GRAVITY Collaboration: R. Abuter et al.: Detection of gravitational redshift
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Fig. 2. Summary of the observational results of monitoring the S2 - Sgr A* orbit from 1992 to 2018. Left: Projected orbit of the star S2 on
the sky (J2000) relative to the position of the compact radio source Sgr A* (brown crossed square at the origin). Triangles and circles (and 1 σ
uncertainties) denote the position measurements with SHARP at the NTT and NACO at the VLT, colour-coded for time (colour bar on the right
side). All data points are corrected for the best-fit zero-point (x0 , y0 ) and drifts ( ẋ0 , ẏ0 ) of the coordinate system relative to Sgr A* (see Plewa et al.
2015). Green squares mark the GRAVITY measurements. The bottom right panel shows a zoom around pericentre in 2018. Top right: Radial
velocity of S2 as a function of time (squares: SINFONI/NACO at the VLT; triangles: NIRC2 at Keck). S2 reached pericentre of its orbit at the end
of April 2002, and then again on May 19th , 2018 (MJD 58257.67). The data before 2017 are taken from Ghez et al. (2008), Boehle et al. (2016),
Chu et al. (2018), and Gillessen et al. (2009b, 2017). The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time.
The cyan curve shows the best-fitting S2 orbit to all these data, including the effects of General and Special Relativity.

the combined H+K-band grating with a spectral resolution of
R≈ 1500.
For more details on the data analysis of all three instruments,
we refer to Appendix A.

3. Results
3.1. Relativistic corrections

The left panel of Fig. 2 shows the combined single-telescope
and interferometric astrometry of the 1992-2018 sky-projected
orbital motion of S2, where the zero point is the position of the
central mass and of Sgr A*. All NACO points were corrected
for a zero-point offset and drift in R.A./Dec., which are obtained
from the orbit fit. The bottom right panel zooms into the 2018
section of the orbit around pericentre measured with GRAVITY.
The zoom demonstrates the hundred-fold improvement of astrometry between SHARP in the 1990s (≈ 4 mas precision) and
NACO in the 2000s (≈ 0.5 mas) to GRAVITY in 2018 (as small
as ≈ 30 µas). While the motion on the sky of S2 could be detected
with NACO over a month, the GRAVITY observations detect the
motion of the star from day to day. The upper right panel of Fig. 2

displays the radial velocity measurements with SINFONI at the
VLT and NIRC2 at Keck in the 1992-2018 period.
At pericentre Rperi , S2 moves with a total space velocity
of ≈ 7650 km/s, or β = v/c = 2.55 × 10−2 . This means that
the first-order parameterised post-Newtonian correction terms
(PPN(1)), due to Special and General Relativity, beyond the orbital Doppler and Rømer effects, are within reach of current measurement precision, PPN(1) ∼ β2 ∼ (RS /Rperi ) ∼ 6.5 × 10−4 .
These terms can be parameterised spectroscopically as (e.g. Misner et al. 1973; Alexander 2005; Zucker et al. 2006).
z=

∆λ
= B0 + B0.5 β + B1 β2 + O(β3 ),
λ

(1)

where the PPN(1)z term B1 = B1,tD +B1,gr , with B1,tD = B1,gr = 0.5,
and β2 = [R s (1+e)]/[2a(1 − e)] = 6.51×10−4 for S2. Here a is the
semi-major axis and e is the eccentricity of the S2 orbit. B0.5 β is
the Newtonian Doppler shift.
Eq. (1) indicates that PPN(1)z consists in equal terms of the
special relativistic transverse Doppler effect (B1,tD ) and the general relativistic gravitational redshift (B1,gr ), totalling ≈ 200 km/s
redshift at pericentre, while at apocentre, it amounts to only
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