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Abstract

Residing in the center of the Milky Way, Sgr A* is the closest massive black
hole. Its vicinity has allowed measuring individual stellar orbits around it with
periods as short as 12 years. The stars act as test particles and probe the gravi-
tational potential around the 4.3× 106M� black hole. These observations have
determined the central mass to sub-percent precision, and the mildly relativistic
motions of stars have given access to seeing the dominant relativistic corrections,
the gravitational redshift, the transverse Doppler effect and the prograde preces-
sion imposed by the Schwarzschild metric nature of the potential. These effects
are of order (v/c)2 (for velocity v and speed of light c). The Kerr metric occur-
ring for a rotating black hole leads to corrections of order (v/c)3. Here, we report
the discovery of a faint main sequence star (mK = 19.3), S301, the orbit of
which has a period of 8.7 years and small enough a pericenter distance, such that
the star’s peak velocity reaches 25000 km/s or 8% of c. Within the measurement
capabilities of current near-infrared interferometry and future spectroscopy on
an extremely large telescope, S301’s motion is directly sensitive to the spin of
Sgr A*. The high eccentricity of S301 suggests that it is the captured compo-
nent of a binary that was torn apart via the Hills mechanism, sending the other
component away as a hyper-velocity star.

Keywords: Galactic Center, massive black holes, general relativity, Kerr metric,
stellar orbits

1 Introduction

A black hole in general relativity has just two additional degrees of freedom beyond
its mass: spin and charge. Astrophysically relevant is the spin. As all objects in the
Universe rotate, one would expect the same for black holes, in particular, since the
angular momentum of material creating a black hole needs to be conserved. The
existence of jets in active galactic nuclei requires that the black holes located in the
central engines rotate [1]. As the effects of the spin on space-time fall off with distance
r to the black hole like r−3, it is actually hard to measure a spin. Spin estimates
have been obtained from X-ray reflection spectra, in which the iron K-α line shape
is a probe of the spin, albeit the spin’s impact is small [2]. For accreting stellar-
mass black holes, spins can be estimated from accretion theory [3], and thus are
not assumption-free. The cleanest signatures are probably those of gravitational wave
mergers, in which the spins of the initial objects are among the fit parameters to the
pre-mergers wave forms [4] and the spin of the resulting black hole can be inferred from
its ringdown signature [5]. The space experiment Gravity Probe B detected the spin-
induced precession due to Earth twisting space-time with 5σ significance [6], testing
the far-field and slow-motion approximation around a massive body, which equals the
approximation of the Kerr metric in the same limit [7]. Overall, there are only few
current observational constraints on the spin parameter of the Kerr metric.

Sgr A*, the closest massive black hole (MBH) in the Galactic Center at a mere
distance of 8.3 kpc offers a direct, dynamical way to measure its spin. The observation
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of stellar orbits has allowed measuring its mass to the sub-percent level, making Sgr A*
one of the best cases for the existence of black holes in general [8]. A few dozen stars
revolve on (nearly) Keplerian orbits, with an almost thermal, relaxed eccentricity
distribution and randomly oriented orbital planes. Most valuable are the stars that
come closest to Sgr A*, as they probe deepest into the gravitational potential. In
particular the star S2 on a 16-year orbit [9] has been in focus, due to its comparably
easily accessible orbit. The observed motion of S2 is notably affected by relativistic
effects: During its 2018 pericenter passage, the gravitational redshift of Sgr A* led to
an additional change of measured atomic line positions of around 200 km/s [10]. By
2020, the astrometric data of the star showed that the orbit had changed at pericenter
the orientation of the ellipse in the orbital plane by around 12’, fully consistent with the
general relativistic expectation for a motion in the Schwarzschild metric [11, 12]. In the
sense of a Post-Newtonian expansion, both relativistic effects are of order β2 = (v/c)2.
Key for these discoveries was the advent of near-infrared interferometry using 8m-class
telescopes, namely the GRAVITY instrument in operation at the European Southern
Observatory’s (ESO) Very Large Telescope (VLT) [13]. At the β3 order, the leading-
order term from the Kerr metric contributes. At that order the motion will thus be
sensitive to the spin of Sgr A*, often called ‘Lense-Thirring’ precession [14].

For S2, current instrumentation would require prohibitively long time series to
detect the spin. The parameter determining how sensitive a star is to relativistic effects
is the pericenter distance rp [15], which for S2 is 1400RS (Schwarzschild radii). Stars
with smaller rp would allow a quicker detection. Since rp = a(1 − e), this requires
smaller semi-major axes a and/or larger eccentricities e. For the mass of Sgr A* of
4.3 × 106M� and its distance of 8.3 kpc, 1RS = 10µas. This is comparable to the
astrometric precision of ' 30µas for S2 of GRAVITY. Together with the spatial
resolution as good as ≈ 1.7mas and a field of view of around r = 70mas, it is clear
that GRAVITY can trace the pericenter passages of stars that come much closer to
Sgr A* than S2. The newly discovered star S301 presented here is a first and already
prime example for this, as it constitutes exactly the type of relativistic test particle
required for a spin measurement of Sgr A* on a 10-year time scale. Further, we discuss
the astrophysical implications of its extremely eccentric orbit, pointing to an origin
via the Hills mechanism [16].

2 Observations & data analysis

Since 2017, we have regularly observed the central arcsecond around Sgr A* with
GRAVITY with the purpose of tracking the stellar motions. Observations take place
during roughly week-long campaigns, placed monthly around full-moon, during the
months in which Sgr A* is observable between March and September. A total of
around 80-100 hours per year of observing time is used for that. A major part of the
integration time is spent on a central pointing containing Sgr A* itself, as this serves
as astrometric reference for all stellar positions. The data consist per 360 s exposure
of a set of complex visibilities for six baselines, recorded on 14 spectral channels (of
which 12 are usable) for each of two linear polarizations (Fig. B1).
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Typically, we group the data per night and analyze the data sets in two ways:
First, we fit a model to them. It contains the known sources and returns positions
and fluxes of these. By design, this does not reveal new sources. Hence, in a second
step, we employ image reconstruction techniques to Fourier-invert the data into an
image. Beyond classical algorithms developed in the context of radio interferometry
like CLEAN, we use our own code ‘GRAVITY-RESOLVE’, GR ([17, 18], Appendix
B.1). The images obtained allow identifying previously unknown sources (Fig. 1).

In spring 2023, we discovered a faint star just 15mas north-west of Sgr A*, which in
the following months quickly moved outward, and which we labeled S301. We obtained
a total of four positions in 2023, indicating a quick and slightly curved motion, that
would bring the star by 2024 outside of the central field of view. Consequently, we
decided to follow the star with dedicated pointings in 2024 and 2025, yielding eight
and five additional astrometric measurements of S301 respectively.

With a preliminary orbit in hand, we were also able to post-dict where the star
should have been in previous observing epochs, and whether it would be by chance in
one of our pointings from previous years. It turns out that we found a strong inference
of S301 in 2021 and a weak inference in 2017. These positions are less certain, as
only a few exposures at the respective pointings were taken. Overall, we have thus 19
astrometric positions of S301 that consistently outline an elliptical figure on the sky.

We have tried to identify the star in deep ERIS integral-field spectroscopic data,
but have not been able to detect it as a continuum source or from spectral features,
such as the hydrogen Brackett-γ line at 2.1661µm, or the CO-band head features
redwards of 2.2935µm. We thus do not yet have any radial velocity information.
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Fig. 1 Time series of GRAVITY Galactic Center images from 2021 to 2025, reconstructed with GR

(see appendix B.1 for details). The objects are labeled by their names, and for S301 the orbital trace
(Fig. 2) is shown on top. In panels c and d Sgr A* and S62 are confused. SX is a potential source
not yet named or otherwise identified.

3 Results

From the GRAVITY images, we measure the positions of S301 and Sgr A* to obtain
the position vector for the star relative to the central mass. For observations, in which
the S301 pointing was not centered on Sgr A* (in 2024 and 2025, as well as in 2021
and 2017), the two objects are fitted relative to their respective field centers. The
positional offset between the latter two is measured at the interferometric precision by
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GRAVITY’s metrology system. Our imaging codeGR also allows estimating the uncer-
tainties in the positions, as multiple instances of the same images are inferred, from
which standard statistical methods yield averages as well as uncertainty estimates.

The brightness of the objects inferred is measured by the fluxes of the sources in
the images. In all images, brighter stars are present for which photometry as used in
[19] is available. For S301, we derive a K-band magnitude of mK = 19.3± 0.3.

Using a standard-χ2 minimization technique, we fit a preliminary Keplerian orbit to
the astrometric data α(t) and δ(t). According to this fit, the star passed the pericenter
of its orbit at the beginning of 2023, with a 3D separation significantly smaller than
that of S2. Hence, we need to take into account the β2 relativistic effects, using the
same model as for S2 in Gravity Collaboration et al. [11], including thus the Rømer
effect (retardation effects due to the finite speed of light) and Schwarzschild precession
as predicted by general relativity. The potential is defined by the central mass fixed
with MMBH = 4.297 × 106M� at a distance of R0 = 8277 pc. We do not allow for
any coordinate system offsets, as our data are interferometrically referenced directly
to the near-infrared counterpart of Sgr A*.

Due to the lack of radial velocity information, two equally valid solutions exist, cor-
responding to the two possible orientations of the orbit. In principle, the Rømer delay
could break this degeneracy [20], but the two orbit orientations yield indistinguish-
able best-fit χ2 values. Except for this sign ambiguity, the orbit fit converges uniquely
(as verified by sampling the posterior space with a Markov chain Monte Carlo) at
χ2 = 29.1 for 34 degrees of freedom. The orbit does not agree with any previously
claimed detections (see appendix F).

The best-fit orbit is remarkable (table C2) with a semi-major axis of a = 83mas
(33% smaller than S2’s orbit) and an orbital period of 8.7 years, see Fig. 2. The star
sets thus a new record for the shortest known orbital period around Sgr A*, with S55 /
S0-102 on a 12-year orbit [21] being the previous record-holder. Even more extreme is
the eccentricity of e = 0.9825/0.9816 (for the two possible orbit orientations), leading
to a pericenter distance rp = a(1−e) of only 140/149RS , i.e. around ten times smaller
than S2’s. This leads to correspondingly stronger relativistic effects. The relativistic
pericenter advance per orbit amounts to 1.9◦/1.8◦, such that after only 1630 / 1710
years the orientation of the orbit in its plane has revolved once. At pericenter, S301
moves with ≈ 25 000 km s−1 / 24 400 km s−1 or 8.3% / 8.1% of c.

4 Discussion

4.1 Stellar type

Given the magnitude of mK = 19.3 and the associated uncertainty of 0.3mag, assum-
ing an extinction of 2.42 [22] and a Galactic Center distance of 8.3 kpc [20], S301
has an absolute K magnitude of around 2.28. It is too faint to be a giant, but it
instead is compatible with being a main sequence star. Its spectral type then is a late
A-type or an early F-type star (see also Fig. 2 in [23]), which means its color index
V − K = 0.6 [24]. With a V magnitude of 2.88 it has L = 5.5L� and a spectral
type of F1.5, corresponding to a mass of just below 1.5M�. Alternatively, the stellar
mass can be estimated from stellar evolutionary tracks to be between ∼ 1.1M� and
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Fig. 2 Orbit of S301 over the course of 14 years. The central panel shows the best-fit relativistic
orbit to individual positions of S301 in a Schwarzschild metric around Sgr A* (see appendix C for
details). Adjacent panels to the top and right show its proper motion over time separately in RA and
Dec, respectively. Corresponding residuals in the bottom two panels reveal a well-matched orbit to
the astrometry. Due to the high eccentricity and short semi-major axis of S301, its orbit visibly does
not close as a result of the Schwarzschild precession.

∼ 1.5M�, depending on the age of the star, with younger ages corresponding to larger
masses (appendix D). S301’s radius should be between ∼ 1.4R� and ∼ 1.6R�. The
main-sequence life time of early F-type stars is around 2× 109 yr.

Spectrally, we therefore expect S301 to show exclusively the Brackett-γ absorption
line, but no further features [25]. Our current ERIS spectroscopy is not deep enough
to test this prediction. Future MICADO [26] spectroscopy at the ELT will have no
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problem in seeing the spectral feature(s) of S301 and thus will be able to determine
the radial velocity.

A second argument can be made from the fact that S301 apparently did not get
tidally disrupted at pericenter. A giant star with r∗ = 0.5AU and m∗ = 3M� begins
to lose a fraction of its envelope at its tidal radius rt = r∗(m∗/MMBH)

1/3 ≈ 500RS >
rp. The loss of some mass will surely affect the orbit at pericenter and this is not
observed. On the other hand, for a main sequence star rt ≈ 10RS . Hence, given its
orbit and demanding tidal stability, S301 cannot be a giant star, but it is safe from
tidal disruption if it is a dwarf. In Appendix E we show that also tidal heating is not
a major effect for S301. Interestingly [27] suggest that these tidal effects will prevent
observations of Kerr effects around Sgr A*. However, they consider stars 10 M� or
heavier. S301 is sufficiently small so that these tidal effects are negligible.

4.2 Spin sensitivity

The most exciting aspect of S301’s orbit is its extremely small pericenter distance,
such that it is sensitive to the spin of Sgr A* to a degree accessible within a reasonable
time scale of around a decade, using existing and/or planned instrumentation. Fig. 3
(left) predicts for a “randomly” oriented (λ = β = 0), but maximally rotating black
hole spin (χ = 1; where χ ≡ cJ/(GM2

MBH) is the dimensionless spin parameter) the
precession effects on the orientation of the orbit in its plane. The dominant effect is the
Schwarzschild precession, advancing the pericenter by 1.9◦ per revolution. The orbit-
averaged Lense-Thirring effects for the in-plane and out-of-plane major axis precession
are respectively [28, 29]

∆$LT = −8πχ cosβ

(

GMMBH

a(1− e2)

)3/2

,

∆ΘLT = −4πχ sinβ sinλ

(

GMMBH

a(1− e2)

)3/2

, (1)

where β is the inclination between spin axis and orbital angular momentum, and λ is
the position angle of the projection of the spin axis onto the orbital plane. For S301,
the in-plane contribution evaluates to 0.11◦χ cosβ per revolution, comparable to the
angle S2’s orbit advances due to the Schwarzschild metric, and which we have measured
using GRAVITY data in [11]. The Schwarzschild precession will lead to a full turn of
the ellipse within 1630 years only, and the time scale for the spin precession [30] is
58000 years.
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the spin of Sgr A* of the S301 orbit is of similar magnitude as the changes induced by the 1PN-
terms of the Schwarzschild metric of S2, which have been detected already [11, 12]. Right: Example
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to 2035 (for details see text). The mock data in this case constrain the spin magnitude χ with an
uncertainty < 0.2, and also the orientation to around ±30◦.

In order to assess how S301 can be used to probe the spin of Sgr A*, we per-
form a mock data analysis combining current and simulated future observations. We
construct synthetic astrometric and radial-velocity datasets extending the existing
measurements with simulated observations between 2026 and 2035, using the values
of the orbital parameters given in table C2, with mass and distance of Sgr A* from
[12]. We optimistically adopt χ = 1 and an orientation approximately aligned with
the stellar orbital angular momentum. In this case, the Lense-Thirring effect produces
mainly in-plane precession and little precession of the orbital plane. The resulting
mock orbit is fitted to test whether the spin parameters can be recovered. We assume
a realistic astrometric precision of 100µas and 1 km/s accuracy on the radial velocity
as reachable with future ELT/MICADO observations. A sampling of 10 data points
per year until 2035, with 10 additional data points around pericenter, would yield a
spin constraint with an uncertainty on χ of around 0.1 (Fig. 3, right), equivalent to a
> 5σ detection of χ = 1 compared to the non-spinning (χ = 0) case. In Fig. 4 we show
the dependence of the significance of the spin detection in our simulations as a func-
tion of orientation of the black hole spin. The maxima of significance correspond to
(anti-)alignment of the spin and orbital angular momentum, while the minima corre-
spond to alignment of the spin along the semi-major axis of the orbit. A more detailed
discussion is provided in [31].

S301 therefore provides the first and currently only practical way to measure the
spin of Sgr A* with stellar dynamics. Continued GRAVITY+ astrometry and future
ELT spectroscopy can turn S301 into a spin probe. While S2 and the other known
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S-stars owed to their larger pericenter distances are effectively insensitive to frame
dragging on observationally accessible time scales, they will provide constraints on
MMBH and R0, which can be used as external priors, reducing degeneracies and
assisting the measurement of the spin magnitude and, eventually, of its orientation.
Newtonian perturbations due to dark masses orbiting Sgr A* are expected to be sub-
dominant (appendix G). In the longer term, S301 opens a path towards constraining
the quadrupole moment of Sgr A* and testing the Kerr no-hair relation [32] once suf-
ficiently long time series of sufficiently accurate astrometry and spectroscopy become
available.

4.3 Origin of S301

Another interesting aspect of the orbit is its history. As we discuss in more detail in
Appendix H, the star and its orbit can be affected by stellar collisions and relaxation.
Since star formation so close to the MBH is unlikely given the strong tidal effect by the
MBH, S301 has likely formed elsewhere and migrated to its current location. Given its
estimated mass, the life time of S301 is comparable to the two-body relaxation time,
and it is therefore unlikely to have formed in the nuclear cluster and slowly migrated
inwards through two-body relaxation.
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Table 1 Time scales (in years) for S301 and S2. Torb is the orbital period. TSP is the time scale
for the Schwarzschild precession, TLT for Lense-Thirring precession [33]. TVec−RLX refers to the
angular momentum relaxation time scale, estimated both with and without resonant relaxation
(‘RR’ and ‘No RR’ respectively). TSca−RLX refers to the energy relaxation time scale. Tcoll,bh and
Tcoll,? are the collision time scales with background black holes and stars respectively. The collision
and relaxation times are estimated for relaxed stellar density profiles, as described in appendix H.
The gravitational wave inspiral time scale TGW is given by [34], and the energy dissipation time
scale Theat by [35] (see appendix E). For these estimates we assume 1.5M� and 1.4R� for the
stellar mass and radius of S301, and 15M� and 4.7R� for S2.

Time scale [yr] S301 S2
Torb 8.7 16.1
TSP 1.6× 103 2.8× 104

TLT 5.8× 104 3.1× 106

TVec−RLX (No RR) 2.5× 107 2.3× 108

TVec−RLX (RR) 2.0× 107 3.6× 107

TSca−RLX 8.6× 108 1.1× 109

Tcoll,bh 1.8× 109 4.0× 108

Tcoll,? 1.7× 108 4.6× 107

TGW 2.9× 1010 7.1× 1012

Theat 3× 1016 2× 1029

Instead, the extreme value e ' 0.98 is naturally produced in a short-time dynamical
migration scenario through a Hills disruption of a compact main-sequence binary by
the MBH [16, 36–40].

For the Hills mechanism the star is captured at a semi-major axis of

acap = f1

(

MMBH

mbin

)2/3

abin, (2)

where f1 ≈ 0.5 for circular, equal mass binaries [e.g. 41]. The captured star will inherit
the pericenter of the binarys orbit around the MBH, and so the binary separation must

be no more than a factor few times (MMBH/mbin)
1/3

abin (the characteristic binary
tidal disruption radius). Thus, the eccentricity of the captured star will be

ecap = 1− f2

(

mbin

MMBH

)1/3

, (3)

where f2 is at most a factor of order unity. The expected distribution of f2 and
hence of ecap will depend on the distribution of binary properties (e.g. the mass
ratio, inclination, internal eccentricity) and the pericenter distribution of disrupting
binaries. Recently, [42] simulated binary disruptions in the Galactic Center for an
observationally motivated binary population, assuming a full loss cone and an isotropic
inclination distribution. For captured stars with semi-major axes between 2× 10−3 pc
and 4 × 10−3 pc and masses between 1.3M� and 1.7M� the eccentricities ranged
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between 0.97-0.996 (5th-95th percentile) with a median eccentricity of 0.985. Thus,
binary disruption would naturally explain the observed eccentricity of the star.

As shown in Table 1 the angular momentum relaxation and collision time scales
are expected to be less than the main sequence lifetime of the star. If the star has been
in the Galactic Center for a few ×107 yr or longer we would expect its eccentricity to
have thermalized, losing memory of its initial condition. In this case, the high, observed
eccentricity simply occurs by chance (quantitatively, there is a ∼ 3% chance to have
an eccentricity as high as that of S301 for a thermal distribution). Alternatively S301
may have been injected into the Galactic Center in the recent past, so that it has not
had time to relax. Finally, we highlight that our estimates of the relaxation times are
sensitive to the assumed background density profiles. The relaxation times may be
significantly longer if there is a dearth of stellar mass black holes at the radial regime
of S301.

The measured semi-major axis constrains the pre-disruption binary. For nearly
equal masses the Hills mapping gives acap ∼ 1

2 (MMBH/2m∗)
2/3abin [e.g. 41]. Iden-

tifying acap ' a and adopting m∗ ' 1.3–1.7M� yields a pre-disruption separation
abin ∼ 0.05–0.2 AU, corresponding to orbital periods Pbin ∼ 5–20 days. We find
a similar range of progenitor semi-major axes in the simulations of [42], with an
observationally motivated mass ratio distribution.

Such compact binaries are common among F-type stars [43] and are expected to be
tidally circularised and nearly synchronised. If S301 was initially synchronised, its spin
period at capture would have been comparable to Pbin, implying an equatorial rotation
velocity vrot ∼ 20–70 km s−1 for R∗ ' 1.3–1.7R�. High-resolution spectroscopy with
ERIS or ELT/MICADO might therefore provide a direct, testable prediction of the
Hills-binary origin via a measurement of v sin i.

Taken together, the properties of S301 suggest a simple and self-consistent picture:
a compact main-sequence binary was tidally separated by Sgr A*, leaving behind S301
on the most relativistic stellar orbit known and ejecting its companion as a hyper-
velocity star. Such events simultaneously populate the innermost S-star cluster and
the halo hyper-velocity star population. For Hills disruption rates of order ṄHills ∼
10−510−4 yr−1, simple steady-state arguments suggest that one expects of order a few
S301-like stars on similarly relativistic orbits at any given time. The Hills disruption
rate is supported by both the observed number of hyper-velocity stars in our galaxy
[44] and theoretical estimates as well as the observed tidal disruption rate in other
galaxies. With roughly 10% of them having the right separation range to produce S301
like orbits (see equation 2 above), we take the formation rate of stars on S301 like
orbits to be ṄS301 ∼ 10−6. Given the collisional lifetime of more than 108 years (see
table 1), we expect in steady state about a hundred stars with such an orbit. Most
of them are likely solar mass stars, and hence still too faint to be detected. Further
analysis of the observed coverage and current sensitivities of GRAVITY+ is needed to
assess if this estimate is consistent with only one S301-like object detected so far; and
continued GRAVITY+ monitoring and future ELT observations may therefore reveal
a population of faint, low-mass S-stars deep in the potential well, enabling ensemble
constraints on the spin of Sgr A* and on the distribution of stellar and remnant
perturbers in the innermost ∼ 10−2 pc.
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4.4 Summary and implications

S301 is, at present, the most extreme stellar test particle known around Sgr A*. Its
very short period, small semi-major axis and pericenter at ' 140RS place it well inside
the regime where relativistic precession dominates over Newtonian perturbations from
the surrounding cluster. Together with the clean astrometric reference provided by
GRAVITY, this makes S301 uniquely sensitive to the Lense-Thirring terms of the Kerr
metric and therefore to the spin of the Galactic Center black hole. Our mock-data
analysis shows that continued GRAVITY monitoring at current precision is sufficient
to detect the in-plane Lense-Thirring precession of S301’s orbit on a time scale of
around a decade, providing the first realistic opportunity to dynamically measure the
spin of Sgr A* or of any massive black hole.

The photometry of S301, combined with its survival against tidal disruption at
pericenter, establishes it as a compact, ∼ 1.5M� main-sequence F-type star. The stars
large present-day eccentricity is consistent with injection in the Galactic Center via
the Hills mechanism.

The timescale hierarchy at S301s radius, with Torb � TSP � TLT � TVec−RLX �
Tcoll, TSca−RLX � TGW helps constrain its origin and evolution. The long two-body
relaxation and gravitational wave inspiral times imply that the stars semi-major axis
has not evolved significantly over its lifetime, and thus its present-day orbit constrains
the progenitor binary, indicating it was compact with a period of 5–20 days.

Eccentricity evolution and stellar collisions can occur over the stars main sequence
lifetime. However, its high eccentricity hints that its angular momentum has not had a
chance to relax. This could occur if the star has been injected into the Galactic Center
in the recent past or if background density at the relevant radii is far from a relaxed
steady state. In this case S301 would be an almost pristine fossil of its capture event,
evolving in a gravitational potential that is very nearly that of an isolated Kerr black
hole.
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ported by Paris Île-de-France Region and by the French National Research Agency
(ANR) under grant ANR-23-EDIR-0003 (GRAFITY). We acknowledge the financial
support provided by FCT/Portugal through grants 2022.01324.PTDC, PTDC/FIS-
AST/7002/2020, UIDB/00099/2020 and UIDB/04459/2020. TPiran acknowledges
support from an advanced ERC grant MultiJets and from the Simons foundation
SCEECS collaboration. The research of DCalderon has been funded by the Alexan-
der von Humboldt Foundation. JStadler acknowledges funding from the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under its Emmy-
Noether Programm (STA 1955/1-1, Projektnummer 545534254). Based on observa-
tions collected at the European Southern Observatory under the ESO programme
IDs 60.A-9102(A), 105.20B2.004, 111.24H1.00[123], 112.25CV.001, 113.268P.00[1234],
114.270V.001, 115.27WT.00[1234].

15



Appendix A Data

Our observations, from which we inferred S301, comprise 19 datasets spanning more
than eight years. We first noted S301 in 2023, when pointing directly to Sgr A*. Given
the star’s position close to Sgr A* and its large proper motion, it was quickly clear that
it might be on a tight orbit, and we followed up with dedicated observing campaigns
over the course of the next years. We summarize the data used for this work in Table
A1.

Table A1 Summary of GRAVITY data that yielded an inference of S301. The date in the
first column follows ESO convention and gives the date of the evening of respective
observing night. The epoch is the mean over the time stamps of the Nexp individual
GRAVITY exposures. The total accumulated integration time per night is given by tint,
and p is the center of the individual pointings with respect to Sgr A*. All data were
acquired in low-resolution mode and in two linear polarizations, except for the 2017
dataset, which was partially acquired with both polarizations combined.

Date Epoch Nexp tint [h] p [mas] program ID
2017-03 2017.2389 12 (one pol.) 1.0 (−57.974, 35.939) 60.A-9102(A)

2021-07-29 2021.5759 8 0.71 (−45., 45.) 105.20B2.004
2023-04-05 2023.2604 12 1.2 (0.0, 0.0) 111.24H1.001
2023-06-01 2023.4162 13 1.3 (0.0, 0.0) 111.24H1.002
2023-06-06 2023.4298 9 0.9 (0.0, 0.0) 111.24H1.002
2023-07-04 2023.5063 16 1.6 (0.0, 0.0) 111.24H1.003
2024-03-25 2024.2325 3 0.3 (−51.13, 54.59) 112.25CV.001
2024-03-27 2024.2380 2 0.2 (−51.13, 54.59) 112.25CV.001
2024-03-28 2024.2405 6 0.6 (−51.13, 54.59) 112.25CV.001
2024-04-29 2024.3281 4 0.4 (−56.13, 59.59) 113.268P.001
2024-05-28 2024.4073 12 1.2 (−63.08, 63.25) 113.268P.002
2024-06-22 2024.4756 10 1.0 (−63.08, 63.25) 113.268P.003
2024-06-25 2024.4837 9 0.9 (−63.08, 63.25) 113.268P.003
2024-07-17 2024.5438 9 0.9 (−63.08, 63.25) 113.268P.004
2025-03-16 2025.2070 10 1.0 (−61., 51.2) 114.270V.001
2025-05-11 2025.3602 10 1.0 (−95.26, 51.2) 115.27WT.001
2025-06-09 2025.4393 10 1.0 (−95.26, 51.2) 115.27WT.002
2025-07-07 2025.5159 9 0.9 (−69.959, 56.581) 115.27WT.003
2025-08-06 2025.5978 7 0.7 (−72.005, 57.737) 115.27WT.004

Based on the orbital coverage from 2023-2025, we were able to trace S301 back in
time, and identified two previously acquired datasets in 2017 and 2021, in which the
star should be present.
The 2017 data were acquired as part of the monitoring of the motion of the star
S2, an object around five magnitudes brighter than S301. The dataset consists of
individual exposures across five consecutive nights in March 2017, partially recorded
in split-polarization mode. In the image reconstruction of this dataset, we treat both
polarizations in polarized exposures as individual measurements and combine them
with the unpolarized data.
The dataset in 2021 was acquired during an observation that involved multiple other
pointings in the GC to create a mosaic of the central ' 200×200mas [17]. This
particular pointing was affected by bad seeing conditions, however, and initially no
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source was inferred in the corresponding reconstructed image [17]. Now, we apply
stricter cuts and accept as a post-processing step only fringe-tracking ratios of 90%
for the individual detector integrations, effectively discarding data with low coherent
flux. This procedure led to the inference of S301 in this particular epoch.

Appendix B Methods

B.1 Highest-resolution, deep images of the central 800 AU

The high-angular-resolution, high-fidelity images of the Galactic Center are recon-
structed from GRAVITY data, an example of which is shown in Fig. B1 with the
image reconstruction tool GRAVITY-RESOLVE (GR) [17]. This code is designed to
reconstruct stars in the Galactic Center that appear to GRAVITY as unresolved point
sources and, in particular, to find faint, yet undiscovered stars. GR is based on a
hierarchical forward model that incorporates the instrument response of GRAVITY
including both optical aberrations and the spectral transmission within the beam com-
biner, as well as a statistical model of the Galactic Center. The intrinsic multitude of
degrees of freedom of an image is tamed with Bayesian inference, where the statisti-
cal model of the Galactic Center provides the prior information. With GR, we exploit
GRAVITY’s supreme imaging resolution of ' 1.7mas and its phase-referencing capa-
bilities, which allow for high contrast images and routine mosaicking as pioneered in
radio interferometry [18].
The individual positions of S301 over time, as depicted in Fig. 2, were inferred in a
first step from imaging. We initialized the model in GR by invoking all known, bright
sources within the field of view. Positions and flux of the stars and Sgr A* are con-
strained by prior distributions that reflect current knowledge. We applied GR a total
of ten times to the same dataset with varying initial random seeds. Tentative faint
sources that may appear in the image of individual reconstructions are only accepted
when they are inferred in at least five out of ten reconstructions. Their corresponding
positions in the image grid are then referenced to SgrA* and subsequently averaged.
These positions provide the starting value for fitting routines, which infer the astrom-
etry and photometry of S301 in a parameterized model, taking full advantage of
GRAVITY’s unmatched astrometric precision.
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Fig. B1 GRAVITY Galactic Center data, showing the complex visibility samples of a single GRAV-
ITY exposure from 2023-07-04 with 360 s integration time, represented as amplitude ρ and absolute
phase φ, plotted against spatial frequency. The color scheme encodes the corresponding baseline of
the VLTI for two linear polarizations, each with nine spectral channels. The solid lines depict the
model as reconstructed from a total of 16 exposures.

B.2 Fitting of GRAVITY data

Besides imaging with GR, we apply two other tools to analyze GRAVITY data. These
methods serve to fit individual stars, that is, parameterized point sources, foremost
to determine their astrometry and photometry. They allow for a crucial cross-check
if S301 is inferred at the same position with a comparable photometry as with image
reconstruction. Both fitting approaches are separately implemented in different pro-
gramming languages.
In a first step, every GRAVITY exposure is fit separately to infer the variable flux of
Sgr A*, equivalent to determining a light curve over time. Both inferred fluxes and
positions of Sgr A* and other bright, known sources then provide the starting value
for a subsequent combined fit. S301 is indeed inferred by both methods at the same
position as with imaging, within statistical errors.
While the fitting codes yield the same positions for S301 as GR, it would be de facto
impossible to find a star like S301 using just a fitting code. The fitting essentially
returns a local minimum, while the imaging efficiently explores the full parameter
space.

B.3 Astrometric errors

Errors in astrometry derived from images generally suffer from a bias due to the pixel
grid. If the same faint source is inferred in the same pixel for the ten individual runs,
the corresponding standard deviation is zero, albeit unphysical. Hence, the discretized
position space needs to be considered when stating errors on astrometry. Instead
of quantifying the error based on the number of same-pixel inferences in a set of
detections, we opt for a general approach, which may be conservative, but prevents
an underestimation of errors. We derive a discretization error by calculating the root
mean square error for a single pixel within the image for both directions, RA. and
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Dec., independently. Considering a pixel size of 0.8mas per pixel, this evaluates to
≈ 207µas and represents the statistical uncertainty in astrometry originating from
the pixel grid in GR images.

Appendix C Best-fit orbit

We fit the astrometric positions of S301 as in [11], taking into account Rømer delay
and the 1PN correction of the motion due to the Schwarzschild nature of the gravita-
tional potential. Relativistic Doppler effect and gravitational redshift do not matter
as they only affect radial velocity measurements, which we currently don’t have. This
lack also results in a ambiguity in the three-dimensional orientation of the orbit. The
two viable orbit solutions to the proper motion of S301 are given in Table C2 (angle
conventions follow [19]) and leave the semi-major axis, eccentricity, and time of perias-
tron unchanged within errors. In principle, the Rømer delay could break the ambiguity
[20], but does not yet for the limited phase coverage of S301. The orbit stands out
compared to other S-stars. For an illustration see figure C2 and D3, left. S301’s high
eccentricity, combined with the small value of the semi-major axis makes S301 an out-
lier with the smallest value of rp = a(1− e). Also note that the orbital plane of one of
the two possible solutions agrees to within 3◦ with the inner clockwise disk of young,
massive stars in [45].

Table C2 Best-fit orbit parameters for S301. The two sets give the two
possible orbit orientations.

Parameter Value formal fit error Value formal fit error
a [mas] 83.0 0.4 83.0 0.5
e 0.9825 0.0013 0.9816 0.0006
i [◦] 123.278 0.82 121.98 0.26
Ω [◦] 76.0 2.7 259.07 0.40
ω [◦] 294.7 1.9 116.36 0.55
tP [yr] 2023.119 0.0095 2023.117 0.002
P [yr] 8.69 0.06 8.69 0.08
χ2 29.065 29.057

Appendix D Mass and age of S301

We infer the possible ages and masses of this star, using the observed brightness and
the MIST [47–49] isochrones1. Specifically, we identify evolutionary points where the
track magnitude crosses the inferred absolute magnitude. The stellar ages and masses
for such points are shown as a solid, blue line in Fig. D3 (right). Note that the MIST
tracks do not include the K band magnitude, and we use the JWST F210M magnitude
as a proxy.

To test the robustness of our results we repeat this analysis with the K band
magnitude from PARSEC isochrones (v1.2S, [50–54]), and show the possible ages

1MIST Version 1.2 tracks with Ω/Ωcrit = 0.4 and solar metallicity
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circular
S301S301

Fig. C2 Pericenter distance rp versus (1 − e), with e the eccentricity of S-stars (yellow points)
and G-clouds (cyan triangles) orbiting the central MBH [42, 46]. The dashed lines connect points of
constant a. The orbits of all stars in the lower right, empty region should have been determined by
now. The lack of stars in this so-called ’zone of avoidance’ results from the fact that no stars exist in
this regime because of a correlation between semi-major axis a and (1− e), such that stars on more
circular orbits with smaller values of e have larger semi-major axes. S301 is depicted by the red point
in the lower left corner.

and masses as a dashed, orange line in Fig. D3. We note that unlike MIST, the
PARSEC tracks do not include stellar rotation. Nonetheless the results are in excellent
agreement, with the stellar mass ranging from ∼ 1.1M� to ∼ 1.5M�, depending on
the age of the star.

Appendix E Tidal effects

The energy input per orbit can be estimated, using the [55] formalism, viz.

∆E ≈ T2(η)

(

MMBH

m?

)2
Gm2

?

R?

(

rp
R?

)−6

η =

(

m?

MMBH

)1/2 (
rp
R?

)3/2

, (E1)

where rp is the pericenter distance, R? the stellar radius, m? the stellar mass, and T2

the tidal coupling constant. Here, we only include the leading order quadrupole term.
We estimate the tidal coupling constant using the fits from [56], assuming an n = 3
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Fig. D3 Left: Dynamical landscape in the a versus (1 − e) phase space (in AU). The color map
indicates tGR. The Schwarzschild Barrier (SB) boundary (tGR = tRR,v) shifts significantly depending
on the cusp slope γ. Boundaries are shown for the observed shallow cusp (γ = 1.3, dotted curve) and
steep theoretical cusps (γ = 1.75, dashed curve; γ = 2.0, dash-dotted curve), assuming normalization
at 0.25 pc. S301 (white asterisk) and other young S-stars (white circles) remain deep within the barrier
in all scenarios. The solid line indicates the tidal disruption limit for S301 (1.5M�, 1.4R�). Right:
Locus of possible ages and masses for S301, from its observed K-band magnitude and theoretical
isochrones.

polytrope. Note that these fits only extend to η = 10, and we extrapolate them using
the logarithmic slope there. Thus,

T (η) ≈ 3.8× 10−5
( η

10

)−6.5

(E2)

for η ≥ 10. Thus, δE ≈ 10−16Gm2
?/R?. It would take of order 1017 yr for tides to

inject an order unity fraction of the energy of the star. Therefore, tidal heating can
be neglected at the star’s current orbit.

Appendix F Comparison with previously claimed

short-period stars

Over the past five year, a number of short-period stars with orbital periods as low as
4 years were claimed to have been discovered by one team using adaptive-optics based
imaging techniques [57–59], thus at a resolution 15 times worse than the GRAVITY
data. Safely, we can exclude that the objects in [57] named S4711 and S62 (different
from the star our team calls S62, see [60]), and that have similar orbital periods as
S301, are actually S301:

• The eccentricity of S4711 with e = 0.768 is considerably less than S301’s, and the
claimed orbit has a different projection on sky, extending towards the East.

• While S62 features a comparable eccentricity of e = 0.976, the claimed orbit revolves
counter-clockwise, unlike S301.
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Beyond that, none of the other claimed stars have orbital elements similar to the ones
of S301. Hence, S301 is newly discovered.

Further it is worth noting that the limiting magnitude of mK ∼ 20 inferred from
the GRAVITY observations and reported here should have allowed us to easily detect
any of the claimed discoveries if covered in our exposures. In none of our reconstructed
images we have detected a significant contribution of flux beyond background noise
that one could attribute to the claimed stars.

Appendix G Newtonian perturbations of the spin

measurement

The simulations for the spin measurement assume that S301 orbits an isolated Kerr
black hole in the absence of external perturbations. As noted by [28], gravitational
perturbations from a population of stellar-mass black holes, expected to form a power-
law-density stellar cusp around Sgr A*, can induce orbital precession comparable in
magnitude to the Lense-Thirring effect, thereby complicating the measurement of the
spin. Recent constraints from [61] limit the extended mass within the central 10 mpc
to . 1200M�. To assess the impact of a realistic perturber population, following [62]
we performed N-body simulations of S301 including a cluster of 60 stellar-mass black
holes of 20M� each, distributed within 10 mpc of Sgr A* according to a density pro-
file ρ(r) ∝ r−2. Considering 100 independent realizations of the initial conditions, we
find that the cluster induces an average orbital-plane precession per orbital period
of 0.65+0.36

−0.56 arcminutes. This contribution is typically subdominant compared to the
Lense-Thirring precession for moderate-to-high dimensionless spins and favorable ori-
entations of the black-hole spin relative to the orbital angular momentum. Importantly,
the Lense-Thirring effect is concentrated near pericenter, whereas perturbations from
a granular stellar background tend to produce their largest observable deviations near
apocenter [62, 63]. This phase separation, together with the distinct temporal signa-
tures of the two effects, offers a promising avenue to disentangle the relativistic spin
signal from stellar perturbations and thereby enable a robust measurement of the
MBH spin.

Appendix H Dynamical time scales for S301

In this section we will estimate the times cales for the orbital relaxation and collisions
for S301.

H.1 Relaxation times

Relaxation is the dynamical evolution of objects due to perturbations from their
environment. In the Galactic Center relaxation can be subdivided into resonant and
non-resonant parts. Resonant relaxation corresponds to the evolution of stellar orbits
due to coherent torques from the background. This can lead to rapid evolution of angu-
lar momentum. On longer times cales, non-resonant (two-body) relaxation evolves the
orbital energy due to uncorrelated two-body encounters. (See [64] for a review)
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The two-body relaxation time scale is approximately (see equation 5.61 in [65])

trx = 0.34
σ3

G2n〈m2〉 ln Λ
(H3)

where σ ≈
√

GM/(1 + γ)/r is the (1D) velocity dispersion, n is the number density
(with power-law index −γ). 〈m2〉 is the second moment of the mass function. Due
to the quadratic mass dependence, the most massive species (viz. stellar mass black
holes) often dictate this time scale.

We follow [66] to estimate the background density profile. We model the back-
ground as two species: 10 M� black holes and 1 M� stars. This is a reasonable
approximation for modeling relaxation in an evolved galactic nucleus, and has been
used extensively in the literature [65]. The stars are initialized with a Nuker density
profile [67], viz.

ρo

(

r

ro

)−γ [

1 +

(

r

ro

)α](γ−β)/α

, (H4)

with γ=1.5, α=2, and β=5. The density normalization is set by the total mass: 2.5×
107M� and 2.5× 105M� for the stars and black holes respectively. The central MBH
starts at 4.15 × 106M� and grows to 4.27 × 106M� by consuming stars and black
holes. The profile is allowed to relax for 10 Gyr, such that the final density profiles
are not too sensitive to the initial conditions. In the end the total mass within 0.01 pc
is approximately 1200M�, consistent with the latest constraints on the enclosed mass
within S2’s apocentre [61]. Furthermore the final stellar density at 1 pc (≈ 9×104M�

pc−3) is comparable to observational estimates [68].
The following power-law fits approximate the final density profile between ∼ 10−4

and 0.01 pc

ρbh = 4.95× 108
(

r

0.0033 pc

)−1.75

M� pc−3

ρ∗ = 3.46× 108
(

r

0.0033 pc

)−1.4

M� pc−3, (H5)

Combining equations (H3) and (H5) we find that the two-body relaxation time scale
at S301’s semi-major axis (3.3× 10−3 pc) would be ∼ 9× 108 yr.

To estimate the angular momentum relaxation time, including resonant relax-
ation, we follow [69] (and the references therein). In particular we use their software,
JuDOKA2, to compute diffusion coefficients (Djj) as a function of eccentricity and
semi-major axis for the density profiles in eq. (H5).

The angular momentum relaxation times can then be estimated using

trx,j(NRR) =
j2

Djj,NRR

2https://github.com/KerwannTEP/JuDOKA
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trx,j(RR) =
j2

Djj,NRR +Djj,RR
, (H6)

where j is the angular momentum normalized to the circular angular momentum at
the same energy. The top (bottom) row corresponds to the time scale without (with)
resonant relaxation. We find that both trx,j(NRR) and trx,j(RR) are ≈ 3 × 107 yr for
S301, indicating that resonant relaxation is unimportant for this star. This is expected,
because of the star’s short Schwarzschild-precession time scale. In other words, the star
lies within the Schwarzschild barrier, where rapid precession suppresses the build-up
of coherent torques [e.g. 70].

Alternatively, trx,j(NRR) ≈ j2trx, which gives results that are consistent with
equation (H3).

H.2 Collision time scales

The mean time between collisions for a single target star is

tcoll =
1

nΣ vrel
, (H7)

where n is the local number density of potential impactors, vrel is the typical relative
velocity, and Σ is the collisional cross section. For a star of radius R? and mass
m? colliding with objects of mass mimp and radius Rimp, the cross section including
gravitational focusing is

Σ = π (R? +Rimp)
2

(

1 +
v2esc
v2rel

)

, v2esc =
2G (m? +mimp)

(R? +Rimp)
. (H8)

In the case of S301, m? ≈ 1.5M� and R? ≈ 1.4R�. Then from eq. (H5) and (H8)
the local collision time scale would be ∼ 2.0× 109 yr for stellar mass black holes and
∼ 2.1× 108 yr for stars.

H.3 Uncertainties, caveats and other effects

The relaxation and collision time scales we estimate above are local. In principle, the
interactions at pericenter can significantly shorten the energy relaxation and collision
time scales. A naive orbit average with the background profile in equation (H5), would
suggest a reduction at the order of magnitude level. In practice, fewer than one scat-
terer is expected at S301’s pericenter for our assumed density profiles, so the local
time scales are more realistic.

Our time scale estimates implicitly assume stars are evolving through a localized
diffusion process. In reality, angular momentum and energy perturbations from a hand-
ful of massive perturbers exhibit a heavy power-law tail, such that orbital evolution
would be dominated by large, non-local jumps that can speed up the orbital evolution
dramatically [71].
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Schuhler, N., Spyromilio, J., Straubmeier, C., Sturm, E., Suarez, M., Tristram,
K.R.W., Ventura, N., Vincent, F., Waisberg, I., Wank, I., Weber, J., Wieprecht,
E., Wiest, M., Wiezorrek, E., Wittkowski, M., Woillez, J., Wolff, B., Yazici, S.,
Ziegler, D., Zins, G.: First light for GRAVITY: Phase referencing optical inter-
ferometry for the Very Large Telescope Interferometer. A&A 602, 94 (2017)
https://doi.org/10.1051/0004-6361/201730838 arXiv:1705.02345 [astro-ph.IM]

[14] Lense, J., Thirring, H.: Ueber den Einfluss der Eigenrotation der Zentralko-
erper auf die Bewegung der Planeten und Monde nach der Einsteinschen
Gravitationstheorie. Phys. Z. 19, 156–163 (1918)

[15] Waisberg, I., Dexter, J., Gillessen, S., Pfuhl, O., Eisenhauer, F., Plewa, P.M.,
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