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Abstract

Chebyshev polynomials have shown significant promise as an efficient tool for both classical and
quantum neural networks to solve linear and nonlinear differential equations (DEs). In this work,
we adapt and generalize this framework in a quantum machine learning setting for a variety of
problems, including the 2D Poisson’s equation, second-order linear DE, system of DEs, nonlinear
Duffing and Riccati equation. In particular, we propose in the quantum setting a modified
Self-Adaptive Physics-Informed Neural Network approach, where self-adaptive weights are applied
to problems with multi-objective loss functions. We further explore capturing correlations in our
loss function using a quantum-correlated measurement, resulting in improved accuracy for initial
value problems. We analyse also the use of entangling layers and their impact on the solution
accuracy for second-order DEs. The results indicate a promising approach to the near-term
evaluation of DEs on quantum devices.

1. Introduction

With the invention of calculus, a new era of mathematics was created by introducing differential equations
(DEs) by Sir Isaac Newton and Gottfried Leibniz [1, 2]. DEs are ubiquitous in describing physical
phenomena, beginning with classical mechanics, fluid dynamics, electromagnetism, and quantum
mechanics. To date, the search for efficient and accurate solutions to DEs has remained a challenging task
and many problems have no closed-form solution. Numerical methods have been introduced in the last
century, such as the finite element method, finite differences, or finite volume method that can be used to
solve more complex systems [3—6]. These methods remain crucial for many engineering applications and are
further investigated. Nevertheless, they also have limitations, such as the problem with discretization errors,
convergence rates, and the requirement for large computational resources.

With the recent rise in machine learning (ML) algorithms, a novel concept was introduced by Raissi et al
where physical principles were combined with data-driven techniques to solve partial DEs (PDE) [7]. The
key idea is to implement the DE together with the physical constraints of the system as additional loss terms
during the neural network training. The introduced neural networks are known as physics-informed neural
networks (PINNs) and have been used for a variety of applications such as for solving inverse problems
involving nonlinear PDEs [8], problems in fluid mechanics [9] or for the analysis of defects in materials [10].
PINNs can handle noisy or incomplete data and do not rely on any fine-grained numerical discretization.
Although PINNSs have a promising future, one major problem remains: training the networks is related to
immense computation costs.

© 2025 The Author(s). Published by IOP Publishing Ltd
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Meanwhile, recent breakthroughs in quantum computing have suggested computational advantages in
ML and solving linear systems of equations. The seminal Harrow—Hassidim—Lloyd algorithm (HHL) [11, 12]
provides a system solution that is encoded into the amplitude of a quantum state through quantum phase
estimation and amplitude amplification. This method has been extended to solve nonlinear DEs in
computational fluid dynamics and structural mechanics [13, 14]. An alternative method for solving DEs also
using amplitude encoding employs instead employing variational quantum circuits [15, 16], where a
quantum nonlinear programming unit may efficiently calculate nonlinear product operators of the field,
even when these nonlinearities are large. A drawback of this method is however that error can propagate
iteratively in the current step depending on the previous step solution while having to deal also with
relatively deep (though narrow) circuits. Lastly, quantum kernel methods have been proposed to solve
regression as well as DEs [17], leading to an advantageous choice for the loss function that allows for efficient
multi-point training. Additional advances have been made in resolving PDEs in the context of quantum
amplitude estimation, employing Chebyshev points [18]. The resolution of advection—diffusion equations
through the use of variational quantum linear systems has been introduced in [19].

Recently, a different approach has been proposed that avoids problems from amplitude encoding by
using feature map encoding to approximate functions and solve nonlinear first-order DEs using quantum
circuits [20-22]. The approach encodes the state using a latent space representation defined in the
high-dimensional Hilbert space, benefiting from the large expressive power of quantum feature maps and
parameterized quantum circuits.

In our work, we extend the usage of the quantum Chebyshev feature map while solving a variety of DEs.
In addition, we incorporate the approach of self-adaptive weights for balancing multi-objective loss
functions while solving DEs. Particularly, we modify the method of self-adaptive weights introduced for
classical PINNs [23] into the setting of the proposed variational quantum algorithm. Moreover, we study the
use of correlated measurement observables and more entangling layers for better convergence. Our results
show that these approaches lead to a measurable improvement in the convergence and accuracy for solving
the given test cases, namely the Duffing equation, Riccati equation, system of DEs, second-order linear DE,
and the 2D Poisson’s equation.

2. Methods

The variational quantum circuit to solve DEs proposed by Kyriienko et al [21] is presented in figure 1. In this
circuit, there are three main parts, namely, a quantum feature map circuit for encoding Chebyshev
polynomials, a variational circuit optimizing the cost function, and measurement (where we test correlated
observables in the quantum loss functions). An overview of the variables used in this work is mentioned in
table 1 for the sake of clarity.

For a single independent variable x;, the quantum state for this circuit will be | ¢ (x;)) = Ul (x;)|0).
The real-valued classical function f{x;) is calculated by expectation value of a predefined Hermitian cost
operator C, such that, f(x;) = (f3.6(x;)|C|fs.6(xi)). Solving DEs requires computing gradients of desired

functions with respect to the independent variable, %. For the given circuit, this derivative requires

considering quantum feature map (¢(x)), such as, dag;c(x) =2 Uyp j(x). The Chebyshev feature map which

encodes Chebyshev polynomials into the circuit is given by

N
Uy (x) = ®RY,]‘ (2j arccosx), (1)
j=1

where j is the qubit index. In-depth details of this approach are available in appendix B.

2.1. Derivation of second order derivative

For solving second-order DEs, we need to compute second-order derivatives of circuits. For a problem solved
P lhpred
d(x)?
(refer equation (1)) is calculated using chain rule as follows,

in section 3.3, the second derivative

in equation (24) considering the quantum Chebyshev feature map
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Figure 1. Quantum circuit for solving DEs. On the left, a feature map (¢(x;)) block is used for encoding the value of a function at

a specific input x;, followed by a variational parameter block Uy, in which 6 is a set of variational parameters optimized over cost
function. In the end, the desired function (f{(x;)) in the DE is evaluated as an expectation value of the circuit based on a chosen
operator C.

Table 1. Overview of used variables.

Variables

Ny Set of collocation points
Ny Set of boundary points
x} Collocation grid points
X}, Boundary points

U/ Utrue True solution

Upred Predicted solution

ar Residual loss weight

ap Boundary loss weight
Uy Quantum feature map
Z/Alg Variational quantum circuit

2
d Upred d dupred

a(x) W\ 45 )

Z dtpreq dg; (x})

d
a} i do; (x}) dx}' 7

_ d®tpred 4jk (2)
2 (el [ ()
dutpred -2 x}

+> ; 3
7 o () (1_ (x;))

Notice that equation (2) contains a term where the denominator can become zero in case of xi: = 1.0 leading
to numerical instability. Therefore in the problem of solving second-order DE (refer section 3.3), the last
collocation point is chosen with xjfo = 0.99. Correspondingly, the Dirichlet boundary conditions are
evaluated at this point.

2.2. Self-adaptive weights for multi-objective loss function

In the weighted multi-objective loss function, the weights balancing the total loss function can be treated as
variables instead of constants as shown in appendix A. The Self-Adaptive PINNs [23] also referred to as
SAPINN:S, allow these weights to be trainable and they are applied to each training point individually. The
idea behind SAPINNSs is to maximize the weights and minimize the losses. We explore the applicability of
this classical method for the variational quantum algorithm proposed in this work. If the variational
parameters of the quantum circuit are given by 8, then the total loss function can be expressed by

L (O,Af, )\b) = ﬁf(e,)\f) + Ly (0, ) , (3)

3
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where Ap= (Af, -+ ,)\;\If) and A, = (A}, -+, \,") are trainable, non-negative self-adaptation weights for the
residual, and boundary points, respectively. These loss terms are given by

L (0. X) = lf Zf: (A}) (f (x}; 0))2 : (4)
L1003 = 3 () (s (16) — ()" ®

i=1

where the self-adaptation mask function m(\) defined on [0,00) is a non-negative, differentiable, strictly
increasing function of A. An interesting point to note about SAPINNs is that the loss £(8, Ar, Ap) is
minimized with respect to the variational parameters 8, as usual, but is maximized with respect to the
self-adaptation weights As, ;. All parameters are updated by a gradient descent approach with

O — 05 — kvl (0" )\f,)\k) (6)
A}“ =+ pfVAL (800 (7)
AL 2 k4 gk L (0",)\’;,)\’;) , (8)

where 77* > 0 is the learning rate for the variational parameters at step k, p’; = 0.01 is a separate learning rate
chosen for the self-adaptation weights for p = f, b. Furthermore, the gradients are described as

() (r(s:0))

VL <9k,>\]';,>\’;) N (9)
o (5 (1(50)) ]
()‘kl) Upred xbv _”b (’%))2
Ua L (WoAfAL) = ]\; 2 (10)
WW%M%)%@%

2.3. Mask functions for self-adaptive weights

The self-adaptive weights method works on employing mask functions for each loss term in the
multi-objective loss function. These mask functions act as adaptive weights that penalize each loss term that
is not converging during optimization. A mask function consists of variational parameters A\ which are
optimized along with variational quantum circuit parameters.

For the problem solved in section 3.3, two masked functions m have been tested: a polynomial mask
(referred to as Polynomial) and a logistic mask (referred to as Logistic). Since the polynomial mask is
subjected to numerical overflow, these masks are modified with threshold values for A, over which the curve
flattens (see figure 6(a)). The hyperparameters of polynomial mask m()\;) = cA? for the residual and
boundary conditions are heuristically chosen. All A are initialized to 1 and the threshold values Ap,y are
chosen accordingly. For the polynomial mask functions, the values for residual are chosen as ¢, = 0.1, g, = 2,
and Amay r = 10. For the boundary conditions these parameters are provided with ¢, = 1000, g, = 2, and
Amax,p = 1000. In the case of the logistic mask functions, the saturation value for the residual is chosen as 0.1,
and for boundary conditions, it is provided with 1000.

2.4. Solving PDE

Solving a PDE requires encoding multiple independent variables into the quantum feature map. Therefore, a
novel quantum circuit is needed, as shown in figure 2. That is, the desired function u(x, y) requires quantum
feature mapping of two independent variables x and y. Therefore, we define two unitary operators Z]¢x (x)
and LA{@ () for each nonlinear feature map ¢,(x) and ¢,(y). The combined unitary operator is written as,
Zfl¢w (x,y) = Uy, (x) ® Z;l¢y (). The state of the quantum circuit for these two variables is given by

o0 (%,3)) = Ualhy, , (x.7)10) - (11)

Therefore, the expectation value of the circuit with the Hamiltonian C is given as,

F,9) = (o0 (6. [Clfs 0 (x,) (12)

4
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Figure 2. Visualization of a quantum circuit for encoding two independent variables using separate feature maps

Z:{@ (x) = ®}N;1 Ry,j(¢x(x)) and Z/Al¢y ) = ®Z’=1 Ry,m(y(y)). The qubit numbering for each feature map starts from 1 as they
must be encoded as independent Chebyshev polynomials into the circuit. Also, the variational part of the quantum circuit (in red
box) and measurement of the circuit (in green box) are represented following the feature map blocks.

The feature maps in this study, ¢«(x) and ¢, (y) are both Chebyshev feature maps, ¢,j(x) = 2j arccos (x)
and ¢y, (y) = 2marccos (y), respectively. The unitary operator encoding the feature map for variable x is

described as Uy, (x) = ®J-N;1 Ry j(2j arccosx) (i.e. as the top box in figure 2). Similarly, for variable y is
described as Z/Al(by (x) = ®Zy=1 Ry m(2marccosx) (i.e. as the bottom box in figure 2). Here Ny and N, are the
number of qubits for each independent variable. The combined observable is the summation of Pauli-Z
operators of all qubits such as C = Z]Z] +>

For the problem solved in section 3.5, we considered a 2D Poisson’s equation equation (27). The Laplace
term in Poisson’s equation equation (27) considering the quantum Chebyshev feature maps (see
equation (1)) is given by,

) P hprea 4jk
Au(x,y) ]Zk: D (x}) D (x}) 1— (x}')z
N Ollpred 72jx} -
2 50 () (1 - (x})z) i
(13)
32upre J 4mn
+ ; 06, (y}) Oyn <y}> 1— (yji)z
N 3upred —Zmy}

o 9y (1)) < - (y},)2>3

where, j,k=1,2,3,...and m,n=1,2,3,... are qubit indices for each feature map. Indexi = 1,2,...,Ny
corresponds to collocation points.

The calculation of the first and second-order derivatives of quantum circuits concerning all qubits are
described by equations (14) and (15),

Su B auprcd
[} = aJP(,ji{) : (14)
3 Loom()
i 9%u &u
82 82 : pred i i pred i
o ooy | _ | 995(5)90u(¥)  965(5)00(r)) (15)
o’u Ou - &’ Upred 82upred :
9ydx ayz L 6¢ym (J’}) Ok (x}> a¢ym (}’}) a¢yn (J’})

3. Results

For this work, we investigate and benchmark our proposed methodology on selected problems, based on
earlier literature [21, 24]. We start with a highly nontrivial dynamics problem such as the Riccati equation

5
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Figure 3. Solution of Riccati equation equation (16) and optimizer convergence. (a) Visualization of comparison between true
solution obtained numerically by the Runge—Kutta method and a classical machine learning approach using PINNs with Adam
and L-BFGS optimizer, (b) results for the quantum approach using the summation C = Z]N Z; (referred as Add) and tensor

product C= ®]N:1 Z; (referred as Prod) of Pauli-Z operators for different learning rates (Ir) and (c) their corresponding losses
over the number of optimization iterations.

which is quadratic in an unknown function. Then we consider a coupled first-order DE, formulated as a
system of DEs. In addition, a second-order linear DE and the nonlinear Duffing equation are investigated.
Finally, a problem on the two-dimensional Poisson’s equation presented by Kharazmi et al [24] is analyzed.
All simulations are performed using Pennylane software [25].

3.1. Complex dynamics of Riccati equation

As a first example, a nonlinear DE of the general form known as the Riccati equation is considered, which has
a rapidly oscillating non-periodic solution. This DE is given for a function u(x) depending on the variable x
as an initial value problem with

d
gyt 6u? —sin (50x) — ucos (25x) +

1
dx 2

=0,
u(x=0)=

Up (16)

where the initial condition is given by uy = 0.75. The domain x € [0,0.9] is discretized into 100 equidistant
points.

This DE is first solved by two classical methods: first, numerically by the explicit Runge—Kutta method of
third order [26], which is considered the true solution for further comparisons, and second, using PINNs,
which is considered as the classical ML solution. In the case of PINNs, a two-layer feed-forward neural
network with 32 hidden neurons was considered, which has a tanh activation function in each layer. To solve
this problem using PINNS, the loss from initial conditions and DEs is simply added as a multi-objective loss
function appendix A. The results are visualized in figure 3(a). We first carried out the optimization with the
Adam optimizer and found that it was unable to converge to the desired solution. However, when we carried
out the optimization with the L-BFGS algorithm, the desired solution was reached.

For the quantum solution, a quantum circuit with 8 qubits and a depth of 8 blocks in the variational
circuit with a circular entanglement layout (refer to appendix B.2) has been considered. The DE has terms
proportional to u and u?, which enables incorporating the initial condition into floating boundary handling
(refer to appendix B.5). This enables faster convergence since a single combined loss function is used instead
of a slower multi-objective optimization [21].

A set of Ny= 100 collocation points with xji € {1,---,Ny} are generated by equidistant grid points. The
initial condition is given at x}. Consider the circuit output as t,r4, and we define the modified output uy,

such that
U (x}) = (uo — Upred (x})) + Upred (x}) , (17)

and the residual is given by

169) = g~ () 0 (m (9))
—sin (SOx}) — Uy, COS <25x]’;) +1/2 (18)

6
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which we try to minimize. The results in figure 3(b) indicate that the quantum circuit can match the
numerical Runge—Kutta solution as well as the solution determined classically using PINNs with L-BFGS
optimizer. For all three approaches, the desired solution was obtained. The optimizer used in the quantum
ML case was Adam, which was able to successfully converge to the desired solution unlike in the classical ML
case where the very high precision update direction given by L-BFGS had to be used instead.

To further improve the performance of the quantum ansatz, we investigate the potential advantage of
using a more expressive measurement basis to capture correlations in the circuit outcomes. In the case of
using the local observable such as addition of Pauli-Z operators, the expectation values of each Pauli-Z
operator are measured and summed up to obtain the overall result. If the quantum state is entangled, the
summation of each Pauli-Z expectation value will not be able to capture the correlations between qubits. On
the contrary, by employing the global observable such as choosing the Hamiltonian as the tensor product of
Pauli-Z operators, we can capture the quantum correlations in the outcomes through entanglement in the
quantum state. This modification can lead to better convergence of the cost function and improved accuracy
of the solution.

In figure 3(c), we compare the convergence rate towards the true solution for the same initial variational
parameters of the quantum circuit, the effect of two different observables, and variation in the learning rate.
We see that maintaining the same learning rate as before, the standard sum basis of Pauli-Z operators
C= Z]Z] is outperformed by measuring instead in a product Pauli-Z basis ¢ = ®]N: 1 Zj> with errors about
half an order of magnitude better. The basis further allows for the use of a much larger learning rate than
before, and increasing from a rate of 0.01 to 0.1, we observe dramatically faster convergence.

Thus, the Riccati equation is a promising first example, where the quantum approach can effectively
encode the solutions, especially in systems where fast multi-partite encoding can be obtained before the
measurement.

3.2. System of DEs

We now turn our methodology to another problem, first proposed in Kyriienko et al [21], where a first-order
system of DEs is investigated. In this case, a vector u(x) = [u;(x), uz(x)] describes two modes, whose
progression in time is x given by

Fy (deu, u,x) = %—ﬂluz—ﬂzm =0, (19)
d

B [du,u,x] = % + aytiy +aju; =0, (20)

u(O) = [ul (0),M2 (0)] = [141)0,142,0] s (21)

where a; and 4, are coupling parameters and u; ¢ as well as u;, ¢ are initial conditions. The classical solution
for this problem is obtained through ODE solvers by [27, 28]. To achieve a quantum solution, a quantum
circuit comprising three qubits and a depth of seven blocks in the variational circuit is considered (see
appendix B.2). An Adam optimizer is once again chosen, with a learning rate of 0.1. The observables are
compared for the cases of addition and product as explained in the previous example. The domain is
considered to be x € [0,0.9], discretized into 100 equidistant grid points. The parameters for this problem are
a; =5, a, = 3 and initial conditions are u; o = 0.5 and u, o = 0. The results obtained from global observable
are shown in figure 4(a). It is clear that the proposed quantum algorithm accurately captures the known
solution. In figure 4(b), we again compare the modified observables such as the tensor product with the
summation of Pauli-Z operators. Once again we see a large impact in the accuracy and convergence towards
the known solution.

3.3. Second-order linear DE
As a further generalization, we now consider a second-order DE given for the function u(x) with

d*u
where 1(0) = 0 and ©(0.99) = sin270.99. The analytical solution is given with #(x) = sin (27 x). Note that
the Dirichlet boundary conditions at the right end are evaluated at x = 0.99 instead of x = 1.0 due to the
condition explained in section 2.1. A set of Ny = 30 collocation points with xj’} € {1,...,Ny} are generated by
equidistant grid points. Using the Chebyshev feature map

@; (x}) = 2j arccos (x}), (23)

7
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Figure 4. Solving of a system of coupled differential equations (refer equations (19)—(21)). Visualization of (a) comparison
between classical and quantum solution for u; (x) and u (x) as well as (b) the loss for the summation and tensor product of
Pauli-Z operators cases over the number of optimization iterations.

o

the residual f(x}) for a single data point is given for the circuit output ueq by

2
N d Upred

f(x}) = 5+ 472 sin (27rxj’}> , (24)

()

can be determined using the chain rule equation (2).

dzup,ed
d(x))?

The DE in this problem does not contain the terms u(x) in it. Therefore, the Dirichlet boundary
conditions cannot be applied using floating boundary handling (refer appendix B.5). Hence, the loss
function is formulated as a multi-objective loss function appendix A. This loss function requires balancing
the loss terms ay, o Therefore, two cases are compared: in the first case, we show the effect of unbalanced
loss terms, where the weights of the total loss function are given with o, = o, = 1 (Case 1), and in the second
case, the weights are constant factors and they are heuristically chosen as oy = 107" and a;, = 10° (Case 2).
For these cases, a circuit with three qubits and a depth of seven blocks in the variational circuit appendix B.2
has been considered where the observables are chosen with the standard ¢ = 3 2

The obtained solution for cases 1 and 2 together with the first and second derivative of the solution is
visualized in figures 5(c), (e) and (f). The accuracy of the solutions is compared through the R* score using
the term 1 — R? (see figure 5(d)). The results comparison between cases 1 and 2 suggest that balancing
weights are important while handling multi-objective loss function. However, the accuracy of the quantum
ML circuit has trouble in stabilizing below 1%.

To further improve the accuracy of the given problem, we study the effect of more entangling layers in the
variational circuit. Consider the variational circuit represented in figure 5(a) as the reference circuit (RC)
corresponding to variational part of figure 1. A modified variational circuit with more entangling layers is
represented in figure 5(b), which we refer to as an added entanglement circuit (AEC). With this modified
circuit, we carry out another simulation use case (Case 3) with balanced weights of oy = 107! and o = 10°.

where the second derivative

8
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Figure 5. Solution of second-order DE (refer equation (22)) using constant weights for balancing multi-objective loss function.
Visualization of (a) reference variational quantum circuit (refer figure 1) (referred to as RC). It is arranged as RZ, RX, RZ
rotational layers followed by CNOT gates in cyclical order (b) modified variational circuit with added entangling layers in
between rotational layers (referred to as AEC) (c). Solutions u(x) obtained from three cases and their comparison with the true
solution. Case 1 corresponds to employing of RC variational circuit, and balancing weights for multi-objective loss function

ay = a; = 1. Case 2 corresponds to the RC variational circuit, and weights oy = 10~ " and c, = 10°. Case 3 corresponds to the
AEC variational circuit, and weights o,y = 10" and oy = 10? (d). Comparison of accuracy in terms of 1 — R?> measurement over

. . . . . . . 2 . .
iterations among three cases, and checking of (e) first derivative % and (f) second derivative % of solution after training.

For all cases and as in the previous DEs, an Adam optimizer was employed, where now the learning rate was
specified at 0.01 for a total of 1000 iterations.

In the comparison between cases 2 and 3, the results suggest that adding entangling layers has enhanced
the reachability of the circuit. It can improve the convergence and accuracy with the same number of
variational parameters and their initial values. Therefore, entangling layers have played a key role in
improving the accuracy while solving the second-order DE. While this worked for this example, [29]
indicates that added entanglement hinders the optimization leading to a barren plateau. Hence, care must be
taken while using larger circuits and emerging methods must be further explored to mitigate this issue

[30-32].

To further explore the generalized case of variable balancing weights of the multi-objective loss function,
an alternative approach based on SAPINNs [23] is incorporated (refer section 2.2). Based on the
specifications provided in section 2.3, we define the mask functions for this problem as shown in figures 6(a)

and (b).

We consider the modified variational circuit with added entangling layers (see figure 5(b)) and the same
initial variational parameters from cases 1, 2, and 3 for a fair comparison. From the displacement, first, and
second derivative graphs, both the polynomial and logistic masks can approximate the solution to a
satisfactory level (see figures 6(c), (e) and (f)). The accuracy comparison in figure 6(d) shows that the simple
constant weights (Case 3) were able to perform better. However, the results prove that the approach of
self-adaptive weights is suitable for variational quantum circuits and can be used for various problems.
Furthermore, as the complexity of the problem increases with a complex optimization landscape and more
loss terms in the multi-objective loss function, the approach of self-adaptive weights will provide us with
better hyperparameters to tweak as compared to repetitive trials with non-adaptive constant weights.
Therefore, this approach might have more potential to save time in exploring hyperparameters and have a
better convergence as compared to non-adaptive constant weights.

3.4. Second-order nonlinear DE
For the next problem, we consider a Duffing equation which is a nonlinear second-order DE given by,

de dt

+au+ fu’ = ycos (wt).

(25)
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Figure 6. Solution of second-order DE (refer equation (22)) using self-adaptive weights approach. Visualization of (a) polynomial
mask m(\) for residual (r) and for boundary (b), (b) logistic mask m(\) for residual (r) and for boundary (b), (c) solution u(x)
comparison between logistic and polynomial cases, (d) accuracy comparison in terms of 1 — R? measurement over iterations for
logistic and polynomial cases. In addition, the accuracy curve from case 3 is also added here for reference. Testing of (e) first

. . . . 2 . .
derivative % and (f) second derivative % of predicted solution u(x).

In this work, we have considered an example of this problem from [33], where the parameters are given by,
a=1,=1,=0.1,7 = 0.1,w = 0.4. The initial conditions are given by (0) = 0 and @ = 0. The time
evolution to solve the problem is chosen from ¢ =0 to t = 20. As a reference solution (also referred to as true
solution), we employed an explicit Runge—Kutta method of fifth order [34]. For the quantum solution, the
dependent variable is suggested to be not close to 1.0 due to singularity (refer section 2.1). Therefore, the
dependent variable in the Duffing equation is scaled and solved within the interval t = [0, 1], where we choose
the limit, I = 0.9. Consider the total time of the evolution as T'= 20 and the scaled time variable as 7 = %L
Then the modified DE is given by,

IN? w1 _du 3 wTT
- —+=0—+au+ = — . 2
( ) 3 1) au+ fu 7c05< ] ) (26)

The solution grid is chosen to be the discretization of 50 equidistant time intervals. Similar to the previous
problem, the cost function is formulated as C = oMSEy+ a;MSE,, (see appendix A), where the weights
af=1and oy = 1. In this case, there was no need for balancing these two terms while their magnitude was
found to be of similar order. The hyperparameters chosen for this problem are five qubits and the depth of
eight blocks in the variational part of the quantum circuit (refer to appendix B.2). The observables are
chosen to be € = > ;Z- To test the applicability of the proposed added entangling layers, we have considered
two cases similar to the previous problem. The first case is where we chose the RC figure 5(a) and the second
one is the added entangling circuit figure 5(b). For both cases, the initial variational parameters are the same
for fair comparison. An Adam optimizer with a learning rate of 0.01 is employed with 300 iterations. After
solving the problem at coarse 50 discretized points, the trained circuit is tested to predict the solution at 500
equidistant time steps for visualization of a smooth solution. This is one of the advantages of the spectral
methods over finite difference methods, namely of having smooth interpolation. The results presented in the
figures 7(a) and (b) show that the displacement and velocity are well-matched with the Runge—Kutta
solution. We have also depicted the phase space plot in figure 7(c), which is velocity vs displacement, to
visualize the resulting Duffing oscillation. Furthermore, the accuracy plot using the measurement 1 — R?
(cffigure 7(d)) clearly shows that the added entangling circuit has better performance as compared to the RC.

3.5. Second-order PDE
As a final use-case, in the domain of PDEs, we consider a two-dimensional Poisson’s equation [24] given by

Au(x,y) = g(x,y) withx,y € [0,0.9] x [0,0.9] , (27)
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Figure 7. Solution of Duffing equation (refer equation (25)). Visualization of (a) displacement (u) vs time (¢), (b) velocity ( ) vs
time (t), (c) velocity vs displacement over the time evolution, also known as the phase-space plot of Duffing oscillation. The color
bar on the right depicts the time (¢). The accuracy comparison (d) in terms of 1 — R* measurement over iterations for reference
(RC) and added entanglement circuit (AEC).
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Figure 8. Solution of 2D Poisson’s equation (refer equation (27)). Visualization of (a) true and (b) predicted solution u(x,y) of
Poisson’s equation with color bar mapping the function values u(x, y) to contour plot. Interpolation test for 20 and 100
equidistant points at (c) x = 0.25 and (d) y = 0.75, where the problem is originally solved at 30 equidistant points (e) the accuracy
comparison in terms of 1 — R* measurement over iterations for reference (RC) and added entanglement circuit (AEC).

where the homogenous Dirichlet boundary conditions and the right-hand side g(x, ) are chosen in such a
way that the exact solution is given by

Utrue (%,¥) = (0.1sin (27 x) + tanh (10x)) sin (27 y) . (28)

The quantum formulation of this problem is described in detail in section 2.4. The cost function for this
problem consists of residual loss and boundary conditions. For calculating the residual loss, the domain for
this problem is discretized into 30 x 30 equidistant points totaling 900 collocation points N¢(xy,ys). The
solution on the boundary is represented by Nj, labeled data points {x},y,u} } and the Dirichlet boundary
conditions are given by u(x,0), up(x,0.9),1;(0,y), and u;(0.9, ). Note that, we are examining a slightly
altered problem domain than the usual boundary points x = 1,y = 1 due to computational costs and
numerical instabilities in the differential operator leading to a modified boundary (see section 2.1). Finally,
the cost function is formulated as C = aMSE;+ o, MSE,, (see appendix A), where the weights o = 10! and
ay, = 10°. Adam optimizer with a learning rate of 0.1 is employed with 300 iterations.

The circuit architecture for this problem is chosen to be 3 qubits for variable x and 3 qubits for variable y
with a depth of 7 blocks in the variational circuit (see appendix B.2). Two cases are considered for this
problem for variational circuits, first RC and second AEC to study the applicability of added entangling
layers. The predicted solution figure 8(b) from the AEC variational circuit is represented and compared with
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the true solution figure 8(a). This approach has distinctly better convergence and accuracy when compared
to the standard RC variational circuit, as illustrated in figure 8(e).

To further test the generalization performance of the trained circuit on the unseen data points, we have
carried out an interpolation test within the solved domain. The domain is initially discretized to 30
equidistant points in between boundaries. Therefore, the interpolation test is conducted on a coarse grid
(large steps) of 20 equidistant points and a fine grid (small steps) of 100 equidistant points. This test is
performed on specific critical lines, such as x = 0.25 (see figure 8(c)) and y = 0.75 (see figure 8(d)). Based on
these results, it can be observed that the trained circuit can interpolate and accurately predict the solution in
unseen data points.

4. Discussion

Physics-informed quantum ML has an enormous potential for solving a diverse spectrum of problems
related to DEs. A variety of approaches have been presented to solve DEs starting with the HHL algorithm,
nonlinear variational solvers, quantum kernel methods, as well as using feature map encoding. In this work,
the latter method is successfully combined with a self-adaptive variational quantum neural network to tackle
challenging DEs. For initial value problems handled with floating boundary conditions, the proposed change
in the measurement observables of the quantum circuit from the summation to the tensor product of Pauli-Z
operators results in a remarkable accuracy improvement. The advantage of adding more entangling layers in
the variational circuit is witnessed as an improvement in the accuracy while solving second-order DEs.

Initially, a highly nontrivial Riccati equation is solved, and a system of DE:s is investigated comparing the
results to existing solutions. In addition, a second-order linear DE is analyzed. The importance of balancing
the multi-objective loss function is presented using constant balancing weights. To further explore the
generalized case, an alternative approach based on self-adaptive weights is presented incorporating the
optimization of balancing weights. Furthermore, a complex example of the nonlinear Duffing equation is
analyzed. Lastly, a second-order 2D PDE is investigated. Therefore, a new quantum circuit is designed that
can incorporate multiple independent variables.

Opverall, the modified quantum circuits with added entangling layers lead to more accurate results in
fewer epochs while solving second-order ordinary and PDEs. The enhancement in performance can be
attributed to the fact that quantum circuits containing a larger number of entangling layers will result in a
higher degree of expressibility. Consequently, the quantum states within the Hilbert space will be more
thoroughly explored, leading to more precise outcomes. This work showcases the promise of quantum ML in
addressing a variety of DEs, offering an innovative and efficient solution approach compared to classical
methods. The adaptability of the proposed framework to different problem domains and its potential for
further extensions, such as 3D PDEs and diverse applications e.g. in engineering or materials science,
underscore the significance of advancing the field of quantum computing for solving real-world problems.
Nevertheless, many questions remain regarding the capabilities of the presented work when applied to
different problems such as nonlinear mechanics e.g. modeling finite-strain plasticity, solving the
Navier—Stokes equation, or even coupled problems for fluid-structure interaction. A further question that
still needs to be addressed is whether a potential quantum advantage can be achieved. Thus, the presented
work is an initial starting point for further applications of QML presenting promising results to approach
these problems.
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Appendix A. Weighted multi-objective loss function

The DEs solved using variational quantum algorithms incorporating Chebyshev feature maps require
minimizing the cost function which consists of the residual term for the DE itself and the boundary
conditions.

Firstly, if the residual term for the DE is given by f(x]’c), the mean squared error MSE¢ can be determined
using Ny collocation points by

Ny ,
MSE, = lerf > () (A1)

i=1
Secondly, the boundary loss term MSE;, which is only evaluated for all boundary points Ny, is given by,

Ny
1 ; Ny 2
MSE;, = N, ; (upred (x}j) — up (xz)) . (A.2)
While solving the DE, it is required to minimize the total loss function by combining both residual and
boundary loss terms. However, due to differences in the order of magnitude of these terms, it is beneficial to
balance the loss terms in magnitude while optimizing. Therefore, a weighted approach for the total loss C
can be formulated using

C= OéfMSEf—F apMSEy,, (A.3)

where oy and o, are weights counteracting the imbalance of order between the residual and boundary loss
terms.

Appendix B. Solving DEs using quantum chebyshev feature maps

For the quantum circuit shown in the figure 1, this section details the methodology employed in this work.
As Kyriienko et al [21] stated, the objective is to approximate the solutions of the DEs as quantum circuits
parameterized by a variable x € R (or a collection of v variables, x € R"). For brevity, a simplified single
variable notation x is used for the generalized case of v variables. The data is encoded into the quantum
circuit using a quantum feature map I]¢ (x), where nonlinear function of variables ¢(x) are predefined. These
quantum feature maps encode the data as amplitudes of the quantum state U, (x)|0) from some initial state
like |0).

Compared to other encoding techniques such as amplitude encoding which require access to the
amplitudes, a quantum feature map encoding has several advantages. It can represent latent space encoding
(multi-dimensional representation of compressed data) and it is controlled by gate parameters, mapping real
parameter x to the corresponding variable value. Upon encoding, a vector of variational parameters 6 are
added by a variational quantum circuit {y. These parameters are updated by a quantum—classical
optimization loop, similar to classical ML.

The resulting state |f; o(x)) = Uyl (x)|0) with optimized parameters contains the x-dependent
amplitudes driven to represent the desired function. However, the resulting state is a quantum state and the
desired function f(x) is a classical function. Therefore, the real-valued function f(x) can be brought out by
calculating the expectation value of a predefined Hermitian cost operator C, such that

f(x) = {fo.0 (%) [Clfs.0 (x))- (B.1)

Since solving DEs requires computing gradients %‘j), the quantum way of achieving this is by differentiating
the quantum feature map circuit with

du .
ifx) = Zj:uw (), (B.2)

where the index j runs through the individual quantum operations used in the feature map encoding. Here,
derivatives are represented by the product derivative rule. When a quantum feature map is written by strings
of Pauli matrices or any involutory matrix, the parameter shift rule can be used. Then the function derivatives
are written as a sum of expectations with
df(x) 1 4 5
e = 3 2 (Vi 010U 0 090 = Ui 0 09 Clfzs o () (B3)

j
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where | ﬁ ;.0(x)) is defined through the parameter shifting. The second-order derivative d;’zf ) can be

determined using four shifted terms for each generator. For simulators, automatic differentiation (AD)
comes as handy in this situation. AD represents the function derivatives by an exact analytical formula using
a set of simple computational rules, as opposed to numerical differentiation.

The solution of DEs is represented by constructing and defining the conditions for the quantum circuit,
such that

F{d"/ax") 0 1 (9)},.5] =0, (B.4)

where the functional F is provided by the problem for function derivatives of different order m and
function/variable polynomials of varying degree n. For brevity, consider f as both a function and a vector of
functions. Then this functional can be given as a task for optimization problem with loss function
Ly|d.f,f,x]. In other words, this is a minimization problem F[x]|,_,, at points in the set X = {x; }}1 |, as well
as taking boundary conditions into account. After the optimization, the updated angles

Oope = argmin (Lg [dif,f,x]) (B.5)
0
are used to represent the solution

f('x> |9‘>90pt %f(x)desired . (B6)

In the following subsections, we discuss in detail the Chebyshev feature maps, variational quantum
circuits, and so on.

B.1. Chebyshev feature maps
A nonlinear quantum feature map, namely, Chebyshev feature map changes the basis set of function
representation by leveraging Chebyshev polynomials. They are defined as a single qubit rotation Ry j(¢ [x]),

but with nonlinear function ¢ (x) = 2narccosx,n = 0,1,2,---, such that the encoding circuit is written as,
N
Uy (x) = ®Ry7]‘ (2n[jlarccosx) . (B.7)
j=1

Here, the coefficient n[j] depends on the qubit position j. Using Euler’s formula, the equation (B.7) can be
rewritten as,

.2n[jlarccos (x)

Ry, (¢ [x]) = exp <_12Yj>a
= cos (n[j]arccos (x))I; — i sin (n [j]arccos (x))Y;. (B.8)

To rewrite the above equation (B.8), consider the definition of Chebyshev polynomials [35]. They are
determined by two sequences relating to cosine and sine functions, noted as T;,(x) and U, (x).
Chebyshev polynomials of the first kind T, are defined by,

T, (cos®) = cos(nf). (B.9)
Similarly, Chebyshev polynomials of the second kind U, are defined by,
U, (cos@)sinf =sin((n+1)0). (B.10)

Using the above relations, the equation (B.8) is further decomposed into unitary operation with matrix
elements defined by degree-n Chebyshev polynomials of the first and second kind, such that,

Ry (6 [{]) = Tu () + V1 — 2U,_ (x) X;Z;. (B.11)

In this work, a specific function n[j] = j is chosen as it will expand the basis functions to the order of n"
degree polynomial [21]. Thus, the updated feature map is given by

N
Uy (x) = ®Ry,]~ (2j arccosx), (B.12)

j=1
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Figure B.9. Quantum Chebyshev feature map with single qubit rotations act at each qubit individually and are parameterized by a
nonlinear function ¢(x) of variable x. The variational circuit and measurement of the circuit are given by red and green blocks,
respectively.
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Figure B.10. Derivative of the quantum feature map. Differentiation with respect to x is followed by the chain rule, with the
expectation value of the derivative written as a sum of separate expectations with shifted phases, repeated for each x-dependent
rotation.

where the encoded variable expands with the number of qubits, making a tower-like structure of polynomials
with increasing n = j. When the polynomials multiply with each other and morph between two kinds and
their degrees, the basis set will become massive. This solves the problem of large expressibility without
increasing the system size and number of rotations.

Consider the feature map circuit as in figure B.9. The derivative of the quantum circuit is calculated using
the parameter shift rule (refer equations (B.2) and (B.3)) as shown in figure B.10.

B.2. Variational quantum circuit

Solving DEs as a quantum circuit means converging both derivatives and functions to the desired form. This
requires manipulating the latent space basis function through the variational circuit Uy, which is referred to

as a variational quantum ansatz. In this work, a well-known architecture, namely, hardware efficient ansatz

is implemented.

Hardware efficient ansatz consists of layers of parameterized rotations, followed by layers of CNOT
operations shown in figure B.11. A sequence of three layers of rotations R; — Rx — Rz are concatenated and
parameterized by independent angles 6 such that arbitrary single-qubit operations can be reproduced.
CNOT gates act as an entangling layer. The rotations and CNOT gates together are referred to as blocks and
this block is repeated for a depth of d times. The number of layers d is directly proportional to the circuit’s
expressive power (ability to represent arbitrary N-qubit unitary gates). However, as the parameters increase,
the optimization will suffer with a problem known as barren plateau. The choice of ansatz is still an open
question for improving trainability and requires further studies in this direction.

B.3. Observables

To get the output from quantum circuits, a Hermitian observable C is used to measure the expectation. The
scalar function f(x) is then computed by expectation of C, written as, (f o (x)|C|f;.¢(x)). Out of many
available observables, the simplest is the magnetization of a single qubit j, (Z;), which represents the function

in range [—1, 1]. This choice requires rescaling for other intervals. Other options are total magnetization in
the system C =}, Z;.
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Figure B.11. Hardware efficient ansatz as a variational quantum circuit along with the representation of a single block/layer.

In addition to computing expectations, a weighted sum of observables is also possible, such as,

ézzagég, (B.13)
4

where ay € R are trainable coefficients, and C; are usual observables as described above. These tunable
coefficients avy are adjusted by optimizers such as gradient descent, Adam, etc. This is the beauty of hybrid
quantum-—classical algorithms.

B.4. Loss function handling
The loss function to solve DEs using quantum circuits is similar to classical PINNs. The classical optimizer
updates the variational parameters such that the predicted function matches the desired function. This is
achieved by reducing the distance between differential expression and zero evaluated at a set of collocation
points. It is also required to satisfy the initial and boundary conditions. In other words, this resembles an
optimization problem for a loss function of derivatives and functions evaluated at collocation points.

A generalized loss function parameterized by variational parameters 6 is defined as,

Loldd fix] = L5 [df fx] + £ [f o] (B.14)

where Eédiff) corresponds to differentials, and L',éboundar")

differential loss is defined as,

corresponds to boundary conditions. The

M

L5 £ = 3 SOL(EIS(5) fx) 5].0), (B.15)

i=1

where L(a, b) is a function to describe the distance between the two arguments a and b. The loss is evaluated
at M points and normalized by the size M. Functional F determines the DE described in the form

F[d.f,f,x] = 0. Here, the functional means it includes all DEs when the problem is a system, such that all
equations are taken into account. For example, a Neumann boundary condition can also be included in the
system. The boundary conditions especially, Dirichlet boundary conditions loss are defined by,

E(eboundary) Dr’x] =L (f(xO) ’ MO) , (B.16)

which calculates the distance between the function value at the boundary x; and the given boundary value
ug. Similarly, the point xq here also can be the initial point instead of the boundary value. The factor 7 is
referred to as the boundary pinning coefficient which regulates the weight of the boundary term in the
optimization procedure. To emphasize the boundary precision, larger 77 > 1 can be used to prioritize.

The function L is for distance definition and can be defined in many ways. Popular one is a mean squared
error (MSE) given as,

L(a,b) = (a—Db)*. (B.17)
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Additionally, the other distance choice is mean absolute error (MAE), defined as, L(a,b) = |a — b|. The
choice of loss function affects the optimizer’s performance on convergence. MSE works better by punishing
the loss function harder with larger distances and lighter with smaller distances. MAE converges slowly, but
once the training is close to the optimal solution, it can achieve higher accuracy than MSE.

B.5. Floating boundary handling

A simple way of handling Dirichlet boundary or initial conditions would be adding the boundary loss terms
(equation (B.16)) into the total loss function (equation (B.14)) and trying to optimize both functions
simultaneously. In multiple loss functions, trying to optimize one loss function will affect the performance of
the other. However, if the DE has the term f(x) in it, there is a possibility to solve the problem in a more
efficient way known as floating boundary handling.

Floating boundary handling corresponds to recursively shifting the predicted solution based on the
boundary or initial point. With this method, the boundary loss term can be removed from the total loss,
rather it is encoded in the expectation of observable. As the function is parameterized to match a specific
boundary, boundary information is contained within the function and its derivatives. In this way, the need
for separate boundary loss terms can be eradicated. The updated function is described as,

Fx) =fo+ {fs.0 (%) [Clfs.0 (%)), (B.18)

where fj, € R is the parameter that is adjusted after each iteration step as,

for= o — (fp,0 (x0) IClfs.0 (o)) (B.19)

The solver will effectively find a function (f; ¢(x)|C|fy.6(x)) that solves the DE shifted to any position,
then being shifted to the desired initial condition as shown in equation (B.19). The advantage of this method
is that the derivative loss term does not need to compete with the boundary loss. This also allows the
optimizer to find the optimal angles and reduces the dependence on initial ;. This method can be
generalized to multivariable problems which have an initial condition as a function of a subset of the
independent variables.
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