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Panther Chameleon
(Furcifer pardalis)

Introduction: Solving
Scalar-Tensor EOMSs




=" The work described here was done with
collaborators at the University of
Nottingham and Vienna University of
Technology (TU Wien).

= Qur work focuses on employing numerical
methods and Al to design tests of modified

gravity, dark energy and dark matter. Clare Burrage

" Here | will discuss tests of scalar-tensor
theories on laboratory and astrophysical
scales.

= | will introduce a numerical finite element
method (FEM) code SELCIE and its
applications.

Adam Moss Chad Briddon
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Screened Theories of Gravity

Screening in galaxy clusters
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The SELCIE Code

» SELCIE: Screening Equations Linearly . e _6.42
Constructed and Iteratively Evaluated.

—6.66

0.4 1
-6.90

= A code dedicated to solving non-linear EOMs

0.2 -7.14

in MG. N
> 0.0 U
= SELCIE integrates many techniques from -7.62 8
FEniCS. ] ~7.86
—0.4 - -8.10
= Solves equations in 1D, 2D, 3D. e
_0.6_
= Automates mesh creation and refinement. 06 -0.4 02 00 02 04 06
= Available at: https://github.com/C- Figure 1. A scalar field solution for a non-trivial
Briddon/SELCII-E git - density distribution calculated using SELCIE .

Introduction Dark Matter and Stars (Southampton 2026) Slide 3


https://github.com/C-Briddon/SELCIE

The SELCIE Code: How Does It Work?

General scalar-tensor EOM form:
—av’0i ¢+ aVig = B(d)p + eC(9)
= SELCIE: provides the toolset required to solve .

. _ B(¢) is the rescaled matter coupling function
time-dependent non-linear EOMs. C(¢) is the rescaled derivative of the bare potential

. . . . . : a, v, € are dimensionless constants
" The spatial discretization and meshing is e

handled by FEniCS (FEM code on Python). Defining the field velocity:

" Time-dependent equations are handled by II:= 0;¢
order reduction, Crank-Nicolson
discretisation scheme and linearisation.

Crank-Nicolson discretisation scheme:

J—
~

{n} _ p{n-1} . .
* The linearised + discretised equations are ¢ ¢ — o1\ + (1 — 91Tt 1
solved using the Picard iteration and f?} )
. f1{n} — f1{n- a0 [ -
Newton methods. —a? — 1oV [9¢{n} (11— 9)pin 1
= [B(§)p + eC(J)] "3}
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Applications: Laboratory Test
Optimisation

Jackson's Chameleon
(Trioceros jacksonii)



Vacuum Chamber Experiments

An aluminium source inside a vacuum chamber:

Modelling the density The resulting
distribution: field:
lel7 10
Vaccum Chamber Density Distribution (o(x)/pyac) Chameleon Field (X, ¥) = $/@yac -
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Figure 2. Typical vacuum chamber atom interferometry experimental setups (left). An idealized vacuum
chamber experiment setup (center). A scalar field solution for a vacuum chamber with a spherical
density source calculated using SELCIE (right).
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Vacuum Chamber Experiment Optimisation

=" The problem: what is the optimal shape of the

density source for an idealised vacuum chamber . .

experiment?

= Determine a shape that maximises the

Chameleon fifth force using genetic algorithms.
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= The optimisation constraints: 0075 : 0075 :
* Considery-axis-symmetric shapes; 0-050 -1 0.050 -1
.. ) ) 0.025 | o= 0.025 3 -2 =
* Maximize the force at fixed distance d (d = 0.05) from  'F E I 4 L
the source; oo IN 4§ oo N -4 g
* Fixed volume shapes; ~0.050- - ~0.050 ”
. . . Max -6 6
* Physically meaningful, continuous and meshable ~0.075 f force -7 —-0.075 -7
shapes. ~0100%0 005 -8 ~0100%0 005 -8

X X

= Different parametrisations: ellipsoids, Legendre Figure 3. Examples of considered shapes defined

polynomial shapes, radially-parametrised using Legendre polynomial and radial parametrisation
shapes. (top) and obtained optimised shapes (bottom).
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Figure 4. Solution for a spherical density source in radial
motion (Symmetron gravity).
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Simulating Time-Dependent Systems
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Figure 5. Simulation of a Gaussian source moving inside

a vacuum chamber (Chameleon gravity).
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Figure 6. The difference between the corresponding static
and dynamic solutions (for the simulation above).
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Applications: Astrophysical Test
Optimisation

Panther Chameleon
(Furcifer pardalis)



Astrophysical Applications: Optimising Tests of Gravity

Chameleon

follows complex dynamics
in galaxy clusters

screening

Po

PNFW(Q’?, Y, Z) =

=
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Figure 7. Chameleon-to-Newtonian acceleration ratios versus axes ratios in triaxial NFW halos

(left). Acceleration ratios for 324 galaxy cluster halos with different NFW parameters as
measured by a test particle at the virial radius (right) (Tamosiunas et al., 2021).
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https://arxiv.org/abs/2108.10364

Astrophysical Applications: Optimising Tests of Gravity

Screening is also complicated I s 9
in cosmic voids: .
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Figure 8. Varying the free parameters of the cosmic void density profile (top). The corresponding
chameleon-to-Newtonian acceleration ratios (bottom) (Tamosiunas et al., 2022).
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https://arxiv.org/pdf/2206.06480

Simulating Time-Dependent Systems

= \WWe can also model systems, such a
spherical mass distribution with time-

varying density. 5 MQJWW\/WWW 5 WMW/WW

= This allows studying the evolution of the .. | |
scalar field oscillations. S s T

® |n turn this allows us to study and

optimise tests of gravity using stars with Z.ZZiZiN e
time-varying density. e oo i {0
= Open questions: - |

300 400 500 o 100 200 300 400 500 0 100 200 3

= How does screening behave in such systems?

= What type of systems are optimal for detecting
the fifth force?

= How to properly model pulsars?

= Could we test similar systems in the
laboratory?

Figure 9. The field profiles at t = 500 displaying scalar-
field waves due to a 1-dimensional time-dependent
source (reproducing Lindroos et al. 2016).
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https://arxiv.org/pdf/1512.00615

Thank you for your attention!




