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Global picture & motivations

Some of the “greatest challenges” in theoretical physics:
- what are Dark Matter and Dark Energy !
- how can we develop a quantum theory of gravity and/or unify it with the

Standard Model of particles !

Astronomy & cosmology

(Grav. waves, SNIa, CMB, structure
formation, galactic dynamics, ...)

Quantum

' High energy
Local physics Gravity . a
(Solar System, lab tests, o . (particle physics: CERN-
GNSS, ... ) Unification LHC, Fermilab, DESY, ...)
DM and DE

Figure inspired by Altschul et al, Adv, in Space Res. 55, 501, 2015 2



General Relativity

Einstein Equivalence Principle

Effects of Space-time
gravitation geometry
Juv

see K. Thorne et al, PRD, 1972

Smat — /d4x‘\/ _gﬁmat(g,uua \Ij)

All types of mass-energy are
coupled universally to gravitation

(anomalous compared to other
interactions)

Governs the motion of test-
particles, light ray, gyroscope,
etc... from a given metric

see C. Will, 1993
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Einstein Field Equations

Space-time
geometry

Energy/Matter
content

1
Sgrav — %/dllx\/_gR

- Contains the dynamics of
the space-time metric:
how is space-time curved!?

- Light deflection, GW
propagation, orbital
dynamics, ...

see C. Will, 1993




Why search for a breaking of the EEP?

Since the “universal” character of gravitation seems “anomalous” the
question should rather be: why is the EEP satisfy? [does not rely on
any fundamental Symmetry] see the discussion in Damour, CQG, 2012

The SM of particles contains several arbitrary constants: this seems
rather unsatisfactory = introduction of dynamical fields that replace

the constants and explain their values see the discussion in Damour, CQG, 2012

Several models of DM break the EEP

see e.g.Arvanitaki et al, PRD, 2015

Several models of Dark Energy also break the EEP

see Damour and Polyakoyv, Gen. Rel. Grav., 1994

Several unification scenarios and most attempts to develop a
quantum theory of gravity break the EEP see e.g. refs in Altschul et al, 2015

Searching for a breaking for the EEP seems promising and can
shed light on new physics

see the ESA Voyage 2050 white paper: PWolf et al, arXivI1908.1 1785



Where to search for new physics!?

|) Improving “standard tests” of the EEP.

2) consider other frameworks and use existing data to search for new

signatures. Example: model of ultralight Dark Matter

3) consider new regimes unexplored so far. Example: S-stars around our

Galactic Center
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EEP implies Universality of Free Fall

If any uncharged test body is
blaced at an initial event in space-
time and given an initial velocity
there, then its subsequent trajectory
will be independent of its internal
structure and composition

2 different bodies are sensitive to the same space-time geometry



MICROSCOPE

collaboration between CNES,
ONERA, CNRS, ESA, ZARM, PTB

CNES
A

Launched on April 25th, 2016 ;Iife-timé: ~ 2 yr |

(12% of the time used for UFF tests)

Drag-free satellite, two cylindrical test masses:

Pt/Ti. Measurement of the diff. acceleration along the symmetry axis

So far, only | scientific session is published (120 orbits, ~ 8 days)
n = (_1 + 9[stat] + 9[SySt]) < 10—15 Touboul et al, PRL, 2017

Independent analysis in the time domain @SYRTE: verification + other

scientific objectives (Lorentz invariance)
Pihan-Le Bars et al, PRL, 2019

| order of magnitude improvement expected for the final results in 2022



EEP implies that the constants of Nature
are constant (Local Position Invariance)

for a review, see J.P. Uzan, LRR, 2011

(O A Constancy of the fine structure constant, mass of
(O B fermions,etc...

Q dln o

—17. .. —1
a < 10 yI dU/62

<10~ °

* Measurements performed using atomic clocks on Earth

* Improves relatively quick

2 different atomic transitions/frequencies are sensitive to the same
space-time geometry



Are the constants of Nature constant on
astrophysical scales?

* Quasar measurements: each absorption line acts as a “clock”

OAa/a ~ 107 =107°

Absorption
Quasars
system z;
- I : see King et al, MNRAS 2012
338 absorption systems up to redshift 7 ot ot ol Scienaes Ad. 2020

- Spatial variation of a reported at the level of 3.9 ¢
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- variation of a in strong gravitational field reported at the level of |1.5-3 ¢

Independent measurements from other systems with other lines
needed to confirm (or infirm) these results




EEP implies the GR gravitational redshift
(Local Position Invariance)

_ 4 B.,grav

A free falling body and an atomic transition are
sensitive to the same space-time geometry

* The best redshift test uses 2
misplaced Galileo satellites

A
— — (1 + aredshift)_Q

|V d grav C

lredshift = (0.19 T 2.48) x 107°

See Delva et al, PRL, 2018 and Herrman et al, PRL 2018
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Where to search for new physics!?

Improving “standard tests”’ of the EEP.

2)

consider other frameworks and use existing data to search for new

signatures. Example: model of ultralight Dark Matter

3)

consider new regimes unexplored so far. Example: S-stars around our

Galactic Center




Motivations: Dark Matter?

e Required to explain several astro/cosmo observations: CMB, galactic

rotation curves, lensing, structures formation, ...

* So far: Not directly detected at high energy

Dark Sector Candidates, and Search Techniques
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Dark Matter can be made out of bosonic scalar particles

Fig. from US cosmic vision: new idea for Dark Matter, 2017, arXiv:1707:04591



Ultralight Dark Matter needs to be a boson

and it behaves classically

 Occupation number (number of particles per volume of phase-space)

(8 67T2h3,0[)1\/[

ne  m*clu3

Calculation inspired from Tourrenc et al, arXiv:quantum-ph/0407187, 2004

* Inour Galaxy ppm ~ 0.4GeV/cm’

This occupation number is larger than | if the DM mass is lower than
~ |0 eV: Dark Matter lighter than 10 eV can only be made of boson

- a bosonic scalar particle (i.e. a scalar field)
- a bosonic pseudo-scalar particle (i.e. an axion)
- a boson vector particle (i.e.a hidden photon)

For m << eV:the occupation number is huge and such a bosonic field
can be treated classically (no quantization)



A light scalar Dark Matter model

* A massive scalar field (sometimes called dilaton)

1 —g
g1 / dx LR~ 2¢"0,00,0 — V(#)] +Swmat [ ]

C 2K
V(p) ocmp®
e will oscillate at the cosmological level
mc?
L ~ (g COS 715

Vi(p)

A

<

-

» ¢

- . 2, 2
* similar to a cosmo pressure-less fluid with p X M~y

see e.g. Arvanitaki et al PRD, 2015 or Stadnik and Flambaum, PRL 2015

e oscillation coherent over |10¢ oscillations only (due to DM velocity

distribution): complex data analysis for long dataset



ULDM induces a space/time variation
of constants of Nature

* An effective Lagrangian for the scalar-matter coupling

) _dé@ 1 d(7’>ﬁ 14 7 7 N
Lnat [9us Uy 0] = Lont (g, U]+ ¢ | 5 F* = ;gggF,ﬁFZ - > (dfnl-ﬂLijdé)) My

j=e,u,d

see Damour and Donoghue, PRD, 2010

 Most usual couplings: linear (cfr Damour-Donoghue) or quadratic (cfr

Stadnik et al) in ¢
e This leads to a space-time dependance of some constants of Nature to

the scalar field
a(p) = (1 + dﬁf)soi)

m;(p) =m,; (1 + d,ﬁf,?j gpi) for j =e,u,d
Aa(p) = Ag (144"

ULDM will induce periodic signals on atomic clocks comparison



Search for a period signal in Cs/Rb

comparison

e (Cs/Rb FO2 atomic fountain data from SYRTE: high accuracy and high

stability, running since 2008
see J. Guéna et al, Metrologia, 2012 and J. Guéna et al., I[EEE UFFC, 2012

e Search for a periodic signal in the data using Scargle’s method, see Scargle Ap), 1982

6 — Observed fit
---- Detection threshold
4|
1
a 2}
3 of
—o|

8 -7 -6 -5 -4 -3
logo w [rad/s]
vatolre —SYRTE No positive detection !

de Paris

Q-

A.Hees, ). Guéna, M.Abgrall, S. Bize, PWolf, PRL, 2016
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Search for a period signal in a Mach-
Zender interferometer

* New type of experiment proposed by P.Wolf (SYRTE). Simplified

principle:
A . VA (t — To)
ch:II:; rro 0 j:’* va(t —Tp) —val(t)
VA
Ava — G) 4
o Rog Pe— 0
A Oscillations of the
scalar field

 Main advantage: explored frequency range ~ kHz-MHz while standard
clocks are limited to 100 mHz

For the theoretical interpretation, see Savalle et al, arXiv:1902.07192



The DAMNED experiment (DArk
Matter from Non Equal Delays)

* |n practice:
Fiber - 54km tE——(X)f
* , (Cavity);o<_'d = /> /?’\/l%/
L-g’ . AN —®7§—Féférence

- the “clock” is a laser cavity (its length/output frequency oscillate)
- the length of the fiber oscillates
- the refractive index of the fiber oscillates

e First experiment built @SYRTE (E. Savalle’s PhD) and data analyzed

Signal

%

>
<

* A Lomb-Scargle analysis shows that
no significant periodic signal is detected in the 10-200 kHz frequency band

see Savalle et al, PRL, 2021



Let’s focus on two specific cases:a
linear and a quadratic coupling

) @, o @t
Lot (g V] = Lon[gpr, UV NA % Fr B —@%Fwﬁt; —i_;d+ fymmmm_
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Scalar field for a linear coupling

 “Easy” to solve (existence of a Green function)

GM
oD (t, ) :@(k.w — wt+0) @ 2rA er/D
C

A fifth force generated by a
body (more common in the
modified gravity community)

Atomic sensors are more
sensitive

UFF measurements are more
Oscillations can be interpreted as DM sensitive

Independent of the DM
Interpretation

see A. Hees et al, PRD, 2018 20



Constraints on the linear couplings

Assuming the DM density to be constant over the whole Solar System (0.4 GeV/cm?3)

log4o f(p [Hz]
-10 -8 -6 -4 =2 0 2 4 6 8 10 12
or 95% C.L. excluded area
3l
So [
®
o _3l —— RO/Cs - SYRTE
o 5 / —— Optical clock — JILA
2 —or Eét-Wash
-7k —— MICROSCOPE Ti/Pt
_gl —— DAMNED

95% C.L. excluded area

\(?U)
=g -3}
_OE
o _5
(@]
9o

95% C.L. excluded area

S -1t /
2 -3F J//

S
—_— _5_

T24 —92 —20 -18 -16 —14 -12 —-10 -8 -6 -4 -2
logqo My, [€V/C?]

Update from Hees et al, PRD, 2018

- Rb/Cs: Hees et al, PRL, 2016

- JILA: Kennedy et al, PRL, 2020

- Eot-Wash:Wagner et al, CQG, 2012

- MICROSCOPE: Berge et al, PRL,2018
- DAMNED: Savalle et al, PRL, 2021
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Linear couplings for the relaxion halo

Large density of scalar field can be (gravitationally) bound by the gravitational field of
the Earth/Sun

10910 fp [HZ] see Banerjee et al, Communications Physics, 2020 [and ref. therein]
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Scalar field for a quadratic coupling

* More difficult to solve No source term (no fifth force)
o~ y but effective mass that depends
P = 90(74)900 COS 1Tt on the local matter density

see A. Hees et al, PRD, 2018

* No more Yukawa term! And a non-linear dependency for the
amplitude

1.5

Screening for positive couplings and amplification for negative couplings!

Similar to the “scalarization”, see Damour and Esposito-Farese, PRL, 1993
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This leads to a rich phenomenology

e Comparison of atomic sensors:

0 GM
Y(t,z) =K+ A/i@)% <1 (2) GMA) + AR(Q)% cos (2wt + 26) (1 — sf) > A)
c4r

c2r

Atomic clocks on elliptic orbits!?

e UFF measurements

[Aa], , =Aa?l <Po (2) GM .s 2wt + 26) v sin (2wt + 20)

7] that depends on r (directly .
related to Eot-Wash and 2 terms that oscillate,

MICROSCOPE results) amplitude depends on position

See A. Hees et al, PRD, 2018 24



Constraints on the quadratic couplings

10910 2f, [Hz] Impact of screening
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Impact of amplification
Being in space is favorable ! Scalar field
tends to vanish at Earth’s surface

see A. Hees et al, PRD, 2018



Where to search for new physics!?

|) Improving standard tests of the Equivalence Principle

2) consider other frameworks and use existing data to search for new

signatures. Example: model of ultralight Dark Matter

3) consider new regimes unexplored so far. Example: S-stars around our

Galactic Center

work done in collaboration with the UCLA Galactic Center Group
(A. Ghez, T. Do, et al)



GC observations probe another region
of the parameters space

LIGO GW150914 ——

S0-2 closest approach ~

Hulse-Taylor pulsar \

Light deflection by the Sun \

Precession of Mercury \

Microlensing \

Strong Lensing
Galactic rotation

Terrestrial Labs =

Figure inspired by D. Psaltis, 2004

log (Potential/c?)
°

log (Mass/Solar Mass)

strong field effects may show
deviations from GR

deviation “hidden” in some
region of space-time
(“screening mechanism”)

is gravitation working as
expected around BH!?




Stars orbiting the GC have been
observed \\ )

e Keck Observatory:

e Speckle and Adaptive Optics
imaging. Accuracy @O0.| mas

* Spectroscopic measurements. " -
Accuracy @20 km/s E

e The motion of ~ 100ish stars is tracked:

e construction of an absolute reference

frame See Sakai et al, ApJ, 2019
Jia et al, Apd, 2019

e the central arc second: Keplerian motion

e Similar observations have been taken @VLT

Keck/UCLA Galactic Center Group



1995.5

S0-8
<

Keck/UCLA Galactic
Center Group
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<

Keck/UCLA Galactic
Center Group




Can these observations be used to
probe fundamental physics?

Is the Equivalence Principle valid
around a SMBH!?



Measurement of the relativistic redshift
durlng 50-2/S2’s closest approach in 2018

200

100

23000
(4] I
000 —

S0-2's line of sight velocity [km/s]

Relativistic contribution to the line of sight velocity [km/s] ® Relativistic redshift (eq. PrinCiple)
J\ v GM
= T [RV] rel — |
_ 2C rc

peak @ ~ 200 km/s

e 50-2/52 was followed very closely at Keck and at the VLT in 201 83I
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Measuring the redshift requires a careful analysis

* 45 astrometric measurements (from two instruments) and | |5

radial velocity (RV) measurements (from 6 instruments - 4
telescopes: Keck, VLT, GEMINI and SUBARU)

e Combined in an orbital fit that includes: SMBH mass, SMBH
position/velocity, orbital parameters, + parameters for systematics

* Thorough analysis of systematics:
* Additional systematic uncertainty
* Correlation within the astrometric dataset
e Offset between instruments
* Use of different telescope to check for possible systematics

* Measurement of RV standards to check for systematics

see Do et al, Science, 2019



S0-2’s relativistic redshift is consistent with GR

T is a parameter that encodes a deviation from relativistic
redshift (=1 in GR, =0 in Newton)

- Best fitting model U2 GM
o RV = [RV T |-
_- (::Rt [ ]Newton _I_ |:26 rc :|
150t
0 05 1 15 T — 088 1 017

Newton GR
100¢ Redshift parameter

see Do et al, Science, 2019

RV deviation from Newtonian [km/s]
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2017.5 2018 2018.5

| 6 agreement with GR and Newton excluded @50

* A similar result has been obtained by GRAVITY
T = 0.9+ 0.06(stat) + 0.15(syst)

see GRAVITY coll. ,A&A, 2018



First test of the equivalence principle around a
BH

* This result is 4 orders of magnitude less stringent than solar

system measurements but this is the first redshift test around a
BH

see Do et al, Science, 2019
GRAVITY coll., A&A, 2018

* Another way to test the equivalence Principle is to search for a
variation of the constants of Nature around the SMBH

— particularly interesting considering the recent results
reporting a varying a around a white dwarf and with quasars



Spectroscopy measurements in the GC can be
used to search for variations in «

148i QQTi

‘O

2
.
.
.
.
- .
.
. - .
.
.
“
.

: ach measurement needs
. ' to have at least 2 lines
with a different sensitivity

to .

50-2 is not appropriate
but old-type stars are

appropriate
35



5 old-type stars have been identified as promising

Needs a lot of spectral lines (with different sensitivities to a):
old-type stars

Bright, to ensure a high SNR. Magnitude < |5

Sufficiently in the central region: existence of measurements and
probe of a “close” to the BH -

Sgr A*
S0-6 - Mag: 14.1 _ 00 I
SO-12 - Mag: 14.3 R S
SO-13 - Mag: 13.3 §

D ’
S1-5 -Mag: 12.7 °TY 815
measured by NIFS in 2018 S1-23
-1.5- ”

S I -23 ) Mag: I27 . RA frgm Sgr A;O[.:s] e

measured by NIRSPEC in 2016 see Hees et al, PRL, 2020 36



Conceptually easy to infer a mapping of « in the GC
* For each spectrum (i.e. one star at one epoch ti), we extract N

lines (j) independently

* Lines need to be isolated enough to be extracted alone: |5 lines
identified

Quantity of
Measurement of the

interest
line j at epoch t; /
N /AN

7\
<q
>\] 21
RV + relativistic Sensitivity of the line j to
redshift

a: determined by solving

e Fit with 2 parameters: zi and Aa/a the Schradinger equation

37



The theoretical computation of the sensitivity

coefficients is not an easy task
Energy levels for the

electronic configuration Energies are computed
R from first principles
Ei | —— (Hartree-Fock)
— I w = (E-E)Ih
Ei | —— __

/ ?

Interaction with the Wave function of the N
nucleus + self interaction electrons (Slater
of the electrons determinant)
dIn w

* The sensitivity coefficient is computed numerically &k, =

dln o

Extremely costly computation done by B. Roberts using AMBIT

For AMBIT see e.g. Kahl and Berengut, Comp. Physics. Communications, 2019 38



No variations of a detected around Sgr A*

1 S0-6
J S0-12
1 SO0-13
1 S1-5
[ 1 S1-23
[
I = =
== , jrl_l T — — ==
—-40 -20 0] 20 40
Aa/a[107°]

—20 0 20
Aa/al107°]

e Variation of the fine structure constant between the GC and
Earth constrained A,

8}

— (1.4 -

-5.8) x 107°

* Same order of magnitude as constraints from quasars

* NIRSPEC measurements are the ones the most constraining

see Hees et al, PRL, 2020
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Constraint on variations of a with respect to the

gravitational potential
e A parametrization that appears naturally in some tensor-scalar theories

of gravitation tati '
g Aa AU gravitational potential
T T P
Q C
B=3+12 t fundamental parameter
0
) —
White dwarf-— - -4 2
* g
-6 —
T e Clocks +—» - =
—-40 =20 0 20 40
A 50 5 1010
log (Mass/M,,)

* | order of magnitude less stringent than the white dwarf but
for the first time around a BH

e Dedicated measurements can improve this result by | order of magnitude

see Hees et al, PRL, 2020 40



Where to search for deviations from
GR?

|) consider new projects with a better accuracy to improve constraints on

the “standard” frameworks

2) consider other frameworks and use existing data to search for new

signatures

3) consider new regimes unexplored so far or new region in space-time

4) What’s next!?




Space-Time Explorer and QUantum Equivalence
Principle Space Test - STE-QUEST

* Proposal for a space mission in answer to the M7 ESA call (February
2022, launch in 2037) [following similar proposals for the M3/M4 calls]

e Atom-interferometric test of the UFF @ 10-!7 in space,

e Double atom interferometer with Rb and K tests masses in non classical
states

e Space:long integration time and quiet environment

 The technology is ready and simulations have
shown that this objective is reachable

e Such a mission would also be a stepping stone
for more ambitious future atoms in space
mission like e.g. AEDGE (part of a “cold atom in
space’ roadmap authored by > 250 scientists)




Conclusion

e Searching for violation of the EEP is one promising way to search for new
physics: unification theories, Dark Matter/Dark Energy

e Challenge

- theory: construct alternative theories
|) not suffering from theoretical pathology
2) able to explain a wide set of observations at different scales

3) that would solve some of the theoretical problems (quantum gravity,
DM/DE...)

- observations:

|) searching for “tiny” deviations (UFF with MICROSCOPE)
2) for new signatures (new Dark Matter signatures)
3) or in regimes unexplored so far (around a SMBH in our GC)

Improve our fundamental understanding of the gravitation
interaction and of physics in general



Thank you for your attention

Astronomy & cosmology

(gravitational waves, SNIa, CMB,
structure formation, galactic dynamics,

)

)

Quantum .
Local physics . High energy
Gravity | -
(Solar System, lab tests, o . (particle physics: CERN-
GNSS, ... ) Unification LHC, Fermilab, DESY, ..
DM and DE

Figure inspired by Altschul et al, Adv, in Space Res. 55, 501, 2015
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