The Multi-Messenger Astrophysics of the Galactic Centre
Proceedings IAU Symposium No. 322, 2016 © International Astronomical Union 2017
R.M. Crocker, S.N. Longmore & G.V. Bicknell, eds. doi:10.1017/5174392131601245X

Detection of relativistic effects on the S2
orbit with GRAVITY

Marion Grould, Frédéric H. Vincent, Thibaut Paumard and
Guy Perrin

LESIA, Observatoire de Paris, PSL Research University,
CNRS UMR 8109, Université Pierre et Marie Curie,
Université Paris Diderot,

5 place Jules Janssen, 92190 Meudon, France
email: marion.grould@obspm.fr
email: frederic.vincent@obspm.fr
email: thibaut.paumard@obspm.fr
email: guy.perrin@obspm.fr

Abstract. The second generation instrument of the VLTI, GRAVITY, is expected to reach an
astrometric accuracy of about 10 pas. It will thus possible to probe the spacetime close to the
compact source Sagittarius A* (Sgr A*) at the Galactic Center by using accurate astrometric
observations of the second closest star to the Galactic Center, S2. In particular, we show that
combining GRAVITY and spectrograph instruments will allow us to detect several relativistic
effects such as pericenter advance or the Lense-Thirring effect.
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1. Introduction

Decades of studies have demonstrated the presence of a compact object of several
million solar masses at the center of our Galaxy. Nowadays, the assumption is that this
compact object is probably a supermassive black hole described by general relativity.
Several ways are investigated in order to confirm the presence of this Kerr black hole such
as observing the accretion disk around the central object, the flares near this compact
object or the stellar orbits close to Sgr A* (see e.g. Will 2008, Doeleman et al. 2009,
Broderick et al. 2011, Vincent et al. 2016 and references therein). This last strategy had
in particular permitted to highly constrain the mass of Sgr A* to 4.31 x 10° £ 0.42 M
by using approximatively 15 years of astrometric and spectroscopic measurements of S
stars located in the central parsec (Ghez et al. 2008, Gillessen et al. 2009). In particular,
the S2 star corresponding to the second closest star to the Galactic Center and whose
orbital period is of about 16 years had mostly contributed to the constraint on this mass.

Several studies have been performed by various authors in order to determine whether
relativistic effects could be detected by observing stars orbiting the central compact ob-
ject (Jaroszynski et al. 1998, Fragile et al. 2000, Weinberg et al. 2005, Zucker et al. 2006,
Will 2008, Kannan et al. 2009, Angélil et al. 2010, Bozza et al. 2012, Zhang et al. 2015,
Yu et al. 2016). For instance, Zucker et al. 2006 showed that it is possible to detect the
transverse Doppler and gravitational redshifts after 10 years of observations of a dozen of
S stars including the S2 star. This threshold time is evaluated considering observations
obtained with astrometric and spectroscopic accuracies of 1.5 mas and 25 km/s, respec-
tively. Angélil et al. 2010 only considered spectroscopic measurements and estimated the
accuracies needed to detect different relativistic effects in only one period of the S2 star:
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3 km/s to detect the effects induced by the Schwarzschild curvature, 10 m/s to detect
the Lense-Thirring effect or 50 cm/s to detect the quadrupole moment of the black hole.

The GRAVITY instrument is expected to observe S stars or closer-in stars with an
astrometric accuracy of about 10 pas. Combining this instrument with a spectrograph
is therefore supposed to lead to a detection of different relativistic effects. In particular,
we expect that observations obtained on the S2 star will allow constraining both low-
and high-order relativistic effects. This is what we will determine in the two following
sections.

2. Detection of different relativistic effects

In order to predict whether the GRAVITY instrument will be capable of detecting rela-
tivistic effects with the S2 star, we developed four stellar-orbit models taking into account
a certain number of relativistic effects. These models simulate both astrometric and spec-
troscopic measurements of the S2 star. The radial velocity data should be obtained by
different instruments such as SINFONT at the VLT (Eisenhauer et al. 2003), NIRSPEC
at Keck (McLean et al. 1995) or, in the future, MICADO at the E-ELT (Davies et al.
2010). This last spectrograph is expected to reach an accuracy in the order of 1 km/s
which corresponds to a factor 10 better than the current instruments at VLT and Keck.

Two of our models consider Keplerian orbits and photons propagating in straight line
with the velocity of the speed of light ¢. One of these models neglects all relativistic
effects, we call this model A. The second model takes into account relativistic effects
corresponding to the transverse Doppler redshift and the gravitational redshift, we call
this model B. Each of these relativistic redshifts shifts radial velocity of the S2 star of
about 100 km/s near pericenter passages and less than 10 km/s near apocenter passages
(Zucker et al. 2006).

The two last models consider the relativistic star trajectory induced by the presence of
a Kerr black hole. Thus, they take into account the pericenter advance of the S2 star and
the Lense-Thirring effect on the star trajectory (see Fig 1). We also implement in one of
these relativistic models the transverse Doppler redshift and the gravitational redshift.
These effects are better estimated in this new model than in model B because we take
into account the relativistic coordinates of the star to compute these redshifts. This new
model does not use ray-tracing code and considers photons propagating in straight line
with a velocity ¢ as in models A and B. All effects induced by the photon curvature are
thus neglected in this model such as the gravitational lensing reaching =~ 20 pas near S2
pericenter passages. We will call this new model C.

Finally, the last relativistic model, D, is the best model and considers, in addition to
the relativistic star trajectory, the relativistic photon trajectory. This model is obtained
in full general relativity which means that we use a ray-tracing code to simulate the
observations of the S2 star. In particular, we use the GYOTO code developed at the
Paris Observatory by Vincent et al. 2011. This model thus accounts for all relativistic
effects induced on both star and photon trajectories.

Models A and B are described by 8 parameters corresponding to the orbital parameters
of the star, the mass and the distance of the black hole. The relativistic models C and
D are described by three more parameters corresponding to the angular momentum
parameters (see legend of Fig 1). They thus depend on 11 parameters.

To determine whether we can detect relativistic effects with S2 we simulate astrometric
and spectroscopic observations of this star with our best model, D. These observations are
simulated considering the best fit parameters estimated by Gillessen et al. 2009. The an-
gular momentum parameters of the central black hole are fixed at
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Figure 1. Top: astrometric (left) and spectroscopic (right) impact of the pericenter advance
obtained by computing the difference between observations simulated with models B and C. Bot-
tom: astrometric (left) and spectroscopic (right) impact of the Lense-Thirring effect obtained by
using model D and computing the difference between observations generated with a = 0.99 and
a = 0. The direction of the angular momentum of the black hole is fixed to (i’, Q') = (45°,160°)
where i’ corresponds to the angle between the spin-axis and the line of sight of the observer and
Q) corresponds to the angle between the spin-axis projected in the plane of sky and the J-axis.
The open triangles and circles denote the pericenter and apocenter passages, respectively. The
different effects are obtained over three full S2 orbital period (&~ 47 years).

(a,7,Q") = (0.99,45°,160°) (see Fig. 2). We then generate a noise normally distributed
on the S2 observations. We choose different standard deviations for the astrometry and
the spectroscopy: o, = (10,30) pas and oy = (1,10) km/s. The aim is to fit the models
A, B and C to the noisy observations generated with model D, and determine the min-
imal observation time above which the different models fail to fit the data considering
the different accuracy pairs (o,,0v ).

Considering the different results presented Table. 1, we can see that model A fails to
fit the observations above a few months for each accuracy pair (o,,0y ). Regarding now
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Figure 2. Astrometric (left) and spectroscopic (right) observations of the S2 star generated
in full general relativity with model D. The observations start in 2017.7 and are obtained con-
sidering three S2 periods (= 47 years). The observations are better sampled during pericenter
passages.

model B, we note that the minimal observations times reached are higher. These differ-
ences are due to the fact that relativistic effects are included in model B but are missing
in model A. They correspond to the transverse Doppler redshift and the gravitational
redshift. Comparing models A and B for the different accuracy pairs considered here thus
allows observers to detect these relativistic effects in a few months.

Focusing now on models B and C for (0,01 ) = (10 pas, 1—10 km/s), we note that the
threshold times are similar for both models. It means that the models fail to reproduce
the observations because of the same relativistic effects missing in both of them and corre-
spond to the effects induced by the photon curvature. It is thus possible to be sensitive to
the photon curvature by using models B and C for the accuracy pairs (o,, 01 ) = (10 pas,
1 — 10 km/s). Regarding now the pairs (04,0 ) = (30 pas, 1 — 10 km/s), the threshold
times obtained are different for both models. The differences between these models are
the pericenter advance and the Lense-Thirring effect: they are included in model C but
neglected in model B. However, the effect of the angular momentum of the black hole
is negligible compared to the pericenter advance. For instance, at the first apocenter
passage of the S2 star the Lense-Thirring effect reaches of about 15 pas and the peri-
center advance reaches of about 500 pas (the spectroscopic impact of these two effects
is negligible and is inferior to 3 km/s, see Fig 1). We can thus claim that the pericenter
advance can be detected above typically one period of S2 considering (o4, 0y ) = (30 pas,
1—10 km/s). This effect should be detected earlier if we consider a different model taking
into account all relativistic effects such as the photon curvature but only neglecting the
pericenter advance. Indeed, in such a case we will not be affected by the presence of
high-order effects which is the case with model B for (o,,01) = (10 pas, 1 — 10 km/s).

3. Constraint on the angular momentum of the central black hole
candidate

We are also interested in the constraint on the norm and the direction of the com-
pact source at the Galactic Center. To do so we use a model C+ corresponding to an
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Model A 10 pas 30 pas
1 km/s 1 month | 1 month
10 km/s |2 months | 4 months
Model B 10 pas 30 pas
1 km/s 8 months | 13 years

10 km/s 6 years | 18 years
Model C 10 pas 30 pas
1 km/s 6 months | > 30 years
10 km/s 6 years |> 30 years

Table 1. Approximation of the minimal observations times above which the models A, B and
C fail to fit the different S2 star noisy observations generated with the full general relativity
model, D.

improvement of model C: it takes into account the same effects as model C but con-
siders gravitational lensing through analytical approximations developed in weak de-
flection limit and weak field (Sereno et al. 2006). We fit model C+ to observations
simulated with the full general relativity model, D. The aim is to determine whether
we can detect the Lense-Thirring effect without considering ray-tracing. The observa-
tions are generated considering the same angular momentum parameters as previously:
(a,i',Q2) = (0.99,45°,160°).

If we consider observations of the S2 star obtained during three full orbital periods
(from 2017.7 to 2065) and an accuracy pair (o4, 0y ) = (10 pas, 10 km/s) we find that the
spin is constrained with 1o uncertainty of about 0.1. The angles i’ and €2’ are constrained
with 1o uncertainty of about 14° and 24°, respectively.

These results are consistent with those obtained by Yu et al. 2016 where the authors
fit a model similar to our model D to astrometric and spectroscopic observations of the
S2 star generated with this same model. In other words, the authors used a full general
relativity model to constrain the different parameters. We show that even without using
a ray-tracing code it is possible to converge to the same strong constraint on the angular
momentum parameters as those obtained with a full general relativity model.

4. Conclusion

Combining the GRAVITY instrument and accurate spectrographs (oy = 1—10 km/s)
is expected to lead to detection of both low- and high-order relativistic effects. In partic-
ular, it is possible to put in light transverse Doppler and gravitational redshifts in a few
months or to be sensitive to the photon curvature in several months considering spectro-
scopic accuracies of about 1 km/s. By using the models implemented here the pericenter
advance can only be detected after approximatively one orbital period of the S2 star for
an astrometric accuracy of about 30 pas. However, it should be detected earlier if we
fit a model similar to model B but taking into account the photon curvature. Indeed,
in such a case we will not be affected by high-order effects that cause model B to fail
for (o4,0v) = (10 pas, 1 — 10 kmn/s). It should be also possible to detect the pericenter
advance earlier if using another observation strategy such as considering previous ob-
servations of the S2 star in addition to the new data. The Lense-Thirring effect is also
observable. Strong constraint on the norm and the direction of the angular momentum
of the black hole can be obtained considering long monitoring of the S2 star (3 periods
of S2). Reasonable constraints on these parameters should be reached even considering
observations obtained during two periods of the S2 star.
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In order to improve the study performed here it is necessary to take into account
the Newtonian effect induced by the presence of an extended mass at the center of our
Galaxy (Rubilar et al. 2001, Weinberg et al. 2005). Even if this mass is not constrained
by the observations it is important to determine whether the different effects that can
be detected by GRAVITY with the S2 star are still constrained.
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