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Global	picture	and	motivations
• Searching	for	modified	gravity	motivated	by:
• Quantum	gravity	and/or	unification	theories
• Dark	Matter	and	Dark	Energy

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

Local	physics
(Solar	System,	lab	
tests,	GNSS,	…	)

Astrophysics/cosmo
(SNIa,	CMB,	structure	formation,	
galactic	dynamics,	…)

Unification
Quantum	gravity
DM	and	DE

High	energy
(particle	physics:	
CERN-LHC,	Fermilab,	
DESY,	…)



GC	observations	allow	to	test	the	gravitation	
theory	in	a	new	region

• GR	very	well	tested	at	small	
scales	and	in	weak	
gravitational	field
• GC	offers	a	new	different	
region	to	test	GR.	
- is	gravitation	working	as	
expected	around	a	BH?
- if	screening	mechanism	in	
the	Solar	System
- strong	field	effects
- …ËË
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Different	observations	can	be	used	in	the	GC	to	
test	the	gravitational	theory
• Observing	the	BH	shadow:	Event	Horizon	Telescope	(VLBI)

• Observing	an	hypothetical	pulsar	orbiting	the	BH:	none	detected	so	far

• Monitoring	the	motion	of	stars	orbiting	the	BH:	for	more	than	20	years
• UCLA	observations	@Keck	observatory
• MPI	observations	@VLT

For	a	review,	see		Johannsen,	CQG,	2016



UCLA	GCG	has	been	monitoring	the	motion	of	
stars	since	1995
• Keck	observatory:
• Speckle	and	Adaptive	Optics	imaging
Accuracy	@0.15	mas

• Spectroscopic	measurements
Accuracy	@30	km/s

• Tracking	the	motion	of		∼1000	
stars:
• Used	to	construct	the	reference	
frame
• Keplerian motion	for	central	stars	
observed

1- Galactic Center Group
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Instrumentation: 
W.M.Keck observatory

• Speckle and AO imaging
• Spectroscopy







A	2	stars	fit	provides	the	best	estimates	for	the	
SMBH	mass	and	distance	

• Only	2	stars	with	high	
enough	phase	coverage
• Best	estimates:

see	Boehle et	al,	ApJ,	2016

• Non-closing	orbits	NOT	due	
to	GR	precession	or	new	
physics:	reference	frame	
systematics



S0-2’s	closest	approach	in	2018	will	enable	
relativistic	measurements

• Relativistic	redshift:	test	of	the	
equivalence	principle

• pN orbital	dynamics:	measure	
space-time	curvature

Anticipated	by	a	lot	of	theorists,	 see	e.g.	Rubilar and	Eckart,	ApJ 2001,	Zucker et	al,	ApJ,	2006,	Will,	ApJ 2008,		etc…

[RV ]rel =
v2

2c
+

GM

rc

Amplitude	∼ 200km/s

h!̇iGR =
6⇡GM

Pc2a(1� e2)

∼ 1.6	x	10-4 rad/yr



We	are	now	optimizing	our	2017/2018	
observations	campaign	to	detect	the	rel.	redshift
• With	data	up	to	2016:	sensitive	to	∼ 1.5	𝜎 to	the	rel.	redshift
• Adaptive	scheduling	tool	developed	to	optimize	our	telescope	time.	When	
and	what	to	observe?

A	5	𝜎 detection	at	the	end	of	2018	is	expected… stay	tuned	!



On	the	mid-term,	we	expect	to	measure	pN orbital	
dynamics

Multiple	stars	fit	needed:	
technical	difficulties	with	
solutions	under	studies	
(Bayesian	algorithms,	
priors,	analytical	
modeling,	…)

Improvements	in	the	
observations	expected



On	the	long-term,	the	“no	hair”	theorem	can	
be	tested

• “A	BH	is	fully	described	by	
its	mass	(M),	charge	(Q)	and	
angular	momentum	(J)”

• Tested	by	measuring	spin	
and	quadrupole moment	
(Q2):	quadratic	relation	?

distribution but also to understand the biases it introduces to the
measurement of the black hole properties.

Second, each of the measurements uses a very different
observational technique (e.g., astrometric positions of stars,
timing of radio pulsars, sub-millimeter images of the accretion
flow) and is therefore subject to very different systematic
uncertainties. Comparing the results from the three types of
observations will allow us to identify the systematics inherent
to each.

Finally, each type of observation is expected to lead to
correlated uncertainties (or even degeneracies) between the
black hole spin and quadrupole moment. However, the
correlations and degeneracies in each method are along
different directions in the parameter space (see Figure 14).
The orbital precession of stars and pulsars will primarily
measure the spin of the black hole. The timing of pulsars will
independently measure the quadrupole moment of the space-
time. A detection of an asymmetry of the black hole shadow
will measure deviations of the quadrupole moment from the
Kerr value. Combining all these measurements will lead to
uncorrelated measurements of the black hole spin and
quadrupole moment and hence provide a test of the gravita-
tional no-hair theorem.

Even though our focus in this article has been on testing the
no-hair theorem, it is also important to emphasize that
combining these three types of measurements will also have
other important implications for the astrophysics of accretion
flows and of supermassive black holes in the centers of
galaxies. For example, as discussed above, differences among
the enclosed mass inferred at different radii with the EHT, with
stars, and with pulsars, will allow us to constrain the
distribution of stellar objects and dark matter at the very center

of our Galaxy. Furthermore, measurement of the relative
orientation of the black hole spin and the angular momentum of
the inner accretion flow will inform our understanding of black
hole feeding and alignment of black hole spins (see, e.g., the
discussion in Psaltis et al. 2015a).
It is true that the EHT and GRAVITY experiments still need

to demonstrate that they can operate at their designed
specifications and a pulsar, as well as at least two stars, need
to be discovered in sufficiently close orbits around Sgr A* for
the three types of observations discussed here to be realized at
the required accuracy. However, all these are possible in the
very near future and promise to revolutionize our probes and
understanding of strong-field gravity and accretion flows in the
vicinity of black holes.
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Q2 = �J2

M

see	also	Will,	ApJL,	2008



In	the	meantime:	current	observations	can	be	used	
to	constrain	deviations	from	Newtonian	gravity

Future	observations	will	enable	detection/tests	
of	GR	effects



A	fifth	force	is	a	well-motivated	phenomenology
• Modification	of	the	Newtonian	potential

�(r) = �GM

r

h
1 + ↵e�r/�

i

• Phenomenology	motivated	by
• new	interaction	with	a	massive	gauge	boson
• high	dimensions	theories
• braneworld scenarios
• tensor	scalar	theories
• Massive	gravity
• …

Fischbach and	Talmadge,	Nature,	1989

Krause	and	Fischbach,	2001
Arkani-Hamed,	et	al,	PRD,	1999
Alsinget	al,	PD,	2012
Will,	PRD,	1998

• Produce	some	noticeable	effects	on	S0-2’s	orbit see	Borka et	al,	JCAP,	2012



S0-2	and	S0-38	constrain	a	fifth	force
• Analysis	extremely	careful	with	correlations	(GM,	R0)	and	with	systematics

• Will	be	improved	significantly	in	the	future	(after	2018…)
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Constraint	on	the	advance	of	S0-2’s	periastron
• Model	independent	constraint
• Analysis	extremely	careful	with	correlations	(ref.	frame)	and	systematics

-� -� -� � � � �
ω��-� [��-� ���/��]

3

We set the outer radius cuto↵ r

0

to 0.011 parsec such
that it encloses S0-2 and S0-38 at apoapse. In total, our
model includes 21 parameters consisting of the six orbital
parameters for each of the two stars: P , e, the time of
closest approach T

0

, the argument of periastron !, the in-
clination i and the longitude of the ascending node ⌦ and
nine global parameters: the SMBH gravitational param-
eter GM , the strength of the fifth force ↵, the amount of
extended mass, M

ext

(< r

0

), the distance to our Galactic
Center, R

0

, and the positions (x
0

and y

0

) and velocities
(v

x

0

, v
y

0

, v
z

0

) of the SMBH. The SMBH positions and
velocities are important in order to take into account
imperfections in the construction of the reference frame.
The observations are assumed to be independent and nor-
mally distributed and we use a Gaussian likelihood an-
alytically marginalized with respect to the SMBH posi-
tions and velocities, which reduces the number of param-
eters e↵ectively sampled to 16. We use flat priors for all
the parameters except for the extended mass M

ext

(< r

0

)
for which we use an exponential prior characterized by
a standard deviation of �

M

ext

(<r

0

)

= 100M�. This prior
is motivated by observations of the stellar cusp [69–72].
The extended mass power-law slope � is fixed to 0.5. We
have checked that our results are not sensitive to the ac-
tual value of �

M

ext

(<r

0

)

and �. In particular, �
M

ext

(<r

0

)

can be increased by two orders of magnitude without im-
pacting our results. Di↵erent fits are performed for fixed
values of � ranging from 5 AU (astronomical units) to
104 AU.

From the sampling of the posterior probability distri-
bution function of ↵ produced by each fit, we determine
a statistical 95% confidence upper limit on the absolute
value of ↵. It has been shown in [43] that our orbital fits
su↵er from systematic e↵ects related to the construction
of the absolute reference frame. In order to assess these
systematics, we used a Jackknife resampling method [73].
We used the seven di↵erent reference frames created in
[43] in which each one has one SiO maser excluded. The
results of the orbital fits of S0-2 performed using these
seven subset reference frames are then used in order to
infer a systematic uncertainty given by

�

2

sys

 n� 1

n

nX

i=1

(x
i

� x̄

i

)2 , (3)

where n is the sample size (here 7), x
i

is the estimator
of a parameter derived by excluding the ith maser and
x̄

i

is the mean of the values x

i

(see also Appendix C of
[43] for more details about this procedure). The inferred
systematic uncertainty is then added in quadrature to
the statistical uncertainty derived from the orbital fit.
The values of our analysis before and after the Jackknife
procedure can be found in Tab. 1 from the Supplemental
material.

Our results show that the value ↵ = 0 is always within
the 68% confidence interval meaning that no significant

deviation from Newtonian gravity is found. The red
curve from Fig. 2 shows our 95% confidence upper limit
on |↵|. Our best constraint is at the level of � ⇠ 150
AU which corresponds roughly to the S0-2 distance at
periapse. For this value of �, our dataset gives a 95%
confidence upper limit of |↵| < 0.016. For higher values
of �, the upper limit on |↵| evolves proportionally to �

2

(similarly to the curves obtained by LLR and planetary
ephemerides, see Fig. 2) up to when it reaches |↵| ⇠ 1
where it diverges at � ⇠ 6000 AU. We note that the limit
on ↵ is primarily driven by S0-2 in the median range of
� and S0-38 helps for small and large �.
As shown in Fig. 1, the constraints obtained in this

work probe a new part of the parameter space and are
complementary to Solar System measurements. In par-
ticular, short-period stars are probing space-time in a
higher potential and around a central body much more
massive than in the other experiments. This is high-
lighted on the right panel of Fig. 2 where � is expressed in
term of the gravitational radius of the central body. Fur-
thermore, short-period stars probe the space-time around
a SMBH, which is conceptually di↵erent from Solar Sys-
tem tests where the space-time curvature is generated
by weakly gravitating bodies. In particular, some non-
perturbative e↵ects may arise around strongly gravitat-
ing bodies (see e.g., [74]). In addition, in models of grav-
ity exhibiting screening mechanisms, deviations from GR
may be screened in the Solar System (see e.g., [75]). In
this context, searches for alternative theories of gravita-
tion in other environments are important.
A specific theoretical model covered by the fifth force

framework is a massive graviton. In that context, we
found a 90% confidence limit � > 5000 AU for ↵ = 1,
which can be interpreted as a lower limit on the gravi-
ton’s Compton wavelength �

g

> 7.5⇥ 1011 km or equiv-
alently as an upper bound on the graviton’s mass m

g

<

1.6 ⇥ 10�21 eV/c2 (see also [35]). This constraint is one
order of magnitude less stringent than the recent bound
obtained by LIGO [76], which nevertheless does not ap-
ply for all models predicting a fifth force.
From an empirical prospective, one of the e↵ects pro-

duced by a fifth force is a secular drift of the argument of
periastron ! [31, 77]. Several theoretical scenarios pre-
dict such an e↵ect, which can be constrained by observa-
tions. We produced a new orbital fit using a model that
includes seven global parameters (the SMBH GM , R

0

and the positions and velocities of the SMBH) and seven
orbital parameters for each star, the additional parame-
ter being a linear drift of the argument of the periastron
!̇. As a result of our fit including the Jackknife analysis,
we obtained an upper confidence limit on a linear drift
of the argument of periastron for S0-2 given by

|!̇
S0-2

| < 1.7⇥ 10�3 rad/yr at 95 % C.L. . (4)

This limit is currently one order of magnitude larger
than the relativistic advance of the periastron !̇

GR

=
can	be	used	to	constrain	various	

theoretical	scenarios



To	summarize
• GR	is	probably	not	the	ultimate	theory	of	gravitation.	

Need	for	observations	to	constrain/detect	new	physics
• New	window	to	study	gravitation	is	opening:	

using	orbital	dynamics	around	a	SMBH
• Deviation	from	Newton:	fifth	force	and	S0-2	advance	of	periastron are	
constrained	
• Our	dataset	is	just	starting	to	be	sensitive	to	GR	effects	and	allows	to	
search	for/constrain	new	physics

S0-2’s	closest	approach	in	2018	will	open	a	new	
window	to	test	GR:	stay	tuned!



BACK	UP	SLIDES



Fifth	force	analysis

• Evaluation	of	systematics	due	to	the	ref.	frame:
• Jacknife resampling	algorithm:	“drop	1	maser”	analysis

• Parameters	fitted:
• Fifth	force	parameter
• BH	GM:	highly	correlated	with	𝛼
• Distance	to	GC:	𝑅%
• SMBH	position	and	velocity:	important	to	take	into	account	imperfections	in	the	
reference	frame
• Extended	mass
• 6	orbital	parameters	for	each	star	(P,	e,	T0,	𝜔,Ω, 𝑖)


