Using SgrA* to test Theories of Gravity
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A supermassive object in the Galactic Center

Stars orbiting around Sgr A* have been detected and monitored:

= They move with large velocities in Keplerian orbits, about ~ 10.000 km/s

: | = These orbits jointly determine the mass and distance to Sgr A* to high
Andrea Ghez & ’ precision, particularly the ratio M/D that determines the angular

size of the black hole on the sky
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First step: testing SgrA* space-time at large distances




S2-star the main actress

Apparent 2.2 um ( NIR K -band) magnitude of m=14
Orbital period P= 16 yr

Semimajor axis a=125mas (or ~103 AU at an 8 kpc distance);
Eccentricity e ~0.88

Slowly rotating, single, main-sequence B-star of age = 6 Myr - . s

Its orbit provided some of the best — [ _7-.
evidence for the existence of a black hole. Keck Observatory, Mauna Kea, Hawaii

May 19, 2018 passed pericentre at 120 AU (=1400 Rs) with an orbital speed of 7700 km s™*

Astrometric and spectroscopic data allowed to test the strong gravitational field of a
massive black hole and the detection of ( 1):

Star fast at pericenter VLTI/GRAVITY (ESO) Chile

The gravitational redshift The transverse Doppler effect

The orbital precession AGPPNIse — £ 3mRs  fors2

. B N NS DAL
General relativistic effect per orbit a(l —e?)

Its best-fit value is fsp = 1.10 £ 0.19 where fsp =1 leads to GR, and fsp =0 reduces to Newtonian theory.




Some questions ()

Preamble:

The analysis of Keck and GRAVITY/VLTI is performed in the so-called weak
field regime.

Question:

What happens if we find another star much closer to SgrA*?
s it still possible to use the weak field approach?

Answer: No
Solution:

Adopt a fully relativistic description




Some questions (ll)

Preamble:

The mathematical description of astrophysical BHs is based on solutions to the
Einstein field equations and therefore founded on GR.

There also exist many BH solutions in extended/alternative/modified theories of gravity,
and to date, observational constraints, most notably in the strong-field regime, are
lacking.

Question:

Is General Relativity the ultimate theory of gravity? What do we mean by a good
theory of gravity? Do we need a new theory of gravity?

Can we guantify deviations on the metric parameters of non-GR spacetimes?
Can we quantify deviations from the classical black hole metrics in GR?

Can we argue something about the nature of dark matter?




Let’s start with question Il
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Let's go back to the answer to the

first question




Testing alternatives to the Schwarzschild BH: some examples

Horndeski Theory
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New methodology: a fully relativistic approach

Fully relativistic equations of motion for massive particles can be obtained from the geodesic equations for time-like
geodesics of the spherically symmetric metric:

These equations provide

‘ differential equations for {t/\S\a T(S), 6(3)7 qb(s)}

the four space-time

Aerial radius

gtt

Central mass




New methodology: a fully relativistic approach

Fully relativistic equations of motion for massive particles can be obtained from the geodesic equations for time-like
geodesics of the spherically symmetric metric:

2.1 v P These equations provide
d”x + TH dr” dx — 0 ‘ differential equations for {t/\S\,T(S),Q(S),qb(S)}

d82 vp ds ds the 4D space-time

Initial conditions:
n 6’(0) = 7T/2 the star initially lies on the equatorial plane of the reference system

= 0 = 0 its initial velocity is initially parallel to the equatorial plane

= the initial condition for t descends from the normalization after requiring guyu“u’/ — —02

= |nitial conditions for r and ¢, on the other hand, can be inferred from the orbital elements.

(morba yorb) — (—&(1 + 6), 0)7

2
(vx,orba vy,orb) — (0, %a? \V/ 1— €2>

orbital period




Modelling the orbital motion of S2 star

The orbit of the S2 star in a generic metric is fully determined once the following parameters are set:

(|M07 R'O7lT7 tpa a, €, ia Qa wp L0, Uz, 0, Y0, Vy,0, ULSR,; O‘)

Mass and distance Keplerian elements
of central object

Geometry of space-time
Components of the metric tensor




Modelling the orbital motion of S2 star

The orbit of the S2 star in the a genenric metric is fully determined once the following parameters are set:
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Components of the metric tensor

Initial data




Modelling the orbital motion of S2 star

The orbit of the S2 star in the a genenric metric is fully determined once the following parameters are set:
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Modelling the orbital motion of S2 star

The orbit of the S2 star in the a genenric metric is fully determined once the following parameters are set:

(lMta RralTa tpa a, €, ia Qa wp L0, VUz.,0,Y0, Uy,0) ULSR, Oé)

Mass and distance Keplerian elements
of central object

Geometry of space-time D
Components of the metric tensor

Initial data

Observable quantities




Modelling the orbital motion of S2 star

The orbit of the S2 star in the a genenric metric is fully determined once the following parameters are set:

(M07 RﬁvlTa tpa a,c,t, Qa wp L0, Vx,0,Y0,5 Vy,0, ULSR,» Oé)
Mass and d||stance '
of central object

Keplerian elements

Geometry of space-time D
Components of the metric tensor

Initial data

At least 13 parameters + that describe
the model

Markov Chain Monte Carlo (MCMC)
algorithm implemented

in emcee. Fully relativistic
Observable quantities mock orbit




Data of the orbital motion of S2 star

v’ 145 data points representing the position of S2 in the K or H bands, relative to the ‘Galactic Centre infrared

reference system’, . The radio calibrations used to measure relative positions between
stars in the nuclear cluster, by which the SHARP and NACO positions of S2 in the GC reference systems have been

retrieved, can still be affected by a zero-point offset and a drift of the radio-reference frame with respect to the
infrared reference frame. This translates into four additional parameters in the fitting procedure,
(X0, Y0 Vx,0, Vy,0), to account for this effect. For this purpose, we use the radio-to-infrared reference frame
results as a prior:

= —0.2 4+ 0.2 mas Yo = 0.1 & 0.2 mas

Vz,0 = 0.02 = 0.1 mas/yr Vy,0 = 0.06 £ 0.1 mas/yr.

v’ 44 data points for the radial velocity of S2 that have been collected at the Keck observatory before 2003, and at
the VLT after 2003.
v 1 measurement of the departure from the Schwarzschild precession: fsp = 1.10 + 0.19

Unfortunately, GRAVITY data are not publicly
available




f(R)-theory An example: The simplest extension

The simplest extension of GR is given by the action

A = /d4x\/——gf(R)

f,<R>RMV B @

30f'(R) + f(R)R — 2f(R) = 0 ~ fo+ fiR+ fUR® + fUR® + ..

G = ViV f'(R) — ¢, 0F (R) iRy =3 "B g gy

n!

One can derive a weak field spherically symmetric solution by solving the fourth-order field equations in the
post-Newtonian limit of a spherically symmetric metric by matching at infinity the Minkowski space-time

ds* = [1 4 ®(r)] dt* — [1 —@(x)] dr* — r*dQ.

S. Nojiri, S.D. Odintsov, Phys. Rep. 505, 59 (2011)
S. Capozziello, M. De Laurentis Phys.Rept. 509, 167 (2011)
T.P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82, 451 (2010)




S2 star data

16 parameters that entirely describe the model : 6 orbital parameters, 2 source parameters, 5 system reference parameters

2 extra parameters

Uniform priors To not bias the result

Parameter Start
Gaussian priors

M, (10°Mg)
o i

Re (kpc) : :
R : T (yr) 16.0455 0.013
t, — 2018 (yr) 2018.37900 0.0016

0.2 0.01

xo (mas)
0.1 0.2

0.1
0.1

Yo (mas)
vz.0 (mas/yr)

Uy,0 (mas/yr)

vLsr (km/s)

)
50000

R. Della Monica, I. de Martino, M. De Laurentis Phys.Rev.D 104, 10 (2021)

M. De Laurentis, |I. De Martino, and R. Lazkoz, EPJ C78, 916 (2018).




f(R)-theory Results from f(R)-gravity
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f(R)-theory Results from f(R)-gravity

w/o orbital precession w/ orbital precesison
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+0.61 et al. Phys. Rev. Lett. 118, 211101 (2017)
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Horndeski

Theory Weak field limit in Horndeski Theory

The gravitational action of Horndeski theory takes the following form:

5
S = Z/d%’ —(q »Ci[g,ul/a¢] T Sm[ng
o)

The gravitational part of the action, which depends on the and , is given by the
following terms:

LQ £ G2 (gb’ X) : LS — _G3(¢, X)ng ’ free functions of the scalar field ¢ and its kinetic term X
Ly HGi(6, X)R + Guax (¢, X) [(O0)° — (V. Vu9)?] .

L5 @6 X)Gou V"V 0 — £Gsx (6, X)|(C9)° — 3(00)(V,V00)* +2(V,V,)°

Hohmann M., 2015, Phys. Rev. D, 92, 064019
G. W. Horndeski, Int. JTP 10, 363 (1974)
T. Kobayashi, M. Yamaguchi, and J. Yokoyama, PTP. 126, 511 (2011)




“?L’;‘fr;“‘ Weak field limit in Horndeski Theory

For a mass point source the solution at Newtonian order is

M
o (1) = 1o ek

(e =)
47r my,

2G4(1,0)G2(2,0) o 1 n Gi(l,o) My = \/_2G2(2,0)
’ 2 — N
G4(0,0)T 2G4(0,0) 2G? T

61:_ T 9

4(0,0)

Where for sake of simplicity we have
introduced the following definition

G4(1 0)

T — K(O,l) — 2G3(170) + 3G4(O 0

_ G0 o
2G4(0,0)




il Weak field limit in Horndeski Theory

Theory

For a mass point source the solution at Newtonian order is

) = o

47r

G4(1,00G2(2,0) oy — 1 n Gi(l,()) My = \/_QGQ(Q,O) ey = G4(1 0) -1
G4(0,0)T ’ 2G4(0’0) QGE(O,O)T T 2G4(0 0)

01:—2

Where for sake of simplicity we have

introduced the following definition T>0 G2(O,O) < sl

parameter space
G4(1 0)

T=K — 2G 3
oD =00 TG 00 hio (r) =

M 1 1 (Gy1,0)
dmr | 2Ga0,00 2 \Ga0,0) /

2
T—le—mwr




il Geodesic Motion in Horndeski theory

Theory

Our baseline model has 18 parameters: 6 orbital parameters, 2 source parameters, 5 system reference parameters,

Parameter Unit Value Error Parameter Unit Value Error
M, 10°M,, 4.35 0.012 Ve mas 0.1 0.2
R. kpc 8.33 0.0093 Vx.e mas/yr 0.02 0.2
a mas 125.5 0.044 Vy.e mas/yr 0.06 0.1
e 0.8839 0.000079 Vz,e km/s 0 5
[ ° 134.18 0.033 Interval
w ° 65.51 0.030 G4(0.0) MoAU /s> [0.95,1.05](c*/167G)
Q ° 226.94 0.031 Ga(1.0) MoAU /s> [-100, 100]

yr 16.00 0.0013 G3(1.0) MyAU /52 [-100000, 100000]
tp yr 2018.33 0.00017 Ga0.1 MyAU /s> [-100000, 100000]
Xe mas -0.2 0.2 G1(2.0) Mg /AUs? [-10, 0]

R Della Monica, | de Martino, D Vernieri, M De Laurentis, MNRAS 159, 1981 (2023)




il Geodesic Motion in Horndeski theory

Theory

Modulate the strength and scale length of
the modification to the Newtonian

potential A
G4(0’0) = ¢ /167TGN varying values for the Horndeski-Taylor coefficients
give a value of
Model I/my G4(0,0) G4(1,0) G3(1,0) Ga0,1) G2(2,0) 1/m,that is a
(AU) (MyAU/s?) (MoAU/s?) (MyAU/s?) (MoAU/s?) (Mg /AUs?)  8iven fraction
of the typical
(1) (2) (3) 4) S) (6) (7 scale length of
the S2 orbit
Toy 1 0.0 8.0940 0 0 0 0
toy models Toy 2 66.0 8.0940 10 0 50 -0.01
for 52 with Toy 3 208.6 8.0940 10 0 50 -0.001
the same
orbital Toy 4 4334 8.0940 100 0 50 -0.01
parameters
Toy 5 1370.5 8.0940 100 0 50 -0.001

R Della Monica, | de Martino, D Vernieri, M De Laurentis, MNRAS 159, 1981 (2023)



il Geodesic Motion in Horndeski theory

Theory
1 Toy 2 Toy 3 - 1500
Toy 1
1000 A
main effect = a modification of the-orbit and pericentre shift - 1000
- 500 ?_'f,
500 - >
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- =500
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= o0 *
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- 1000
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500 >
<
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—1000 A
- =500
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R Della Monica, | de Martino, D Vernieri, M De Laurentis, MNRAS 159, 1981 (2023)




Horndeski Observational constraints from S2-star: Results

Theory

Gao,0) = 8.17%3:15

expected value inh GR 95% exc. region
e+ G201~ 2G32,00=0
75 4
compatible with zero ‘/;V\
at 1o, reducing the 50+ S
gravitational potential h &°
. X
to the Newtonian 5” Q
< 25 T r\?
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Gaq1,0) = —2.0%329 = 5
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" . 5 —251 &
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Horndeski Observational constraints from S2-star: Results

Theory

Gao,0) = 8.173318 o . )
d : Posterior distribution derived from the posteriors of the four parameters

1/my, =160*2%5 AU =0

Best constraint up to date

median value
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R Della Monica, | de Martino, D Vernieri, M De Laurentis, MNRAS 159, 1981 (2023)



First take away points

Using the orbital motion of the S2 star around SgrA*, we have placed constraints on

Horndeski Theory

On 2 Taylor coefficients of Horndeski theory and on a combination of the other 2 coefficients
Our constraint shows full accordance with the GR value of G4(1,0) = 0 within 10.
A previously 1/m, was set

Our analysis, thus, provides the first constraint on the strength of the Yukawa-like potential at the Galactic Centre:
6 =-0.01+0.61
we only obtain a lower bound on the scale length of the Yukawa-like potential: A >6300 AU at 1o.

We do not detect
we converted our results in the constraints on first and second derivatives of the f(R) Lagrangian

In STVG in both approaches, we did not find any deviation from GR.

a has not a lower bound, and it agrees with GR at 1o

a, has a mean value of 0.041 and an upper limit at 99,7% confidence level of @ 0.548
Up-to-date, this is the first constraint of STVG at scale of the SMBH on the center of our Galaxy




Second step: testing SgrA* space-time at horizon scale




Quantifying deviations from Kerr

We connect the predicted shadow size to an image diameter and compare it to the measured diameter

sh = @ s, = Qe (1‘|‘5)-: Ol (1—|—5) 6\/§Hg

i o

Measured ring diameter
from imaging and model-
fitting to the SgrA* data

ac

is from the ray-traced
image models

is from convolving these
models with observational
effects (scattering etc.) and
reconstructing

Calibration factor
determined by the
physics of image
formation near the
horizon and quantifies
the degree to which the
image diameter tracks
that of the shadow

BH shadow

Angular size

dsh corresponding
to the M/D prior

We used this relation to infer the posterior on the deviation
parameter given the EHT measurements and prior information

Emission ring Emission ring in

in perfect image reconstructed image
EHT paper VI-ApJ 930 (2022) 2, L17




Quantifying deviations from Kerr

We connect the predicted shadow size to an image diameter and compare it to the measured diameter

sh — Q¢ dsh — Q¢ (1‘|‘5)-: % (1—|—5) 6\/§Hg

_ _ Calibration factor
Measured ring diameter

determined by the
from imaging and model- Y dSh

e . physics of image
fitting to the SgrA™ data formation near the

Angular size
corresponding
to the M/D prior

VLTI, stat. errors

We used this relation to infer the posterior on the deviation
parameter given the EHT measurements and prior information

Posteriors derived from the dynamical analyses of the orbit
of SO-2 star by the Keck and the VLTI teams

EHT paper VI-Ap) 930 (2022) 2, L17 §




The a, Calibration Factor and its Uncertainties

We calibrate the relationship between the geometrically defined black hole shadow boundary and the observed
size of the ring-like images using a large library that includes both Kerr and non-Kerr simulations.

Result from 180,000 snapshots from time-dependent
GRMHD Kerr GRMHD simulations in the Kerr metric

Analytic Kerr KHARMA (Prather et al. 2021)  ipole (Moscibrodzka & Gammie 2018)
BHAC (Porth et al. 2017) BHOSS (Younsi et al.2012, 2016).

Results for analytic plasma models in non-Kerr metric
either parametrized metric

Analytic non-Kerr

@
o
=
]
o
=]
o
o
o
L
=
N
+
<
=
9]
ast

All distributions peak at small positive values indicate
—0.2 0.0 0.2 L that the bright ring is slightly larger than the boundary
Fractional diameter difference (a; — 1) s e Blaek alle s rekai

Fractional diameter difference between the diameter of peak
emission in the image of a black hole and that of its shadow




The a, Calibration Factor and its Uncertainties

We then calibrate this relationship for reconstructed models

We conducted a blind analysis of about 150 synthetic data sets for both the imaging and model fitting pipelines.

Our synthetic data set included:

images that matched the basic features of SgrA* data E)\Iﬁ;w
images that the basic features of SgrA* . eht-imaging
data

variable and non-variable data

images of various ring sizes and morphologies both

Kerr and non-Kerr images

Relative occurrence

The small offsets in the calibration parameter mimic
those seen in the analysis of the actual Sgr A data.

s . pp —0.2 0.0 0.2
Distribution peakS at small positive values. Fractional diameter difference (az — 1)

Fractional diameter difference between the diameter of peak
.. _ emission in ground truth images and the those reconstructed
Ozel et al. (2021) and Younsi et al. (2021)




Simulated r GRMHD Kerr Covariant MHD Dilaton r Covariant MHD Boson Star
1.3mm Sgr

A* images
for
different
spacetime
geometries
and plasma
models

In all cases for which a central brightness depression is

present, the size of the ring-like image scales with the
boundary of the black-hole shadow.

e it -+

—_ I

Field of view in all
panels is 150 pas
in both directions,
with the brightest
pixel value in each
panel normalized
to unity

L L

A

Analytic Kerr-Sen

ES

:>--

ligsataiant snswlaass Fins oL voasd o bos bop s v Lie s gl a e




We used the exquisite prior constraints on the mass-to-distance

ratio for Sgr A* based on stellar dynamics to show that the

The Diameter of the Black Hole Shadow

observed image size is within 10% of the Kerr predictions.
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The Diameter of the Black-Hole Shadow

T 2 — We use the combination of the measurements

eht-imaging+Kerr

.
—
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boundary of the black hole shadow
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Imposing constraints on the metric parameters of non-Kerr spacetimes

We used the priors on the mass-to- distance ratio to place constraints on metrics that are parametrically different from
Kerr as well as on charges of several known spacetime solutions.
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The white regions correspond to shadow sizes that are consistent at the 68% level with the 2017 EHT observations for Sgr A*

The regions excluded by the Sgr A* constraints using Keck (VLTI) are shown in blue (magenta)




M87 Imaging Tests

M87 is 1500 times more massive than Sgr A*.

Both black holes' images probe similar potentials but
different curvatures.

Sgr A* had a precise mass-to-distance ratio from S0-2
star orbit;

M87 had two priors, yielding small deviations

Uncertainties in Sgr A* were smaller, resulting in half
the deviation parameter bounds compared to M87.

Both black holes' shadows align with the Kerr
predictions despite size and mass differences.

This supports the prediction of GR that black hole
properties scale with their mass.
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Comparison of the posterior distributions for the fractional
deviation & from the Schwarzschild predictions, as inferred
by the EHT measurement of the size of the black hole
shadows in Sgr A* and M87.




Gravitational-wave Tests

We compare the results on the deviation
parameter for the two most constraining
gravitational-wave events, GW170608 and
GW190924, to those obtained for Sgr A*,
as well as those for the M87 black hole.

In conjunction with the bounds found for
stellar mass black holes and the one in the
center of M87, our observations provide
further support that the external
spacetimes of all black holes are described
by the Kerr metric, independent of their
mass.
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Take away points

Images of Sgr A* probe a unique, not previously explored region of the parameter space of

gravitational tests.

Contrary to the case of M87, the Keplerian mass of Sgr A* is unambiguous, so there is no wiggle room

in testing the predictions of the Kerr metric.

= Despite the vastly different masses, accretion rates, etc., the image sizes in both M87 and Sgr A* agree

with the predictions of the Kerr metric.




Next Steps

Large distances

Repeat the analysis once the GRAVITY data will be publicly available to confirm and improve our constraints

Investigate the impact of closer stars, which are expected to probe the geometry of spacetime more efficiently.
R. Della Monica, |. De Martino, M. De Laurentis, MNRAS 524, 3782 (2023)

Investigate rotating metrics to forecast the future capability of GRAVITY data.
A Search for Pulsars around Sgr A* in the First EHT Dataset, P. Torne, R. Eathog, J. Wong,J.Cordes, M. De Laurentis, M. Kramer et al. ApJ 2023
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Large distances
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Investigate rotating metrics to forecast the future capability of GRAVITY data.
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short di - Shed light on the underlying theory of gravity, the intrinsic nature of the
SMBH in the Galactic center.
Better in
improved data from 2018, 2021, and 2022

Additional telescopes included

Higher frequency observations (345 GHz) provide 1.5x better resolution




