmnsmzm%cos%—&—dmnsmm i

’ L S =7 )
from a Gaussian distribution, we obtain N, initial conditions ug € RNies*Na and vy € RNies XN We then uniformly

sample NV; time points ¢ € RV on the interval [0, T'], and numerically integrate the trajectories u € RNies X NeX N < and
v € RNiesXNex N7 using the fourth-order Runge-Kutta method (RK4). We sample every 10 points in space to obtain the
discrete dataset t € RN, 7 € R(WNe/10” 37 ¢ R(N2/10)* 37 ¢ RNics XNex(N2/10)° 1p practice, we set L = 20, N, = 100,

Ny =3, Ny = 10, T = 2, and N; = 1000.

n 2nmy
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For LieNLSD, we set the prolongation order to n = 2, and use the central difference method to estimate the deriva-
tVes g, Uz, Uy, Utt, Uz, Uyy, Ute, Uty, Uzy- We configure an MLP with 3 hidden layers to fit the mapping uy =
fu, Ug, Uy, Uzg, Uyy, Uzy), setting the input dimension to 6, the hidden dimension to 200, and the output dimension
to 1. The activation function is Sigmoid. For training, we set the batch size to 256 and use the Adan optimizer (Xie et al.,
2024) with a learning rate of 103, For symmetry discovery, we specify the function library up to second-order terms as
O(t,x,y,u) = [1,t,z,y,u, t?, 2%, y?, u?, tx, ty, tu, vy, xu, yu] " € R¥*1, The infinitesimal group action v has the form:

0 0 0 0
V= G(taxa y7u)TW1& =+ @(t,.ﬁt, y7u)TWQ% =+ @(t,x, y;“)TW387y + @(t,fﬁ, y:u)TW4%7 (78)

where W = [Wy, Wa, W3, Wy]T € R**15, According to Theorem 4.1, the second prolongation of v is:

pr?v :®TW4E
ou
+ (~uD 0" W) — u,D, 0" Wy — u,D, 0 W5 +D,0"W,) aa
Uy
)

+ (~uD,©" Wy —u,D,0 W5 —u,D,0 W3 +D,0 T W,)—

Uy
+ [ (4¢Dge©® " + 2u, DO )Wy — (upD2e© " + 20y, D0 )Wy
)
Oz
+ [~ (u¢D,, O + 2u;,D,O W) — (u;D,, 0" + 2u,,D,0 )Wy
)
Duyy
+ [~ (uDey® " + 1z DyO T + 1y DO YWy — (4 Dyy© T + 13, D, 07 4 1y DO T )Wy
)
Oy
+ [~ (uDuO T + 2uy DO )W — (uDyO " + 2w, D,O T )Wy
)
Ouyy
+..., (79

— (uyD2z® " + 2uy, DO )W3 + D, 0 T W]

— (uyDyy© " + 21y, D,O W5 + D, 0T W,]

— (uyDyy©® " + 1y DO + 1,y DO )W + D,, O T Wy

— (DO 4 2u, D0 W3 + DO T W]

where

DO =[0,1,0,0,us,2t,0,0, 2uuy, z,y, u + tug, 0, zus, yus) T,

DO =10,0,1,0,u,,0,2z,0, 2uty, t,0, tug, y, u + Tz, yuz| ',

D,O = [0,0,0,1,u,,0,0,2y, 2uu,,0,t, tu,, T, vu,, u + yu,] ",

DO = [0,0,0,0,us,2,0,0,2(u? + wug), 0,0, 2us + tug, 0, Dugs, yug) (80)
D,.0 =[0,0,0,0,uz4,0,2,0,2(u2 + utiyy), 0,0, tursg, 0, 2Uy + DUz, YUzz] |

D,,© =[0,0,0,0,u,,,0,0,2, 2(u§ + Uttyy), 0,0, tyy, 0, Ty, 2Uy + Ytuy,] ",

D,y© = [0,0,0,0, tuzy,0,0,0, 2(tuztty + utigy), 0,0, gy, 1, Uy + TUgy, Uz + Ytigy] "

It gives © in Equation (9) as:

0 0 0 or
—u;D,07 —u,D,07 —uyDCEC—)T D07
—uD, 07 —u,D, 07 ~u,D,07 D07
0y = —(4Dgz® T + 2u;D,OT) —(uzDgz® + 2uypeDOT) —(uyDe® T + 20, D,OT) DO | € R7*60,
7(utDyy®T + QutyDy@T) 7(11,1Dyy®T + QUIyDy@T) 7(uyDyy@T + QunyyGT) D,,0"
f(uf,D,‘.yOT + ut,,,Dy@T + uf,yD:L.@T) 7(u,,.D:L.y@T + u,w;DyG)T + u_,vyD_,v(aT) f(uyDW@T + uwyDy@T + unywGT) D, yGT
—(uDuOT + 2uuD;OT) —(uDy®7 + 2uy,D,OT) —(uyDy O + 2u;, D:OT) D,OT
(81)

We sample M = 100 points from the training set to construct C' € R*%9%60 jn Equation (13) (in practice, we construct
CTC € R%9%60) For quantitative analysis, we conduct multiple experiments with different sampled points to report error
bars. As shown in Figure 4, we consider the singular values smaller than e; = 1 as the effective information of the symmetry
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group, where the singular values drop sharply to nearly zero. For basis sparsification, we set e; = 10™* and 5 = 1073,
while keeping the remaining hyperparameters consistent with the original paper (Lin et al., 2011).
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Figure 4. Visualization result of symmetry discovery on the wave equation by LieNLSD. The first subplot shows the last 21 singular
values. The other twenty subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

Schrodinger equation. For dataset generation, we follow the same approach as the wave equation to obtain the time
series t € RV, grid coordinates .,y € RY z , and trajectories u, v € RNies X NexN . We sample every 10 points in space to
get the discrete dataset t € RVt, 7 € RIN2/100° 37 ¢ R(Na/10)* 37 ¢ RNies XNex (N2 /10)? 35 ¢ RNies X Nex(Ne/10)* | For the
parameters, we set L = 20, N, = 100, Ny = 2, N;.s = 10, T = 2, and N, = 1000.

For LieNLSD, we set the prolongation order to n = 2, and use the central difference method to estimate the derivatives
Uty Ug, Uy s Uzas Uyy, Utz Uty Ugy, Uiy Vg, Vys Vazy Vyys Vta, Vtys Voy. We configure an MLP with 3 hidden layers to fit the
mapping (us, v) = £(u, Uz, Uy, Uzg, Uyy, Ugy, U, Uz, Uy, Vzz, Vyy, Uzy), setting the input dimension to 12, the hidden dimen-
sion to 200, and the output dimension to 2. The activation function is Sigmoid. For training, we set the batch size to 256 and
use the Adan optimizer (Xie et al., 2024) with a learning rate of 10~3. For symmetry discovery, we specify the function library
up to second-order terms as O(t, z,y,u,v) = [1,t,2,y,u,v,t? 2% y? u? v?, to, ty, tu, tv, 2y, U, TV, YU, Yo, wv] " €
R21x1 The infinitesimal group action v has the form:

V= @(ta r,Y,u, ’U)TWI% + ®(t7 Z,Y,u, U)TW2% + @(t7 T, Y,u, U)TWZ’)% + 9(t7 r,Y,u, U)TWZL% + @(t7 T, Y,u, 'U)TW5%a
(32)
where W = [Wy, Wy, W3, Wy, VV5]T € R®*2L, Similarly to the wave equation, Theorem 4.1 gives O, in Equation (9) as:

[ 0 0 0 or 0
—u;D, 07 —u,D, 07 7uyD19T D,OT 0
—u,D,07 —u,D,07 —u,D,07 D,6T 0
— (DT + 2, D,OT) — (D207 4 2u,,D,07) —(uyDyr® " + 2u,,D,OT) D,,07 0
—(uDy,©®" +2u,D,OT) —(uzDy,©" + 2u,,D,0T) —(uyDy,©" +2u,,D,0T) D,,©" 0
—(utDgyO®T + DO + 1y DOT)  —(u;Dgy©T + 1z DyOT + 1y DOT)  —(uyDyy©7 + gy DO " + 1y, D,OT) D, 0T (;)T
0 0 0 0 S
6, = —uD,0T —0,D,0T —v,D,07 0  Dper | SR
—u,D,07 —v,D,07 —v,D,07 0 DT
—(DpO7 + 20, D,0T) — (D407 + 20,,D,07) —(vyDye®" +20,,D,07) 0 D07
—(vDy,©®" +2v,D,O7) —(v;Dyy©" +20,,D,07) —(vyDy, 0" +2v,,D,0T) 0 D,,©7
7(’uthEyG)-r + UmDyeT + 'UtyDz@T) 7(1;1D‘,y®T + 'Uzsz@T + vzyD‘,@T) 7(’UyDgEyG)-r + ’UIyDy@T + ’UnyI@T) 0 oy T
—u; D07 —u,D,07 —uyDt@T D,6T 0
L —v;D,07 —v,D;07 7’L‘yDt(‘)T 0 D07 ]
(83)

We sample M = 100 points from the training set to construct C' € R199%105 in Equation (13). For quantitative analysis,
we conduct multiple experiments with different sampled points to report error bars. As shown in Figure 5, we consider
the singular values smaller than €5 = 2 as the effective information of the symmetry group, where the singular values
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drop sharply to nearly zero. For basis sparsification, we set ¢; = 10™* and e; = 1072, while keeping the remaining
hyperparameters consistent with the original paper (Lin et al., 2011).
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Figure 5. Visualization result of symmetry discovery on the Schrodinger equation by LieNLSD. The first subplot shows the last 7 singular
values. The other six subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

I. Additional Experiment

We supplement experiments on dynamic data governed by the heat equation, the Korteweg-De Vries (KdV) equation, and
reaction-diffusion system. The quantitative comparison between LieNLSD and LieGAN on additional experiments is
provided in Table 5.

Table 5. Quantitative comparison of LieNLSD and LieGAN on additional experiments. The Grassmann distance is presented in the format
of mean = std over three runs.

Dataset Model Grassmann distance () Parameters
Heat equation LieNLSD (7.39 +1.04) x 10—* 81K
q LieGAN 2.59 + 0.04 265K
. LieNLSD (5.24 +1.55) x 1073 82K
KdV equation LieGAN 1.56 + 0.00 265K
Reaction-diffusion svstery  LENESD (124 £0.18) x 107 83K
u y LieGAN 1.1140.11 266K

Table 6. Infinitesimal generators found on additional experiments by LieNLSD.

Dataset Heat equation KdV equation Reaction-diffusion system
0 0 0 0 0 7] 0 0
=(2 2y = =%— +ax— =-3t— —a—+2u—, | V1= VU~ T U,
vy (1f-i-9v)au7 Vo tat—l—"cam, Vi 3tat xam—l— UG 1 0 7
Generators 2t 9 9 9 t 0 + 0 Vo =~y —+2x
vy =2l— —2TU—, V4=T-—, Vsg=Uz—, | Vo=1t—+ — =Y =
3 ox ow * ou’ ° ou’ 2 Or = Ou’ Ox y
7] 7] 0 7] 7] 0 7] 7]
Vg = — Vyr = — Vg = — Vqg = — V4 = — Vg = — Vy = — Ve = —
ST 0w T o T ot PTot Tt On BT ot Tt on P oy
L.1. Heat Equation

The heat equation describes the evolution of the temperature distribution over time in a given medium. Its one-dimensional

form is:
Ut = Ugg, (84)
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where u(t, x) is the temperature at time ¢ and position z. The experimental setup is consistent with Burgers’ equation.
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Figure 6. Visualization result of symmetry discovery on the heat equation by LieNLSD. The first subplot shows the last 9 singular values.
The other eight subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

We present the visualization result of LieNLSD on the heat equation in Figure 6. LieNLSD obtains 8 nearly zero singular
values, which indicates that the number of infinitesimal generators is 8. The corresponding explicit expressions are
shown in Table 6. The group actions they generate for the symmetry group are exp(evy)(t, z,u) = (¢, z,u + €(2t +
22)), exp(eva)(t, z,u) = (e2t,ex,u), exp(evs)(t,z,u) = (t,x + 2et,ue*“*€2t), exp(evy)(t, z,u) = (t,z,u + ex),
exp(evs)(t, z,u) = (¢, z,eu), exp(eve) (t, z,u) = (t, z,u+e), exp(evy)(t, z,u) = (t,x+e€,u), and exp(evg)(t, x,u) =
(t + €, x,u). The practical meaning is that, if u = f(¢,z) is a solution to the heat equation, then u; = f(t,x) + €(2t + ?),
Uy = fle 2t e~ ), ug = e~ TTELf(t, x — 2et), ug = f(t,2) + ex, us = e f(t,2), ug = f(t,z) + € ur = f(t, 2 —¢),
and ug = f(t — €, x) are also solutions.

I.2. Korteweg-De Vries (KdV) Equation
The KdV equation describes the propagation of solitary waves on shallow water surfaces. Its standard form is:
Ug + Ugze + Uy = 0, (85)

where u(t, x) is the wave profile at time ¢ and position . The experimental setup is consistent with Burgers’ equation.
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Figure 7. Visualization result of symmetry discovery on the KdV equation by LieNLSD. The first subplot shows the last 5 singular values.
The other four subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

We present the visualization result of LieNLSD on the KdV equation in Figure 7. LieNLSD obtains 4 nearly zero singular
values, which indicates that the number of infinitesimal generators is 4. The corresponding explicit expressions are shown
in Table 6. Then, if u = f(t,x) is a solution to the KdV equation, we can obtain several derived solutions through
these infinitesimal generators. Specifically, v; represents scaling u; = e2¢ f(e3“t, e€x), vo represents Galilean boost
us = f(t,x — et) + €, v3 represents time translation ug = f(t — €, ), and v4 represents space translation uy = f(t, 2 — €).

L.3. Reaction-Diffusion System

A reaction-diffusion system describes the behavior of chemical substances or biological patterns that undergo both reaction
and diffusion. We consider a A-w reaction-diffusion system (Champion et al., 2019) governed by:

{ut = (1 — (u2 + 1)2))11, + ﬁ(u2 + ’1)2)11 + d; (umg + uyy)7 (86)

vy = —B(u® + v*)u+ (1 — (u® +v?))v + da(vee + Uyy),
with d; = 0.1, d2 = 0.1, and 8 = 1. The experimental setup is consistent with the Schrodinger equation.
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Figure 8. Visualization result of symmetry discovery on reaction-diffusion system by LieNLSD. The first subplot shows the last 6 singular
values. The other five subplots display the infinitesimal generators corresponding to the nearly-zero singular values after sparsification.

We present the visualization result of LieNLSD on reaction-diffusion model in Figure 8. Although LaLiGAN discovers the
SO(2) symmetry in the latent space of this system, it cannot explicitly provide the group action in the observation space.
LieNLSD takes the independent variables into account and directly discovers the SO(2) symmetry in the observation space.
Specifically, LieNLSD obtains 5 nearly zero singular values, which indicates that the number of infinitesimal generators is 5.
The corresponding explicit expressions are shown in Table 6. Among these, v, represents rotation in the complex space, vo
represents space rotation, v represents time translation, and v, v represent space translation.
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