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Searching for a breaking of the Equivalence 
Principle can shed light on new physics

see Damour and Polyakov, GRG, 1994
      Arvanitaki et al, PRD, 2015

Some models of 
Dark Matter and 

Dark Energy

see e.g. refs in Altschul et al, 2015

Unification scenarios/
most attempts for a 
quantum theory of 

gravity

see the discussion in Damour, CQG, 2012

The “universal” coupling 
of gravitation seems 

anomalous compared to 
other interactions

see e.g. Damour, CQG, 2012  
    

Dynamical process to 
explain “constants” of 
the Standard Model

Violation of 
EEP

Access to new physics?
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The EEP is tested by local experiments

All types of matter are sensitive to the same space-time geometry

⌘ =
�a
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Universality of free fall

See Q. Baghi’s talk and Touboul et al, PRL, 2017

• Tested @10-14  
with MICROSCOPE

A B

Constants of Nature are constant
• Variation of !, fermions’ masses, … with: time (drift,  

oscillations, transients), space (gravitational potential),… A B
• Atomic clocks

↵̇

↵
< 10�17yr�1 d ln↵

dU/c2
< 10�7

See e.g. Uzan, LRR, 2011

Gravitational redshift
A B

• Tested @10-5 with  
 the Galileo V and VI

See Delva et al, PRL, 2018 and Herrman et al, PRL 2018
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Are the constants of Nature constant on 
astrophysical scales?

Quasars Absorption 
system z1  

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

see King et al, MNRAS 2012 
       Wilczynska et al, Sciences Ad. 2020

- 338 absorption systems up to redshift 7
- Spatial variation of ! reported at the level of 3.9 "

��↵/↵ ⇠ 10�4 � 10�6

<latexit sha1_base64="3COjJZR6nvEUyJzrcLeRveG5RI4=">AAACKXicbVDJTsMwEHVYS9kKHLlYVEhcWhJUsdwq4MCxSHSRmhBNXLe1aieR7SBVUX6Dn+AXuMKdG3CEH8FdDtDyJGue3pvRjF8Qc6a0bX9YC4tLyyurubX8+sbm1nZhZ7ehokQSWicRj2QrAEU5C2ldM81pK5YURMBpMxhcjfzmA5WKReGdHsbUE9ALWZcR0EbyC7arWE+An7rXlGtwgcd9OJ6UzHgCO/Z9WqpkpXE9zfxC0S7bY+B54kxJEU1R8wtfbiciiaChJhyUajt2rL0UpGaE0yzvJorGQAbQo21DQxBUeen4Zxk+NEoHdyNpXqjxWP09kYJQaigC0ylA99WsNxL/9QIxs1l3z72UhXGiaUgmi7sJxzrCo9hwh0lKNB8aAkQyczsmfZBAtAk3b0JxZiOYJ42TslMpX9xWitXLaTw5tI8O0BFy0BmqohtUQ3VE0CN6Ri/o1Xqy3qx363PSumBNZ/bQH1jfP2nSpl4=</latexit>

• White dwarf (G191-B2B): Fe absorption lines from the white dwarf 
atmosphere

- “Strong” gravitational potential � ⇠ GM

c2R
⇠ 5⇥ 10�5

<latexit sha1_base64="cDloYTKSQq83yWx3oI09sBopu6s=">AAACJnicbVDNSsNAGNzUv1r/oh69LBbBS0tSWtRb0YNehCq2FZq2bLabduluEnY3Qgl5Cl/CV/Cqd28i3sQncZvmoK0DC8PM9zHfjhsyKpVlfRq5peWV1bX8emFjc2t7x9zda8kgEpg0ccACce8iSRj1SVNRxch9KAjiLiNtd3wx9dsPREga+HdqEpIuR0OfehQjpaW+WXLCEYWOpBw6nkA4vrxOYtyr3CapVnMU5URC2+rFpVrSN4tW2UoBF4mdkSLI0Oib384gwBEnvsIMSdmxrVB1YyQUxYwkBSeSJER4jIako6mPdFg3Tr+VwCOtDKAXCP18BVP190aMuJQT7upJjtRIzntT8V/P5XPJyjvtxtQPI0V8PAv2IgZVAKedwQEVBCs20QRhQfXtEI+QbkvpZgu6FHu+gkXSqpTtavnsplqsn2f15MEBOATHwAYnoA6uQAM0AQaP4Bm8gFfjyXgz3o2P2WjOyHb2wR8YXz/b4qUT</latexit>

see Berengut et al, PRL, 2013 
       Hu et al, MNRAS, 2020

- variation of ! reported at the level of 1.5-3 "



Are the constants of Nature constant on 
astrophysical scales?

Quasars Absorption 
system z1  

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

see King et al, MNRAS 2012 
       Wilczynska et al, Sciences Ad. 2020
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c2R
⇠ 5⇥ 10�5

<latexit sha1_base64="cDloYTKSQq83yWx3oI09sBopu6s=">AAACJnicbVDNSsNAGNzUv1r/oh69LBbBS0tSWtRb0YNehCq2FZq2bLabduluEnY3Qgl5Cl/CV/Cqd28i3sQncZvmoK0DC8PM9zHfjhsyKpVlfRq5peWV1bX8emFjc2t7x9zda8kgEpg0ccACce8iSRj1SVNRxch9KAjiLiNtd3wx9dsPREga+HdqEpIuR0OfehQjpaW+WXLCEYWOpBw6nkA4vrxOYtyr3CapVnMU5URC2+rFpVrSN4tW2UoBF4mdkSLI0Oib384gwBEnvsIMSdmxrVB1YyQUxYwkBSeSJER4jIako6mPdFg3Tr+VwCOtDKAXCP18BVP190aMuJQT7upJjtRIzntT8V/P5XPJyjvtxtQPI0V8PAv2IgZVAKedwQEVBCs20QRhQfXtEI+QbkvpZgu6FHu+gkXSqpTtavnsplqsn2f15MEBOATHwAYnoA6uQAM0AQaP4Bm8gFfjyXgz3o2P2WjOyHb2wR8YXz/b4qUT</latexit>

see Berengut et al, PRL, 2013 
       Hu et al, MNRAS, 2020

- variation of ! reported at the level of 1.5-3 "

Independent measurements from other systems with other 
lines needed to confirm (or infirm) these results
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Searching for violations of the EEP in the 
GC is well motivated

• Is the compact object at the center of our Galaxy really a BH? 
Alternatives such as boson star can break the EEP.

• Deviations from GR can be enhanced around compact objects:  
scalarization this is the case for Einstein-Gauss-Bonnet gravity

• Is the gravitational interaction identical somewhere else in the 
Universe? And in particular around a black hole?

• If we start to have an evidence for a deviation: important to have 
other systems sensitive to different systematics to confirm/infirm 
such results

see G. Antoniou, et al, PRL, 2018, D. Doneva and S. Yazadjiev, PRL, 2018, H. Silva et al, PRL, 2018

see e.g. Liebling and Palenzuela, LRR, 2017

• Deviations from GR can locally be “hidden/screened”: 
chameleons, Vainshtein, symmetron, …

see e.g. Burrage and Sakstein, LRR, 2018



Stars orbiting the GC have been 
observed in NIR since 1995

1- Galactic Center Group

3

Members:
Andrea Ghez, Tuan Du, Eric Becklin, Samantha Chappell, Devin 
Chu, Zhuo Chen, Anna Ciurlo, Arezu Dehghanfar, Laly 
Gallego-Cano, Abhimat Gautam, Siyao Jia , Aurélien Hees, 
Kelly Kosmo, Jessica Lu, Greg Martinez, Keith Matthews, Mark 
Morris, Rainer Schoedel, Shoko Sakai, Gunther Witzel

Instrumentation: 
W.M.Keck observatory

• Speckle and AO imaging
• Spectroscopy

• Keck Observatory:

• Speckle and Adaptive Optics  
imaging. Accuracy @0.15 mas

• Spectroscopic measurements.  
Accuracy @20 km/s 

• Similar observations have been taken @VLT 
(GRAVITY instrument since 2016)

see G. Perrin’s talk





Can these observations be used to 
probe fundamental physics?

�8

Is the Equivalence Principle valid 
around a SMBH?

- variation of the fine structure const.
- redshift test



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

 9

Each measurement needs 
to have at least 2 lines 
with a different 
sensitivity to !.  

S0-2/S2 is not 
appropriate but old-type 

stars are appropriate

#!/!

#!/!

#!/!

�

3

TABLE I. Atomic properties of the absorption lines used
in this analysis. The first block corresponds to lines observed
with the NIFS instrument while the second block corresponds
to lines observed with NIRSPEC. The frequencies ! are ex-
perimental values reported in [33]. The sensitivity to the fine
structure constant k↵ is computed from ab initio calculation
using the AMBIT software [43], see the discussion in the Ap-
pendix A.

Element Lower Upper ! (cm�1) k↵

14Si 3s23p4p 1
D2 3s23p5s 1

P
o
1 4681.6 0.012(9)

11Na 4s 2
S1/2 4p 2

P
o
1/2 4527.0 0.004(2)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
2 4496.6 �0.34(10)

12Mg 3s4d 3
D3 3s6f 3

F 4 4383.3 �0.001(2)
12Mg 3s4d 3

D3 3s6f 1
F 3 4383.2 �0.001(2)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
1 4454.3 �0.37(10)

39Y 4d25s 4
F7/2 4d5s5p 4

F
o
7/2 4434.6 �0.88(6)

20Ca 4s4d 3
D1 4s4f 3

F
o
2 4498.5 �0.03(1)

21Sc 3d24s 4
F3/2 3d4s4p 2

D
o
3/2 4576.9 �0.23(3)

39Fe 3d64s2 3
D3 3d64s4p 3

P
o
2 4575.1 0.56(28)

22Ti 3d34s 5
P2 3d24s4p 5

D
o
3 4565.5 �0.30(10)

22Ti 3d34s 5
P1 3d24s4p 5

D
o
2 4543.3 �0.31(9)

21Sc 3d24s 4
F5/2 3d4s4p 2

D
o
3/2 4539.2 �0.25(4)

21Sc 3d24s 4
F9/2 3d4s4p 4

D
o
7/2 4533.5 �0.29(4)

11Na 4s 2
S1/2 4p 2

P
o
3/2 4532.6 0.007(2)

priors are used for the sensitivity coe�cients k↵,j with
a mean value and an uncertainty quoted in Tab. I. We
use the MULTINEST sampler [? ? ] to sample the pos-
terior probability distribution function. For S0-6, S0-12,
S0-13 and S1-5, the two epochs are fitted simultaneously
and the velocity of the star is assumed to be the same
for both epochs. For S1-23, the two parts of the spectra
corresponding to the di↵erent filters are fitted simultane-
ously but the velocities are not assumed to be the same,
an o↵set is present due to a di↵erent wavelength solution
for both filters.

A figure of the posteriors for each individual star can
be found in Appendix D and the 68% confidence intervals
are reported in Tab. II. No significant deviation from 0
is reported for any of the stars considered in this anal-
ysis. The constraints derived from the NIRSPEC mea-
surements are one order of magnitude better than the
one from the NISF instrument, which is due to the bet-
ter spectral resolution of the instrument.

A fit combining all the the stars provides a constraint
of

�↵

↵
= (1.3± 5.7)⇥ 10�6

, (4)

between the GC and Earth. This constraint is at the
same level of magnitude as the ones obtained from quasar
observations and is the first constraint on a possible vari-
ation of ↵ around a BH.

In several alternative theories of gravitation, the fine
structure constant becomes dependent on the gravita-
tional potential (see e.g. [? ? ? ]) and it is useful to

TABLE II. 68% confidence interval for �↵/↵ and for z esti-
mated from di↵erent stars. An estimation of the gravitational
potential U at the location of the star is also provided (see
Appendix C). For S0-6, S0-12, S0-13 and S1-5, two measure-
ment epochs are combined with 5 absorption lines per epoch.
S1-23 has been observed with two di↵erent filters (each filter
has a di↵erent wavelength solution which reflects in an o↵set
in their estimated z value) providing 11 absorption lines.

Star �↵
↵ z.c [km/s] U/c

2

S0-6 (�0.6± 2.7)⇥ 10�4 72.6 ±10.0 2.4⇥ 10�6

S0-12 ( 0.3± 1.4)⇥ 10�4 �63.8 ±1.8 1.6⇥ 10�6

S0-13 ( 1.0± 3.1)⇥ 10�4 �72.1 ±3.3 9.4⇥ 10�7

S1-5 ( 5.2± 7.9)⇥ 10�5 �14.5 ±3.0 6.5⇥ 10�7

S1-23 ( 0.9± 5.8)⇥ 10�6 �311.4 ±1.1 4.6⇥ 10�7

288.1 ±0.7

consider the following parametrization

�↵

↵
= �↵

�U

c2
, (5)

where U is the Newtonian potential, c the speed of light
in a vacuum and where �↵ depends on the fundamental
parameters of the theory. An estimate of the gravita-
tional potential probed by the 5 stars considered in this
analysis is requirred in order to constrain the �↵ param-
eter. We infer the radial acceleration experienced by the
stars using 25 years of astrometric measurements of the
GC. Between 1995 and 2005, speckle imaging data pro-
vides astrometric di↵raction-limited measurements (�0 =
2.21µm, �� = 0.43µm) of the central 5” ⇥ 5” of the GC.
This dataset is presented in details in [26? ? ]. Between
2005 and 2018, adaptive optics (AO) imaging provides
high-resolution images (�0 = 2.12µm, �� = 0.35µm) of
the central 10”⇥ 10” of the GC. AO allows for more ef-
ficient observations at the di↵raction limit, resulting in
measurements typically one order of magnitude better
than speckle observations. This dataset is presented in
details in [26? ]. These astrometric measurements are
aligned in a common refrence frame defined by tiying in-
frared observations of seven SiO masers [? ? ? ] to their
radio counterpart [? ]. The procedure to construct the
reference frame is thoroughly detailed in [? ] and the
alignment procedure is detailed in [? ]. The resulting
2-D position measurements of the 5 stars considered in
our analysis are given in the Appendix C. A polynomial
fit of these measurements give an estimate of the 3D ra-
dial acceleration of these stars which is transformed into
an estimate of the gravitational potential using the the
SMBH mass M = 3.975 ⇥ 106M� reported in [? ] (see
Appendix C for more details). The estimate of the grav-
itational potential experienced by each star is reported
in Tab. II. A fit combining the measurements from the 5
stars and using the estimate from the gravitational po-
tential from Tab. II leads to

�↵ = 3.3± 12.4 , (6)

at 68% confidence level. No deviation from GR is re-
ported. This result is 8 orders of magnitude less con-
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in this analysis. The first block corresponds to lines observed
with the NIFS instrument while the second block corresponds
to lines observed with NIRSPEC. The frequencies ! are ex-
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a mean value and an uncertainty quoted in Tab. I. We
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S0-13 and S1-5, the two epochs are fitted simultaneously
and the velocity of the star is assumed to be the same
for both epochs. For S1-23, the two parts of the spectra
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for both filters.

A figure of the posteriors for each individual star can
be found in Appendix D and the 68% confidence intervals
are reported in Tab. II. No significant deviation from 0
is reported for any of the stars considered in this anal-
ysis. The constraints derived from the NIRSPEC mea-
surements are one order of magnitude better than the
one from the NISF instrument, which is due to the bet-
ter spectral resolution of the instrument.
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same level of magnitude as the ones obtained from quasar
observations and is the first constraint on a possible vari-
ation of ↵ around a BH.

In several alternative theories of gravitation, the fine
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where U is the Newtonian potential, c the speed of light
in a vacuum and where �↵ depends on the fundamental
parameters of the theory. An estimate of the gravita-
tional potential probed by the 5 stars considered in this
analysis is requirred in order to constrain the �↵ param-
eter. We infer the radial acceleration experienced by the
stars using 25 years of astrometric measurements of the
GC. Between 1995 and 2005, speckle imaging data pro-
vides astrometric di↵raction-limited measurements (�0 =
2.21µm, �� = 0.43µm) of the central 5” ⇥ 5” of the GC.
This dataset is presented in details in [26? ? ]. Between
2005 and 2018, adaptive optics (AO) imaging provides
high-resolution images (�0 = 2.12µm, �� = 0.35µm) of
the central 10”⇥ 10” of the GC. AO allows for more ef-
ficient observations at the di↵raction limit, resulting in
measurements typically one order of magnitude better
than speckle observations. This dataset is presented in
details in [26? ]. These astrometric measurements are
aligned in a common refrence frame defined by tiying in-
frared observations of seven SiO masers [? ? ? ] to their
radio counterpart [? ]. The procedure to construct the
reference frame is thoroughly detailed in [? ] and the
alignment procedure is detailed in [? ]. The resulting
2-D position measurements of the 5 stars considered in
our analysis are given in the Appendix C. A polynomial
fit of these measurements give an estimate of the 3D ra-
dial acceleration of these stars which is transformed into
an estimate of the gravitational potential using the the
SMBH mass M = 3.975 ⇥ 106M� reported in [? ] (see
Appendix C for more details). The estimate of the grav-
itational potential experienced by each star is reported
in Tab. II. A fit combining the measurements from the 5
stars and using the estimate from the gravitational po-
tential from Tab. II leads to

�↵ = 3.3± 12.4 , (6)

at 68% confidence level. No deviation from GR is re-
ported. This result is 8 orders of magnitude less con-

�0

see  Hees et al, PRL, 2020



Six old-type stars have been identified as promising
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• Need a lot of spectral lines (with different sensitivities to !): old-
type stars

• Bright, to ensure a high SNR. Magnitude < 15

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

- S0-6   - Mag: 14.1

- S0-12 - Mag: 14.3

- S0-13 - Mag: 13.3

- S1-5   - Mag: 12.7

- S1-23 - Mag: 12.7

measured by NIFS (Gemini) in 2018

Sgr A*

S0-6

S0-12

S0-13

S1-5
S1-23

measured by NIRSPEC (Keck)  in 2016



Conceptually easy to infer a mapping of ! in the GC
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• 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: 15 lines 
identified

Does the fine-structure vary around the supermassive Black Hole from our Galactic

Center?

Bla bla

The idea of the project is to search for variations of the
fine-structure constant around the supermassive black
hole (SMBH) from our Galactic Center (GC). In order
to search for such a variation, we measure the di↵er-
ences between di↵erent spectral lines within the same
spectrum and compare those di↵erences with reference
ones measured in the lab on Earth. Each absorption line
is characterized by a frequency ⌫ or wavelength � and
the relative sensitivity k↵ of the transition frequency ⌫
to the fine-structure constant is defined as

d ln ⌫ = k↵d ln↵ . (1)

The spectroscopic observable is

��

�
=

�� �0

�0
=

�(z,↵)� �(z = 0,↵0)

�(z = 0,↵0)
, (2)

where � = �(z,↵) is the value of the wavelength of the
absorption line at the Galactic Center for a value of ↵
di↵erent from the one on Earth ↵0 and �0 is the value of
the wavelength for the same line measured in the lab. A
straightforward calculation shows that

��

�
= z � k↵

�↵

↵
(1 + z) ⇡ z � k↵

�↵

↵
, (3)

where z is the traditionnal Doppler (which includes the
Newtonian velocity along the line of sight but also the
relativistic corrections) while the second part of this ex-
pression encodes a possible variation of the fine structure
constant between Earth and the location of emission of
the radiation. For the last equality, we used the fact that
z << 1 (typically, the maximum value of z for S0-2 is
⇠ 10�2 while all the other stars have smaller z).

It is important to note that in a purely phenomenolog-
ical approach, k↵ actually depends on the actual units
used to make the atomic calculation. Therefore, any
physical result should only depend on di↵erences between
di↵erent k↵ coe�cients. This prevents us to use only one
single atomic absorption line and to monitor it as a func-
tion of z (like e.g. for S0-2). Instead, one should rely
on measurements of the di↵erence between two di↵erent
lines in the same spectrum.

Let us assume we measure the spectrum of one star at
di↵erent epochs ti, corresponding to di↵erent redshifts zi.
Within this spectrum, we measure Nlines absorption lines
��j/�j (with Nlines � 2), each of them corresponding
to a sensitivity coe�cient k↵,j . For each epoch, we can
use these Nlines measurements to estimate the redshift
zi and the corresponding �↵/↵ by solving the system of
equations

��j

�j

����
zi

= zi � k↵,j
�↵

↵
, (4)

by using a standard least-squares method. With this
method, the inferred value of �↵/↵ is independent from
a global shift of the values of k↵.
By considering di↵erent epochs and di↵erent stars, this

method will map �↵/↵ at the Galactic Center. In other
words, one measured spectrum for one star will provide
an estimate of �↵/↵ that can be interpreted as a func-
tion of the position x of the star, as a function of the time
t (time of emission of the electromagnetic radiation), as
a function of the gravitational potential at which the ra-
diation is emitted, etc . . .
Measurements: in this work, we use spectrum mea-

surements of 10 old-type stars. Old-type stars have
the advantage to present several clear absorption lines,
which allows us to increase the number (Nlines) of absorp-
tion lines considered in our analysis. Furthermore, the
lines observed in the spectrum of old-type stars are from
atomic transitions that present sensitivity coe�cients k↵
that are diversified. On the opposite, the number of lines
measurable in the spectrum of young-type stars like e.g.
S0-2 is limited and is only based on H and HeI lines that
have a very similar sensitivity to ↵. Amongst the stars
from our GC, we chose a subset of 10 old-type stars based
on the following arguments: (i) the star needs to be in
the NIFS field of view during the S0-2 measurements in
2018, (ii) the star needs to have at least a magnitude of
XX to have a fairly good SNR and (iii) su�ciently good
astrometric measurements of the star needs to be avail-
able in order to infer its distance to the SMBH. The stars
selected for this analysis are: S0-6, S0-12, S0-13, S0-17,
S0-18, S0-27, S0-28, S1-5, S1-10, S1-15.
Within the full spectrum measured, we identify 8 lines

that are su�ciently isolated and clean to be extracted
properly. The characteristic of these 8 lines are summa-
rized in Table I. In the end, for each of the 10 stars,
and for each of the X NIFS measurements, we extract
the ��/� for the 8 absorption lines described in Table I.
A table containing all the measurements is available in
Appendix.
Theoretical calculations of the sensitivity factor: a cru-

cial element for this analysis resides in the computation of
the k↵ sensitivity coe�cients. From a theoretical point
of view, it is possible to compute the energy level of a
transition ! from first principles. By varying the value
of the fine structure constant ↵ in this calculation, one
can get the q coe�cient defined as

q =
d!

dx

����
x=0

, (5)

where x = (↵/↵0)2 � 1 is the fractional change in ↵2.
The q-coe�cients are related to the sensitivity k↵ by

k↵ = 2
q

!0
. (6)

Quantity of  
interestMeasurement of the 

line j at epoch ti

Sensitivity of the line j to 
! (see following slide)

RV + relativistic 
redshift

• Fit with 2 parameters: zi and #!/!



The theoretical computation of the sensitivity 
coefficients is not an easy task

 12

Energy levels for the 
electronic configuration

$ = (Ei-Ej)/ℏ
Ei

Ej
H | ki = Ek | ki

Interaction with the 
nucleus + self interaction 

of the electrons

Wave function of the N 
electrons (Slater 

determinant)

Energies are computed 
from first principles 

(Hartree-Fock)

Extremely costly computation done by B. Roberts using AMBIT
For AMBIT see e.g. Kahl and Berengut, Comp. Physics. Communications, 2019

• The sensitivity coefficient is computed numerically k↵ =
d ln!

d ln↵



No variations of ! detected around Sgr A*
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• Variation of the fine structure constant between the GC and 
Earth constrained (using non dedicated measurements)

�↵

↵
= (1.4± 5.8)⇥ 10�6

• Same order of magnitude as constraints from quasars

• NIRSPEC measurements are the one the most constraining
see  Hees et al, PRL, 2020



Constraint on variations of ! with respect to the 
gravitational potential

 14

• A parametrization that appears naturally in some tensor-scalar 
theories of gravitation

gravitational potential

fundamental parameter

�↵

↵
= �

�U

c2

see  Hees et al, PRL, 2020



Constraint on variations of ! with respect to the 
gravitational potential

 14

• A parametrization that appears naturally in some tensor-scalar 
theories of gravitation

� = 3± 12

gravitational potential

fundamental parameter

�↵

↵
= �

�U

c2

see  Hees et al, PRL, 2020



Constraint on variations of ! with respect to the 
gravitational potential

 14

• A parametrization that appears naturally in some tensor-scalar 
theories of gravitation

• 6 order of magnitude less stringent that atomic clocks and 1 
order of magnitude less stringent than the white dwarf but  
for the first time around a BH

� = 3± 12

gravitational potential

fundamental parameter

�↵

↵
= �

�U

c2
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WD

see  Hees et al, PRL, 2020



Measurement of the relativistic redshift 
during S0-2/S2’s closest approach in 2018
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• Relativistic redshift (eq. principle)

[RV ]rel =
v2

2c
+

GM

rc

peak @ ~ 200 km/s 

• S0-2/S2 was followed very closely at Keck and at the VLT in 2018



Measuring the redshift requires a careful analysis

• 45 astrometric measurements (from two instruments) and 115 
radial velocity (RV) measurements (from 6 instruments - 4 
telescopes: Keck, VLT, GEMINI and SUBARU) 

• 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

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

⌥ = 0.88± 0.17
<latexit sha1_base64="hRT59cxEMZqL4mVKmgvTyYArHto=">AAAB/XicdVDLSgMxFM3UV62v+ti5CRbB1ZC0pR0XQtGNywq2FTpDyaRpG5rJDElGqKX4K25cKOLW/3Dn35g+BBU9cOFwzr3ce0+YCK4NQh9OZml5ZXUtu57b2Nza3snv7jV1nCrKGjQWsboJiWaCS9Yw3Ah2kyhGolCwVji8mPqtW6Y0j+W1GSUsiEhf8h6nxFipkz/wG4nmIpZnyPU8P4mQi6udfAG5pwhXMILILRa9cgVbglGp6iGIXTRDASxQ7+Tf/W5M04hJQwXRuo1RYoIxUYZTwSY5P9UsIXRI+qxtqSQR08F4dv0EHlulC3uxsiUNnKnfJ8Yk0noUhbYzImagf3tT8S+vnZqeF4y5TFLDJJ0v6qUCmhhOo4Bdrhg1YmQJoYrbWyEdEEWosYHlbAhfn8L/SbPo4pJbvCoXaueLOLLgEByBE4BBFdTAJaiDBqDgDjyAJ/Ds3DuPzovzOm/NOIuZffADztsnkmmUAg==</latexit>

⌥
<latexit sha1_base64="+WQ4mROzFuLe75bHPZFw4of0OM4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoQ9lsN+3SzW7c3Qgl9E948aCIV/+ON/+NmzYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gknt7nfeaJKMykezDShQYxHgkWMYGOlbt9PNONSDKo1t+7OgVaJV5AaFGgNql/9oSRpTIUhHGvd89zEBBlWhhFOZ5V+qmmCyQSPaM9SgWOqg2x+7wydWWWIIqlsCYPm6u+JDMdaT+PQdsbYjPWyl4v/eb3URNdBxkSSGirIYlGUcmQkyp9HQ6YoMXxqCSaK2VsRGWOFibERVWwI3vLLq6TdqHsX9cb9Za15U8RRhhM4hXPw4AqacAct8IEAh2d4hTfn0Xlx3p2PRWvJKWaO4Q+czx81f5AU</latexit>

RV = [RV ]Newton +⌥


v2

2c
+

GM

rc

�

<latexit sha1_base64="9JKWZRVhhwZPYQibhUWT2z7FP7c="></latexit>

see  Do et al, Science, 2019

1" agreement with GR and Newton excluded @5"
• A similar result has been obtained by GRAVITY

see  GRAVITY coll. , A & A, 2018
⌥ = 0.9± 0.06(stat)± 0.15(syst)
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Conclusion
• Searching for violation of the EEP is one promising way to search 

for new physics: unification theories, Dark Matter/Dark Energy
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Figure inspired by D. Psaltis, 2004

• measurements of stars orbiting Sgr A* 
provide a new opportunity to test  
the Equivalence Principle  
- gravitational redshift test @30% 
- variation of ! @6 x10-6 

• Not as stringent as similar tests in the 
Solar System but:  
 - in a different location  
 - in a higher gravitational potential  
 - around a black hole  
 - …

• Improvement in the constraint of ! expected in the future
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Absorption lines used

 20

instrument due to the better spectral resolution and more
atomic lines observed with NIRSPEC.
A fit combining all the stars using a global likelihood

(see Sec. IV from the Supplemental Material [40] for more
details) provides a constraint of

Δα
α

¼ ð1.0 # 5.8Þ × 10−6; ð4Þ

between the GC and Earth. This constraint is at the same
level of magnitude as the ones obtained from quasar

observations and is the first constraint on a possible
variation of α around a BH.
In several alternative theories of gravitation, the fine

structure constant becomes dependent on the gravitational
potential (see, e.g., [71]) and it is useful to consider the
following parametrization

Δα
α

¼ βα
ΔU
c2

; ð5Þ

where U is the Newtonian potential, c the speed of light
in a vacuum, and where βα depends on the fundamental
parameters of the theory. An estimate of the gravitational
potential probed by the five stars considered in this analysis
is required in order to constrain the βα parameter. We infer
the radial acceleration experienced by the stars using
25 years of astrometric measurements of the GC.
Between 1995 and 2005, speckle imaging data provides
astrometric diffraction-limited measurements of the central
500 × 500 of the GC [26,28,47]. Between 2005 and 2018,
adaptive optics (AO) imaging provides high-resolution
images of the central 1000 × 1000 of the GC [26,28]. AO
allows for more efficient observations at the diffraction
limit, resulting in measurements typically one order of
magnitude better than speckle observations. These astro-
metric measurements are aligned [48] in a common
reference frame defined by tying infrared observations of
seven SiO masers [49,72] to their radio counterpart [50].
The resulting 2D position measurements of the five stars
considered in our analysis are provided in the Sec. III
from the Supplemental Material [40]. A polynomial fit of
these measurements give an estimate of the 3D radial

TABLE I. Atomic properties of the absorption lines used in this analysis. The wavelengths λ are experimental
values reported in [46]. The sensitivity to the fine structure constant kα is computed from ab initio calculation using
the AMBiT software [45], see the discussion in Sec. I from the Supplemental Material [40]. The last column indicates
which instrument has been used to measured each line with the following: (a) NIFS spectrograph, (b) IRCS
spectrograph, (c) NIRSPEC order34, (d) NIRSPEC order35.

Lower Upper λ [Å] kα instrument

14Si 3s23p4p 1D2 3s23p5s 1Po
1 21 360.027 0.013(9) a

11NaNa 4s 2S1=2 4p 2Po
1=2 22 089.728 0.004(2) a,b

22Ti 3d34s 5P2 3d24s4p 5Do
2 22 238.911 −0.34ð10Þ a

22Ti 3d34s 5P2 3d24s4p 5Do
1 22 450.025 −0.37ð10Þ c

9Y 4d25s 4F7=2 4d5s5p 4Fo
7=2 22 549.938 −0.88ð6Þ c

20Ca 4s4d 3D1 4s4f 3Fo
2 22 614.115 −0.03ð1Þ c

21Sc 3d24s 4F3=2 3d4s4p 2Do
3=2 21 848.743 −0.23ð3Þ b,d

39Fe 3d64s2 3D3 3d64s4p 3Po
2 21 857.345 0.56(28) d

22Ti 3d34s 5P2 3d24s4p 5Do
3 21 903.353 −0.30ð10Þ b,d

22Ti 3d34s 5P1 3d24s4p 5Do
2 22 010.501 −0.31ð9Þ b,d

21Sc 3d24s 4F5=2 3d4s4p 2Do
3=2 22 030.179 −0.25ð4Þ b,d

21Sc 3d24s 4F9=2 3d4s4p 4Do
7=2 22 058.003 −0.29ð4Þ d

11Na 4s 2S1=2 4p 2Po
3=2 22 062.485 0.007(2) b,d

TABLE II. 68% confidence interval for Δα=α and for z
estimated from different stars. An estimation of the gravitational
potential U at the location of the star is also provided (see
Sec. III from the Supplemental Material [40]). For S0-12, S0-13,
and S1-5, two NIFS measurement epochs are combined with
three absorption lines per epoch. S0-6 has been observed with
NIFS and IRCS (each instrument has a different wavelength
solution which reflects in an offset in their estimated z value)
providing nine lines. S1-23 has been observed with two
different filters (each filter has a different wavelength solution
which reflects in an offset in their estimated z value) providing
ten absorption lines.

Star Δα=α U=c2

S0-6 ð1.0 # 1.2Þ × 10−4 71.0 # 10.4 2.4 × 10−6

−3.6 # 5.3
S0-12 ð−0.3 # 1.4Þ × 10−4 −57.3 # 4.6 1.6 × 10−6

S0-13 ð0.03 # 3.5Þ × 10−4 −61.6 # 18.1 9.4 × 10−7

S1-5 ð−0.7 # 2.4Þ × 10−4 −3.7 # 19.4 6.5 × 10−7

S1-23 ð0.9 # 5.8Þ × 10−6 −311.4 # 1.1 4.6 × 10−7

288.1 # 0.7

PHYSICAL REVIEW LETTERS 124, 081101 (2020)

081101-4



Example of a spectrum (S1-23)
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using the Infrared Camera and Spectrograph (IRCS) instru-
ment from Subaru. We use the order 26 spectrum (2.16 to
2.22 μm) at a resolution of R¼ 20 000 (down-sampled to
R¼ 15 000) for this work. Details of the data reduction
for IRCS is given in [37] and [38]. Spectroscopy of the star
S1-23 was obtained using the NIRSPEC instrument with
laser-guide-star adaptive optics at Keck Observatory at a
spectral resolution R¼ 20 000. NIRSPEC was used in
echelle mode with the K filter. We use Orders 34 (2.24 to
2.27 μm) and 35 (2.18 to 2.21 μm) for this work. Details of
the data reduction for the NIFS data and NIRSPEC data are
given in [28] and [39], respectively. All the NIFS, IRCS,
and NIRSPEC spectra have signal-to-noise ratios (SNR)
greater than 20 in order to measure individual lines.
We identified a number of strong and sufficiently

isolated absorption lines for this experiment (Fig. 3). In
total, we measure three atomic lines from stars with NIFS
spectra, six atomic lines with IRCS spectra, and ten atomic
lines from the NIRSPEC spectra (Table I). The higher
spectral resolution from NIRSPEC compared to NIFS
allows us to use more lines. We use a Gaussian fit to
determine the central wavelength of each atomic transition
and a Monte Carlo simulation to estimate the uncertainty.
The fitted lines and uncertainties are reported in Sec. II
from the Supplemental Material [40].
To determine the sensitivity coefficients kα for each

absorption line used in this study, we perform ab initio
calculation of the spectrum for each element by solving the
Dirac Hamiltonian in flat spacetime (curvature corrections
are subdominant) and then compute kα by a finite differ-
ence. The spectra are computed using a combination of the
configuration interaction (CI) method with many-body
perturbation theory (MBPT) [41–44] using the AMBiT

software [45]. The full details of the calculations are
presented in Sec. I from the Supplemental Material [40];
here we just outline briefly the main aspects of the method.
The effective wave functions for a M-valence atom are

expanded as a series ofM-body Slater determinants, where
the expansion coefficients are found variationally by
minimizing the energy (CI method). To greatly improve
the accuracy, the effects of core-valence electron correla-
tions are also included into the valence wave functions.
This is done by modifying the effective Hamiltonian for the
valence states using MBPT before the CI procedure is
performed. Finally, to calculate the kα coefficients, we
explicitly make small variations into value of the fine
structure constant (α → α" δα) in the code before the
equations are solved.
Bayesian inference is used to estimate Δα=α from the

measurements and Eq. (1). The measurement errors for
each line are assumed to be independent and to be normally
distributed such that the full likelihood is the product of the
individual likelihoods

Lj ∝ exp
!
−

1

2σ2j

"
Δλj
λj

− zþ kα;jð1þ zÞΔα
α

#
2
$
; ð3Þ

where the subscript j refers to a particular line. Uniform
priors for Δα=α and for z are used and Gaussian priors are
used for the sensitivity coefficients kα;j with a mean value
and an uncertainty quoted in Table I. We use the MultiNest

sampler [70] to sample the posterior probability distribution
function. All the epochs are fitted simultaneously but
offsets between the different instruments or filters are taken
into account (this results in different fitted velocities for
each instrument or filter).
No significant deviation of the fine structure constant is

detected for any of the stars considered in this analysis.
The posterior probability distributions for each star can be
found in Sec. IV from the Supplemental Material [40]
and the 68% confidence intervals are reported in Table II.
The constraints derived from the NIRSPEC measurements
are one order of magnitude better than from the NIFS

FIG. 3. Example spectra of the stars used in this work. Left: Spectrum of the star S0-6 observed using the NIFS spectrograph with a
spectral resolution R¼ 5000. We have identified three lines that are suitable for the fine structure constant analysis. Center and right:
Spectra of the star S1-23 observed with the NIRSPEC instrument withR¼ 20 000. This higher spectral resolution allows us to identify
ten atomic lines for use in this experiment.

PHYSICAL REVIEW LETTERS 124, 081101 (2020)

081101-3



What theoretical models do GC 
measurements constraint?
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• Hairy black hole with “large” deviations, not only close to the horizon 
(GM/c2r ~ 10-4 for S0-2)

• Quadratic Einstein-Gauss-Bonnet theory

see G. Antoniou, et al, PRL, 2018  
      D. Doneva and S. Yazadjiev, PRL, 2018  
      H. Silva et al, PRL, 2018

Sgrav =
1

16⇡G

Z
d4x

p
�g


R� 1

2
@µ'@

µ'+
⌘'2

8
G
�

Gauss-Bonnet invariant
leads to scalarized black holes !

' ⇡ '1 + q
GM

c2r

• Scalar field “far away” from the horizon

with q that can be ~ O(1)  
depends on M and on %



Quadratic Einstein-Gauss-Bonnet with a 
EEP violation in the GC

 23

• Redshift test:

• Newtonian  motion of S0-2

• Redshift measurement

Theoretical work on-going with A. Füzfa, U. Namur

• Comparison of two spectral lines Y=XC/XD

Constrained @ ~ 0.3


�⌫

⌫

�

grav,S0�2

=
GM

c2r
(1 + S0�2q) =

GMS0�2

c2r
(1 + S0�2q � q↵S0�2)

Y

Y0
= K + (C � D) q

GM

c2r
Can be constrained using old 

type stars measurements

Work on-going with B. Roberts (SYRTE), J. Berengut (University of New South Wales) T. Do and A. Ghez (UCLA)

GC is already a laboratory to search for/to constrain new physics

aS0�2 = �GM

r3
r (1 + ↵S0�2q) = �GMS0�2

r3
r



Summary
1) a scalar field & 

2) An interaction with matter: coupling de, dm, dme,

3) Systems with scalar charge !A or scalar sensitivity 'B

Qi and ki from theoretical calculations

4) Observables: - atomic sensors:

 - UFF:

 - redshift test:

see Damour and Donoghue, PRD, 2010
see Dzuba and Flambaum, PRA, 2008
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© SYRTE

EEP implies the GR gravitational redshift 
(Local Position Invariance)

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

A B aA = �rU

�⌫

⌫

�

B,grav

=
U

c2


�⌫

⌫

�

grav

= (1 + ↵redshift)
U

c2

↵redshift = (0.19± 2.48)⇥ 10�5

See Delva et al, PRL, 2018 and Herrman et al, PRL 2018

• The best redshift test uses 2 
misplaced Galileo satellites



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

Constancy of the fine structure constant, mass of 
fermions, etc…A

B

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

↵̇

↵
< 10�17yr�1

• Oscillations of constants of Nature (model of Dark Matter)

• Measurements performed using atomic clocks on Earth

• Improves relatively quick 

d ln↵

dU/c2
< 10�7

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


