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Numerical investigation of screened scalar-tensor
theories in space-based experiments
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Scalar field in the gravitational sector

1. The dark sector ||
« Dark Matter
« Dark Energy

+inflation paradigm

26.8% Dark
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[1] A. Joyce et al, arXiv:1407.0059
[2] J. Veldsquez and L. Castafieda, arXiv:1808.05615

2. A ‘true’ scalar field exists

in nature
« Discovery of the Higgs
boson in 2012
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3. More fundamental theories

String theory as an effective 4-
dimensional theory 1]

f(R)-theories = scalar-tensor |2
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Laboratory Tests Solar System Tests Astrophysical Tests

: : - ’ ‘.. 5 S
s -’ . 4 5 . - i N
5 | . : . - : T > i y . ,: '!
. * 5 - ’ o 9';_. : >
' / Galaxy rotations . 174 &« S Xx
_ 2 . curves G SRR U L
interferometry © Y. Gominet/IMCCE/Nasa R .I .
1. . ” .-A o <2
- 5 ‘s
S "

' Cluster lensing /]

C o

Scalar radiation in BNS

EO6t-Wash torsion
pendulum

MICROSCOPE

Casimir effect

Length scales



Atom
interferometry

Casimir effect

E6t-Wash torsion
pendulum

Solar System Tests

MICROSCOPE |6]

Length scales

Galaxy rotation

curves

Cluster /éns/ng

Scalar radiation in BNS



Scalar fields playing hide-and-seek

Review of the most popular screening mechanisms [2]

Classification Type of Equation Rule of Thumb
Weak coupling
« Symmetron
« Damour-Polyakov (o = dVeg Occurs in regions of high
d b Newtonian potential
Large mass

« Chameleon

Large inertia 2 A _ Occurs in regions where the
K-Mouflage Ho + A10y [(8@5) 0 qb] + AT =0 gravitational acceleration is large

« Vainshtein

2 2] _ " Occurs in regions where spatial
60¢ + B1 [(O6)° — (0u0,9)°) = BaT H curvature is large

Take-home messages:

« Different mechanisms to ‘screen’ scalar fields from local tests of gravity (i.e. recover GR at Solar System scales)
« At the equation level, screening = non-linearity

[2] A. Joyce et al, Beyond the Cosmological Standard Model, arXiv:1407.0059



Scalar fields playing hide-and-seek

Review of the most popular screening mechanisms [2]

Classification Type of Equation Rule of Thumb
Weak coupling
« Symmetron
« Damour-Polyakov dVes

(o = Occurs in regions of high
L o do Newtonian potential
arge mass

Chameleon Non-linear Klein-Gordon equation

Take-home messages:

Different mechanisms to ‘screen’ scalar fields from local tests of gravity (i.e. recover GR at Solar System scales)
At the equation level, screening = non-linearity

[2] A. Joyce et al, Beyond the Cosmological Standard Model, arXiv:1407.0059
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Chameleon field equation

Field equation (in the Newtonian limit) 5t force
,B ATl+4- > IB
¢ M Pl " ¢Tl+1 ¢ M Pl ¢

Free parameters: 5, n, A

Unknown: ¢ = ¢p(x, t)

Point-mass follows geodesics of the Jordan
frame metric # Einstein frame geodesics




Chameleon field equation

Field equation (in the Newtonian limit) 5t force
v AT H4 - i

My~ g

A =

Free parameters: f,n, A Point-mass follows geodesics of the Jordan

frame metric # Einstein frame geodesics

Unknown: ¢ = ¢p(x, t)

Geometry can be quite complex! FEM Mesh

E6t-Wash torsion

pendulum [4]
[2] A. Upadhye, Dark energy fifth forces in torsion pendulum experiments, arXiv:1209.0211



Chameleon field equation

Field equation (in the Newtonian limit) 5t force
'B An+4 N :8
d) M Pl " ¢n+1 ¢ M Pl ¢

: A . i
Free parameters: f, n, Point-mass follows geodesics of the Jordan

frame metric # Einstein frame geodesics

Unknown: ¢ = ¢p(x, t)

Boundary conditions?

alp =p— ¢~
O(X) —  Pvac

|| =00

“ well-posed problem ”




Distance from the origin i
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gg Let’s compactify”™
V% space!

*(i.e. apply a global coordinate transform that will map the
whole plane to a bounded domain)

T:R? — R?

X = (z,y) —
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Distance from the origin
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One idea among (many) others!

Caveat: Applying such coordinate transforms leads to unbounded

coefficients in the resulting PDE (weight regularisation technique >




Programming (low level code)

<+

Study Scripts (from femtoscope import ...)

e Custom nonlinear solver with line-search e Poisson Class

e Implementation of 3 techniques to handle = A"’L"Wﬂnxuvn' (+ analytical & semi-analytical solutions available)

TR S
asymptotic boundary conditions VA e 14

e Chameleon Class

e 1D, 2D and 3D Finite Element Method fe m to Sco p e (+ few analytical approrimations)

Third-party Python librairies

meshio @ >

sfepy

N?7 NumPy
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Application to space
ge O d C Sy* aryiv:2310.03769

~

All computations are performed with

4"‘&

S ‘5‘ / &VAVAVQ
N ) l WAVAV AVAYSANA
A \ 7 A AVAVA M\VQVA'
VAT VAVAVAVAY \Wa57/4
AVAVA IAVAVAVA'/AV‘ \VA'A
VAVAY AVAVQ ) \VAV. LVA‘ -

——-

1t0sco

*Space geodesy is a scientific discipline that involves precise measurements and analysis of the Earth's shape, gravitational

field, and the dynamic behavior of its surface using satellite-based technologies.
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Motlvatlons

. A satellite in orb1t is subJect to both Newtoman, i
attractlon and fifth force L e

-
S
-

. Strong 1mpact of the Iocal landform on the'. :
scalar field in the- screened reglme B '

. Mountain = dev1atlon from spherlcal symmetry
+ analogy with the ‘hghtmng-rod effect
chameleon and symmetron models :

——
-
-
-
-
-

. . Can a satelhte ﬂymg over a mountam
'dlstlngulsh between _ Newtoman
gravity and chameleon grawtyp g

Screened
Earth




Credit: Guilhem Vellut Tes s
This file is licensed under the Creative Commons Attribution 2.0 Generic license.



https://en.wikipedia.org/wiki/en:Creative_Commons
https://creativecommons.org/licenses/by/2.0/deed.en

Credit: 'NASA./JPL-C.;aIt‘ech' - ' ' G CE-FO '.




Credit: 'NASA./JPL-CaIt.ech. r | | GRACE_FO |




Credit: 'NASA./JPL—CaIt.ech A GRACE_FO

That’s ~1071% km!!!
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Interpreting the measurement in the framework

of Newtonian gravity gives us a gravity map

-20 0 20

Gravity Anomaly (mGal)
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Passage of the satellites

above the mountain
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“ V 4
The anomaly is well within the
range of GRACE-FO precision!
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Sources of degeneracy

p(x) = po[l + 5, (x)]

Xsat (o) = xo[1 + 8]

"
i

Questions
[s it possible to absorb the chameleon anomaly in
a small uncertainty in the satellite’s initial state vector §,°?
a slight variation in the {Earth + Mountain} density §,?

\
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Sources of degeneracy

—1

Questions
P (x) = Po [1 + 0 0 (x)] [s it possible to absorb the chameleon anomaly in

- aslight variation in the {Earth + Mountain} density §,?
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Moditied Gravity VS Newtonian Gravity

(Newtonian + chameleon accelerations) with extra point-mass
/ s
’ A\



Moditied Gravity VS Newtonian Gravity

(Newtonian + chameleon accelerations) with extra point-mass

Point of mass m,, at
coordinate z,
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How to lift the degeneracy?

, Idea:

;, Perform the experiment at

3

{ different altitudes




How to lift the degeneracy?

Measure nfer
dy (1) — P2 (%)
,.{ AN L

;., Measure dl (t) Infer - Dy (x)




'T'ensions come in...
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H Lévy et al, aryiv 2310.03769
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. the the potential |

on the modified gravity model at stake




Conclusion




 femtoscope: solve semi-linear elliptic PDE using the Finite Element
Method on unbounded domains (general purpose code)

» Application to scalar-tensor theories of gravity:

Linear Poisson
equation

\

(AD = 47Gp(x) | |
Nonlinear Klein-Gordon <

)] (X) Cwsagn i equation

\ ||| =00

-

Gravitational Acceleration

ar~—V(®+ ¢)

VAVATE
NN/ N YN
VAVAY, \VAY, \VA

=JA=yr=/AT

(A¢p = dVeg /do
p(x) — ¢

\ ||| =00
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 Application to space geodesy: focus on the GRACE-FO configuration
- Can we detect [ put constraints on the chameleon model in this context?

With little to no
uncertainties

Competitive constraints can be
derived

 In comparison, lab experiments offer a
more controlled environment

hugo.levy@onera.fr

With uncertainties

Mass distribution Satellite state
inside the Earth vector

* Dramatically improve our knowledge of the

Earth density (unlikely)

e Use # altitudes (taking advantage of the fact

that a, « 1/1r?)

23



 Application to space geodesy: focus on the GRACE-FO configuration
- Can we detect [ put constraints on the chameleon model in this context?

With little to no
uncertainties

With uncertainties

Mass distribution Satellite state
Competitive constraints can be inside the Earth vector
derived
* Dramatically improve our knowledge of the
Earth density (unlikely)
e Use # altitudes (taking advantage of the fact
 In comparison, lab experiments offer a that ag « 1/12)

more controlled environment

Thanks for your attention!

hugo.levy@onera.fr
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FEM iIl d HUtShell (example on Poisson’s equation)

in € (1)
0 onlI =090

AN
Find u: Q) > R {



FEM iIl d HUtShell (example on Poisson’s equation)

in € (1)
0 onlI =090

AN
Find u: Q) > R {

FEM Recipe
1. Multiply Eq. (1) by a test function v

2.Integrate over Q

3.Perform an integration by parts



FEM iIl d HUtShell (example on Poisson’s equation)

in €
P ancl s =200

Find :Q—R {“A

Find €V :=H}Q) Vv eV,/V .V dxz/ dz
Q2 Q

=y o >
‘V‘ _V_

a( ) (")




FEM iIl d HUtShell (example on Poisson’s equation)

in €
P ancl s =200

Find :Q—R {_A

Find €V :=H}Q) Vv eV,/V .V dxz/ dz
Q2 Q

=y o >
Y o Y o

a( ) (")

4. Look for u in a finite-dimensional subspace V" c v

(e.g. space of piecewise polynomial functions)



The landscape of basis functions




FEM iIl d HUtShell (example on Poisson’s equation)

in €
P anclF s =200

Find : Q>R {“A

Find €V = HN{Q) V eV,/V v da::/ dz
Q2 Q

= e 7’
Y ol Y o

aui,v) ()
Findu, € Virc V. Vi € [1, N] alup,v;) = Hw;)

A’i Bt )
Solvesat = { : 4 )

P T
TSI



How to lift the degeneracy?

Idean2

Measuring gravitational redshift
using clocks [under investigation|




Chameleon constraints from MICROSCOPE

M. Pernot-Borras et al.
(2019)

10

Chameleon parameter space forn =1

| —— SUEP-IS2

SUEP-IS1

SUREF-IS1
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~

—15

10g10 1/5
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Chameleon constraints from MICROSCOPE

MICROSCOPE can do: @)

e weak equivalence principle [state of the art]
e generic long-range Yukawa 5™ force [state of the art]
e light dilaton [competitive]

e Lorentz invariance [state of the art]

MICROSCOPE cannot do:

e generic short-range Yukawa 5™ force [not competitive]

_th . .
e chameleon 5 -force [not competitive]

MICROSCOPE was not designed for testing short-
ranged modified gravity theories. Recent work
challenges the claim on the ability of space
experiments to detect chameleon-sourced violations
of the WEP sourced by the Earth [2, 3].
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Convergence Analysis (FEM)

T I TTT T T

—e— compactification

1073 | :

—&— ping-pong
—&— connected
true BC

1074

-5
10 Slope ~ DOFs~ 11

10—6 .
Slope ~ DOFs~ 10

10—7 L

Mean point-wise relative error

108

10—9 L

| L1 11

102 103 104 10° 106
Number of d.o.f.

Implemented techniques

Compactification : O — Q (global coordinate
transform) + BC applied at the boundary of the
compactified domain.

“Connected” : domain splitting Q = Q; U Qext
and Kelvin inversion Q,,; — Q. + identification
of the boundary DOFs 0Q;,; = 00,

“ping-pong” : domain splitting Q = Q;;;; U Qpyt
and Kelvin inversion Q,,, — Q,,; + iterative

method with DtN / NtD transmission conditions
at the boundary
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Mean point-wise relative error

Convergence Analysis (FEM

10-3 Coarse mesh Refined mesh
10—4 B
10~°
10—6 )
Slog
10°7
pVAY DS
R

10~8
0 #DOF

102

Number of d.o.f.

ext
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Building blocks of Scalar-Tensor theories

M3 -
Son = | A5 V=G R+ [ 43 =G Lon (G Y)
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Building blocks of Scalar-Tensor theories

D+

fd“x J=9g l_R — _gﬂV qbavqb - V(gb)] + f d4x\/—7§ L, (QZ(Qb)guv»l/Jf??)




Starting point

Modified Gravity geodesics

General Relativity geodesics
d?z? » dxt dz”

+ I

ds2 M ds ds
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aan odified Gravity geodesics
Bl — F- 7Yy

Starting point

General Relativity geodesics

Derivation can be found in M.
Pernot-Borras 2020, PhD thesis
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