
Abstract. Relativistic velocity is a kinematic feature of micro-
objects (elementary particles). Their application to macro ob-
jects (stars, planets, asteroids, neutron stars, and stellar-mass
black holes) is currently under scientific discussion. This poten-
tial was recognized after Warren Brown discovered hypervelo-
city stars (HVSs) at the beginning of the 21st century. Jack
Hills predicted these stars in 1988 due to the dynamical capture
of a binary star by the central supermassive black hole (SMBH).
The acceleration mechanism due to momentum exchange in the
classical three-body problem provides the kinetic resource for

HVS formation by the gravitational capture of the remaining
component. The present threshold of the anomalous stellar
kinematics exceeds ��1700 km sÿ1 and can be reproduced by
some mechanisms as alternatives to Hills's scenario. HVSs can
arise due to the collisional evolution of stellar clusters, super-
nova explosions in close binary stars, the orbital instability of
triple stars, stellar captures from other galaxies, etc. Scenarios
with the participation of black holes with masses ranging from
stellar values to several billion solar masses are the most promis-
ing for the generation of anomalously high stellar velocities.
Hills's scenario has a special place in HVS studies, because,
being based on the accidental capture of a binary star by the
SMBH, it does not relate to the problem of the Galactic Center
population. This scenario predicts self-consistent statistics of
HVSs and captured stars which may be identified with S-stars.
The discovery of S-stars played an essential role in studies of the
Galactic Center; their dynamics have independently provided
incontestable proof of the SMBH's existence. This review
briefly discusses the history of the discovery and investigation
of HVSs and S-stars, provides an account of their observational
statistics, and describes their modeling methods in the classical
three-body and N body problems. We study the limits of the
effective acceleration of stars in the classical Hills scenario and
the modified mechanism that allows a change of one of the
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binary components to another SMBH. The acceleration ac-
quired by the star in a mutual field of two SMBHs can produce
stars with relativistic velocities (1=2 cÿ2=3 c). Using a self-
consistent probabilistic model combining the classical and mod-
ified Hills scenarios, we predict the formation probability of
HVSs in the Galaxy and of extragalactic stars with relativistic
velocities. We discuss the prospects of searches for stars and
asteroids with relativistic velocities by future space missions and
using new knowledge about the Universe.

Keywords: kinematic anomaly, dynamical capture, Hills's
scenario, S-stars, hypervelocity stars, stars with relativistic
velocities, supermassive black hole, galaxies

1. Introduction

The contours of the modern kinematic model of the Galaxy
appeared in the 1920s during the Great Debate between
Harlow Shapley and Heber Curtis [1, 2] about the size of
our Galaxy. The asymmetry in stellar motions found earlier
by Jacobus Kapteyn [3] was logically explained in Bertil
Lindblad's and Jan Oort's model of the differential rotation
of the Galaxy [4, 5]. As a result, stellar subsystems (disk and
halo) with different kinematic properties and, as later noted
by Baade [6], types of stellar populations, were singled out. By
the mid-20th century, a quite self-consistent kinematic model
of the Galaxy was established. The model naturally included
structures added later: `thick' and `thin' disks, a bulge, and
spiral arms. But the model was not finalized because there
remained objects not fit into the `organized' kinematics,
which were separated into a special class of stars with
anomalous kinematics. In the course of their study, their
nature turned out to be much richer than initially assumed,
which required a separate classification.

Initially, two classes of rapidly moving stars with a
velocity several times as high as the peculiar velocity of stars
in the solar neighbors were singled out. The nature of the
kinematic anomaly of objects from the first class was related
to the apparent accelerated motion of stars of one sub-system
(actually, the slowly rotating halo) relative to another (the
rapidly rotating disk). The kinematic anomaly of objects from
the second class was explained by real physical acceleration
from the disruption of binary stars due to the explosion of one
binary component as a type SN1b/c supernova. This idea was
first put forward by Fritz Zwicky [7] and later supported by
many observations [8, 9].

Other classes of stars with anomalous kinematics were
predicted, and, here, the enigma of the invisible mass in the
central parts of our Galaxy played a crucial role. Since the
mid-1970s, numerous pieces of evidence for the concentra-
tion of dark matter in the Galactic Center have been
obtained, in particular, from the analysis of the radial
velocity of ionized gas showing a `mini-spiral'-like motion
[10], as well as from spectroscopic studies of CO line
absorption in stars located within a one-tenth parsec central
region [11]. The monitoring of a small group of fast-moving
stars in the Galactic Center also suggested the presence of an
invisible object with a mass of several million solar masses
near the radio source SgrA� [12].

In the 1980s, it was unknown whether the central object
was a collection of dark remnants of the stellar evolution or a
single object, for example, a supermassive black hole
(SMBH). Exactly at that time, the idea of searching for
indirect confirmation of the central invisible object arose.

Jack Hills proposed and justified by calculations the scenario
of the dynamical capture of a binary star by the central
SMBH in the classical three-body problem [13]. During the
momentum redistribution, the regrouping of the binary
system by substituting one of its components by the SMBH
is possible, and the second stellar component can be ejected
with a velocity of several thousand km sÿ1. The discovery of
such stars, dubbed by Hills hypervelocity stars (HVSs), could
be evidence of the existence of an SMBH in the Galactic
Center.

But history goes its own way, and, in 2002, the captured
components of binary stars, or S-stars [14], were discovered.
They were named after the letter `s' in the word `arcsecond',
referring to S-stars being confined within a one-arcsecond
region centered in the radio source SgrA�. The first super-
velocity star with a heliocentric velocity of � 850 km sÿ1 was
discovered by Brown et al. in 2005 [15] in a study not directly
related to searches for HVSs.

The accidental character of the discovery raised new
interest in the problem of anomalous kinematics, which
turned out to be underexplored. Computer laboratories of
that time produced a wealth of numerical calculations
modeling different scenarios of HVS formation, including
the disruption of a binary system during a supernova
explosion, the tidal disruption of a dwarf galaxy passing
close to the Galactic Center, the dynamical evolution of a
thin disk around an SMBH, the dynamical capture of binary
stars and stellar clusters by the SMBH gravitational field,
and, actually, the Hills scenario [16±26].

All these scenarios can produce ejections of stars with a
space velocity of the order of several hundred or even a
thousand km sÿ1, which can exceed the Galactic escape
velocity at the given point of observations. This property
corresponds to the definition of an HVS as an object with
positive binding energy with the Galaxy. For our Galactic
Center, the second cosmic velocity, according toWu et al. [27],
who studied the distribution of the circular and escape
velocities with the galactocentric distance, is � 750 km sÿ1.
In the solar vicinity, the escape velocity is � 500 km sÿ1, and
in the halo, at a distance of 100 kpc, it is 250±300 km sÿ1.
These estimates improve in further studies of Galactic dark
matter.

Thus, searches for mechanisms of the efficient acceleration
of stars became timely. Here, especially interesting are
scenarios in which black holes with masses ranging from
stellar values to several billion solar masses play the key role,
for example, the `kick'-scenario of stellar impact scattering on a
cluster of stellar-mass black holes which, by falling towards the
central SMBH, pull the stars by rejecting them back with
typical HVS velocities [28]. The in-spiral scenario considers the
plunge of a 103ÿ104M� black hole to the Galactic Center
populated with a young stellar cluster [29]. The dynamical
friction arising here [30] leads to the ejection of stars with
velocities of several thousand km sÿ1. Despite the reproduction
of the observed HVS velocities, these scenarios disagree with
observations of the Galactic Center by requiring rich nuclear
stellar clusters inside the central milliparsec (1 mpc) [31].

TheHills scenario,which is based on the accidental capture
of a binary star by the SMBH, can explain the Galactic Center
population [31±33] and provides components for the scenario
`binary star and SMBH', whose existence is proved [34].
Another intriguing feature is the consistency of statistics of
HVS and S-stars, which could be components of one parent
binary star, which is a separate topic.
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By now, Buber et al. [35] have produced an open version of
the HVS catalog (41 HVS), including mainly the stars
discovered by Brown et al. [36]. The statistical study of HVSs
enabled generalizing their properties and analyzing their
spatial distribution, which proved to be anisotropic [37].
This feature is relaxed in the scenario of the pericentric
approach of a young stellar cluster to the SMBH, which
provides the outburst character of HVS generation and
`traces' the tangential to the cluster orbital motion [38]. The
statistics on discoveredHVSs are in good agreementwith their
birthrate as predicted by the Hills mechanism, about one star
every million years [13]. This group of stars is now used as the
learning matrix in the artificial neuron network for recogniz-
ing objects in big data, for example, in the Gaia catalogs [39].

The space velocity of known HVSs exceeds 1700 km sÿ1

[40], whereas theoretical estimates and model calculations
show that the Hills scenario can produce dynamical ejections
with velocities up to 0:1 c [26]. However, this is not a
kinematic limit: a change to one of the binary components
by another SMBH in the kinematic Hills scenario enables
relativistic ejections due to momenta redistributions in the
three-body problem [41, 42]. Although the birth of stars with
relativistic velocities in our Galaxy is impossible because of
the single central SMBH, which is firmly established from
Keplerian orbits of S-stars [43], their appearance there is not
ruled out. Numerous examples of merging galaxies [44] with
central parts hosting SMBHs illustrate the possibility of a
modified Hills scenario that can give rise to stars with
relativistic velocities [41, 42].

So far, this is a hypothetical class of stars with anomalous
kinematics. The physical justification of the existence of such
objects and probabilistic estimates of their abundance [45]
give hope that they will be discovered in the near future. To do
this, the astrometric barrier related to the photometric and
spectroscopic registration of solar-type stars at distances of
tens and hundreds of megaparsecs should be overcome. The
present review is particularly devoted to answering the
question of how ready we are to welcome this discovery.

The structure of this review is as follows. Section 2
provides a historical retrospect of the discovery of `flying'
stars and briefly describes the conceptual basis of the modern
classification of stars with anomalous kinematics. Section 3
describes the methods and results of numerical modeling of
the classical and modified Hills scenarios in the three-body
and N-body problem setup. We present the probabilistic
approach to numerical calculations, enabling us to estimate
the generation probabilities of S-stars and HVSs in our
Galaxy, formulate their survival criteria, and analyze the
calculated velocity spectra to justify the limiting space
velocities stars. Section 4 is devoted to the discovery of
S-stars and long-term monitoring of the Galactic Center.
Here, we provide a complete list of direct and indirect
confirmations of the presence of an SMBH near the location
of the radio source SgrA� in the Galactic Center. We discuss
the crucial role of S-stars in testing General Relativity (GR)
in the strong gravity regime. Section 5 fully reviews HVS
studies, including their search methods, the open catalog of
hypervelocity stars, and the discussion of observational
confirmation of central ejection, which is a distinctive feature
of the Hills mechanism [13]. In that section, we also present
the program of the search for HVSs by the Gaia space
telescope (Global Astrometric Interferometer for Astrophy-
sics). Section 6 discusses the prospects of searches for stars
with relativistic velocities by forthcoming space missions that

can address a modern astrometry challengeÐ the analysis of
photometric and spectroscopic detection thresholds of faint
objects at intergalactic distances. In conclusion (Section 7),
we discuss the prospects for new knowledge from studying
stars with relativistic velocities, new physics, and the improve-
ment of fundamental laws of gravitation.

2. Stars with anomalous kinematics

From ancient Greek science (5th±6th centuries BC), the
paradigm of immobile stars prevailed in astronomy for
almost two thousand years. Over this time, the background
of immobile stars played the role of a convenient reference
frame to study periodic phenomena related to the motion and
phases of the Moon, daily and annual changes in the Sun's
location in the sky, as well as the visible motion of the five
planets known at that time. The explanation for this fact,
possibly, is not related to the low sensitivity of astronomical
instruments in the pre-telescopic era: it took more than a
century after the invention of the telescope by Galileo Galilei
in 1609 before the paradigm changed. In addition, it is known
how highly accurate measurements by eastern medieval
astronomers wereÐ15 arcminutes (Ulugh Begh, the first
half of the 15th century) and during the flourishing of
European scienceÐaround one arcminute (Tycho Brage,
the end of the 16th century). Perhaps the unshakable
authority of the Hipparcos catalog and `The greatest
treatise' of Ptolemy was responsible for that. Needless to
say, even the revolutionary theory by Copernicus preserved
the concept of sphaera stellarum fixarum.

The Hipparcos catalog added by Ptolemy remained over
all this time the indisputable `top' of positional astrometry.
Each subsequent generation of astronomers matched the
results of their measurements with data on more than
1,000 stars from the famous catalog to improve the preces-
sion constant. This tradition was abandoned in 1718 by
Edmond Halley, the royal astronomer of Greenwich Obser-
vatory, who noticed a difference in the position of the three
brightest stars in the northern hemisphere: Arcturus, Surius,
and Aldebaran, compared to the Hipparcos±Ptolemy cata-
log, and made an inference about the proper motion of stars.
This discovery offered a qualitatively new approach for
studies of the Galactic structure, encouraged the construc-
tion of the first kinematic models, including the determina-
tion of the solar motion apex, and accelerated the solution to
the long-standing problem of determining annual stellar
parallaxes.

2.1 `Flying' and `runaway' stars:
early observations and interpretations
As long as visual methods were applied in astrometry, the
proper motions and coordinates could be measured only for
the brightest and closest stars. By the end of the 18th century,
when Maskelyne and Laland determined the proper motion
of about two dozen stars, some of them were poetically
dubbed `flying' stars. Thus, the historically first class of stars
with anomalous kinematics appeared. In the 19th century,
this class included a whole `pleiad' of candidate stars,
including Lacaille 9352, the Piazzi star (61 Cyg), Groom-
bridge 1830, the Kapteyn star, and in early 20th century the
Barnard star. By 1920, the nature of these `fast' or high-
velocity stars (as they are called in the western scientific
literature) was understood. They are stars of the late spectral
class with masses of several tenths of the solar mass moving
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with a space velocity of up to � 300 km sÿ1, significantly
higher than the peculiar velocity of near-solar stars
(� 20ÿ30 km sÿ1).

Lindblad's idea [4] on the differential rotation of the
Galaxy consisting of different mutually penetrating stellar
subsystems rotating around a common center was well suited
to explain these `flying' stars populating the slowly rotating
halo subsystem. By `falling' from high orbits, these stars are
accelerated to high velocities by the Galaxy's gravitational
field during the galactic disk crossing. However, this is a
visible effect of fast motion arising due to the different
directions of motions of stars in the disk and halo.

By the 1960s, one more group of high-velocity stars at
� 100±300 km sÿ1 moving opposite the `flying' stars was
found. They were young stars of the early (BÿA) spectral
class with masses of several solar ones, which were apparently
`escaping' from the disk into the halo. Following Walter
Baade's suggestion [46], they were dubbed `runaway' stars.
Their anomalous kinematics were explained by Poveda's
dynamical scenarios of the evolution of young stellar clusters
and O±B associations [47], which are accompanied by violent
collisional activity leading to stellar ejections from the cluster
and disruption of multiple (at least triple) stellar systems.

The disruption of binary stars could also result in the
accelerated motion of one of the components due to the
explosion of another component as SN1b/c supernova. This
scenario, suggested by Zwicky in 1957 [7], has a feature that
high-resolution radio observations can probe. Namely,
supersonically moving stars accelerated after the explosion
of the second companion should form head bow shocks in the
interstellar medium [8]. Both stars and pulsars, PSR 2224+65
(� 1000 km sÿ1) [9], for example, observationally supported
the kinematic anomaly.

Presently, based on Hipparcos observations, a catalog of
`runaway' stars within three kpc from the Sun is being
created. In addition, there is a photo-catalog of `runaway'
stars with head bow shocks detected in the infrared (IR)
range by the WISE (Wide-field Infrared SUrvey Explorer)
mission [8]. The propagation of interstellar shocks in a
homogeneous molecular medium with a magnetic field is
investigated using 3D hydrodynamic models. The shock
form is studied depending on the magnetic field orientation
and homogeneity, velocity, and laminarity of the stellar wind
and the parameters of the interstellar medium. Monte Carlo
radiation transfer calculations enabled bow shocks radiating
in the IR and radio bands to be simulated and their geometry
with actually observed fronts of runaway stars to be
compared, providing prospects to probe the physical condi-
tions and features of the ejection.

Presently, about 100 escaping stars are known, which is
acceptable for the statistical analysis which, in particular,
was carried out by Napiwotzky and Silva [48] by reconstruct-
ing the ejection trajectories of the `escaping' stars. The
reconstruction was performed by back-integrating in time
the equations of motion of the stars using their current
positions and velocities. This enabled the determination of
the ejection place, the initial ejection velocity, and the star's
mass at the moment of ejection. The obtained results were
plotted on an `initial velocity ejectionÐstar mass' diagram
that identified ten stars with a high initial ejection velocity
(350±500 km sÿ1) exceeding the Galactic second cosmic
velocity at the ejection place. Thus, the statistical method
uncovered a new class of stars with anomalous kinematics,
dubbed `hyper-runaway' stars. This name reflects, first, the

fact that they are unbound from the Galaxy, and, second, the
relation to the `runaway' stars, because the ejection occurred
in the upper disk layers in all cases. The first object of this
class a B-type supergiant, HD271791, was discovered in
2008 by Heber [49]. To date, nine stars `hyper-runaway' from
the disk and no longer bound to the Galaxy have been
discovered [36].

2.2 Prediction of hypervelocity stars.
Hills scenario in the classical three-body problem
As early as the beginning of the 1970s, Lynden-Bell and Rees
suggested that both active galaxies and `silent' centers of other
galaxies like the Milky Way can harbor SMBHs [50]. Some-
what later, the idea of indirect searches for the massive central
body appeared: in 1988, Jack Hills proposed the dynamical
scenario of capture of a binary star (BS) by a nonclassical
object such as a black hole [13]. Hills's calculations were
performed in the framework of Newtonian mechanics. For a
statistical ensemble of 250 initial configurations, the transi-
tion of a BS with component masses (1M�; 1M�) and the
major semiaxis (in the range of 0.01±0.1 a.u.) near an SMBH
with a mass of 104 ± 107M� was simulated. The initial
configuration assumed an arbitrary orbital phase of the
binary components and binary inclination to the SMBH
when passing at 1±10 a.u. The numerical modeling suggested
that one of the binary components can be ejected with a
maximal velocity of � 4000 km sÿ1.

Assuming a stellar density inside 0.25 pc around the
Galactic Center of 107M� pcÿ3 and a velocity dispersion of
80±250 km sÿ1, Hills estimated the birthrate of model
hypervelocity stars at 10ÿ4±10ÿ5 per year. Taking into
account the mean ejection velocity of such stars
(� 1000 km sÿ1), it is possible to evaluate that the character-
istic time for an HVS to escape from the Galaxy is a hundred
million years. This means that the number of such stars in the
Galaxy is about several thousand. This is an approximate
estimate because themodel ignores the survival probability of
the star during the ejection and galactic radius crossing, and,
mainly, the capture probability at distances appropriate for
HVS formation.

In this way, a new class of stars with anomalous
kinematics was predicted, which, like `hyper-runaway' stars,
had a positive binding energy with the Galaxy but higher
ejection velocity in the direction away from the Galactic
Center. The presence of an SMBH offers a new acceleration
mechanism of stars up to velocities that would earlier have
been considered measurement errors. There are other HVS
formation mechanisms.

2.3 Alternative scenarios for the generation
of hypervelocity stars
The acceleration of one binary component due to the
supernova explosion of the other limits the maximum
possible velocity of the star by the parabolic velocity from
the surface of the surviving component. This restriction, for
example, for a 3M� star (spectral class B ) with a radius of
2.3R� is about 700 km sÿ1. Even higher velocities (up to
1600 km sÿ1) can be obtained from the disruption of
extremely close binaries containing helium stars of 4±10M�
and neutron stars. Presently, there is observational evidence
of such rapid stars; for example, the pulsar PSR2224+65was
ejected with a velocity of � 1000 km sÿ1 [9], and the binary
white dwarf LP400-22 acquired a space velocity exceeding
800 km sÿ1 [51].
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Approximately the same velocity limit is obtained in the
dynamical scenarios considering collisions or close encoun-
ters of two BSs or a single and a binary star. In dynamic
scenarios involving a black hole, the kinetic energy of
ejections can be higher by one order of magnitude. Accord-
ing to formula (3) from paper [52],

veject � a

����������
GM

Amin

r
� 275

�����
M

m

3

r ����
m

R

r
; �1�

the maximum ejection velocity of a main-sequence star
(1±3M�) from the vicinity of an SMBH with a mass of
106M� can exceed 20,000 km sÿ1. Here, a is a coefficient of the
order of one, M and m are the SMBH and stellar mass,
respectively, and R is the stellar radius corresponding to the
inner Roche lobe size rcri. For a star in a pair with such a
nonclassical object as an SMBH, the survival condition is
compulsory: the minimum possible large semiaxis Amin of the
star±SMBH system should not be smaller than the tidal
radius. Equivalently, the stellar component should remain
inside its Roche lobe R � rcri � 0:4Amin

�����������
m=M3

p
; otherwise,

the star will be tidally disrupted.
One could expect higher accelerations around more

massive SMBHs. However, with increasing SMBH mass, its
proper size (the Schwarzschild radius) rsch � 2GM=c 2 also
increases. For an SMBH with a mass exceeding 108M�, the
Schwarzschild radius is higher than the tidal radius
rt � 24=3R

�����������
M=m3

p
, marking the distance of a safe encounter

of a star with the SMBH. The last bound orbit around an
SMBH lies at two Schwarzschild radii [53]. The equality
2rsch � Amin yields the limiting SMBH mass for a given star
mass Mcri�c 3��R=G�3 �1=2��32m�ÿ1 �1=2. However, the energy
of this orbit does not depend anymore on the SMBH mass,
U2rsch � GMm=�2rsch� � 1=4mc 2. Therefore, an SMBH with
mass M exceeding Mcri will not produce higher velocity
ejections. The limiting energy in the Hills ejection mechanism
means the limiting ejection velocity of stars.

To assess the maximum possible ejection velocity, one
should calculate the maximum possible momentum exchange
between BS components when passing the orbital pericenter
around the SMBH. Consider the mean motion of a BS in the
central field of amuchmoremassive third body (SMBH). This
enables us to reduce the three-body problem to a two-body
problem. By assuming the maximum momentum exchange
when the BS components (with equal masses and radii, for
simplicity) approach by the sum of their radii, 2R, after which
each of the binary components changes its motion to the
opposite, v! ÿv, the velocity change is 2v.Thus, the max-
imummomentum exchange is 2mv. As the exchange occurs at
the pericenter, the resulting velocity is vp�2v, where vp is the
velocity in the pericenter. The energy gain at the pericenter,
DE � m�vp � 2v�2=2ÿmv2p=2, can be translated into the
ejection velocity,

��������������������2DE=m�p
. By assuming a pericenter

velocity of the order of the parabolic one and estimating the
orbital velocity of the components from energy-momentum
conservation, it is possible to find the limiting ejection
velocities of stars with different masses in the field of an
SMBH with different masses. For example, for a main-
sequence star of the B spectral type with a mass of 3M� and
radius of 2:3R�, the maximum ejection velocity by an SMBH
with a mass of 106M� is estimated to be about 8000 km sÿ1.

The maximum ejection velocity from an SMBH with a
critical mass of 108M� for a 3M� star can be as high as
� 17;500 km sÿ1. Similar velocities are obtained for a 1M�

star. Theoretical estimates show that stars' maximum
possible ejection velocity by the classical Hills mechanism of
the dynamical capture of a BS by the SMBH gravitational
field is no higher than 0:1c [26].

2.4 Modified Hills scenario.
Prediction of stars with relativistic velocities
Ejection velocities like those in the classical Hills mechanism
can be obtained in other scenarios, for example, by the `kick'-
scattering of stars by a cluster of black holes [28], in-spiralling
of a �103ÿ104�M� black hole towards the Galactic Center
[29], as well as by the capture of a star by a binary SMBH [54].
The possibility of binary and multipole black hole formation
in galactic centers directly follows from the hierarchical
galaxy formation model. According to formulas (6) and (7)
from review [52],

tGWR � 108
�

A

R�

�4�
M

M�

�ÿ3
yr ; �2�

vGWR � 310

�
M

M�

�1=8� tGWR

108

�ÿ1=8
km sÿ1 ; �3�

for a binary SMBH with 106M� components and a major
semiaxis of one a.u. (� 50rsch), for which the coalescence time
due to gravitational wave emission tGWR is � 80 days, the
ejection velocity can reach 0:1c. For closer binary SMBHs
with a large semiaxis of� 5rsch, the coalescence time shortens
to 10 minutes, and the ejection velocity can attain �1=4�c.
Further shrinking of the binary SMBH orbit shortens the
coalescence time even more, reducing the probability of
accidental capture of a star at this stage to zero.

The idea to include a second (host) SMBH instead of one
of the BS components in the Hills scenario was proposed by
Guillochon and Loeb, who calculated this mechanism in the
three-body problem framework [41]. Their modeling showed
that the limiting ejection velocity in the modified Hills
mechanism could attain �1=3�c. This result was obtained
from the velocity distribution derived from more than 105

independent numerical simulations of scattering of a binary
system consisting of the host SMBH with mass M2 and the
ordinary star with mass M3, passing near the more massive
SMBH with mass M1. About 1% of the calculations with
circular binary orbits showed the maximum ejection velocity.
In these cases, the êight to the central SMBH occurred in a
parabolic orbit with an eccentricity of � 1 and a pericenter
distance of ten radii of the last stable orbit (20r 1sch). The
gravitational éeld of both SMBHs is homogeneous. Thus, a
new class of stars with anomalous kinematics, `semi-relativis-
tic stars', was announced.

Guillochon's and Loeb's [41] use of empirical relations
derived from Sari's numerical calculations [55] and the
admission of the binary orbit decrease to three-four
Schwarzschild radii of the second SMBH raised a question
about star survival during the ejection. It was necessary to
repeat the simulations in an approach of the modified Hills
scenario in the N-body problem framework describing the
stellar structure as gravitationally bound elements. Section 3
will present the methods and the calculation results demon-
strating a higher ejection velocity of up to c=2 [42]. The
dynamics of the star disruption enabled correcting condi-
tions of star survival and improving upon the fraction of
`successful' events that proved to be one order of magnitude
smaller than predicted in [41].
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Theoretical estimates of the maximum possible ejection
velocity in the modified Hills scenario allow even higher
velocities, �2=3�c, which can be obtained by taking into
account the full momentum exchange between the binary
components, resulting in a velocity increase of 2v at the
pericenter. As one of the binary components is an SMBH,
the orbital velocity of the binary system is

v �
�������������
2GM2

rt; 2

s
;

where rt; 2 is the tidal radius of the host SMBH. Then, the
energy increase at the pericenter, considering the relativistic
velocity addition law, is

DE � mc 2
�
1ÿ ~v 2

c 2

�ÿ1=2
ÿmc 2

�
1ÿ v

2
p

c 2

�ÿ1=2
;

where ~v � �vp � 2v�=�1� 2v vp=c
2� can be transformed into

the ejection energy. The ejection velocity is

veject � c

���������������������
1ÿM 2

3 c
4

DE 2

r
:

Figure 1 shows the ejection velocity of the star as a
function of its mass in the modified Hills scenario [42]. The
estimates are obtained for stars with masses of �0:3ÿ1�M�
paired with an SMBH with a mass of 4:5� 105M� at the
pericenter of the central SMBH with a mass ranging from
106M� to the critical value Mcri, depending on the star mass.
Thus, the relativistic dynamics in the modified Hills scenario
can explain the origin of anomalous stellar velocity compared
to the speed of light.

2.5 Classification of stars with anomalous kinematics
The above data show that the modern kinematic hierarchy of
stars with anomalously high space velocities includes five
classes:

(1) `flying stars' (4 300 km sÿ1);
(2) `runaway stars' (4 300 km sÿ1);
(3) `hyper-runaway stars' (5 400 km sÿ1);
(4) `hypervelocity stars' (5 700 km sÿ1);
(5) `stars with relativistic velocities' (5 �1=3�c).
Here, the notion of class is rather conditional because of

the phenomenological separation of objects. Interestingly,

unlike the third and fourth classes, stars in the first two classes
were first discovered and only after that interpreted. As
mentioned in Section 2.1, the `rapidly escaping' stars were
first singled out on the reconstructed `star ejection velocityÐ
mass' statistical diagram, and, one year later, Heber obtained
the first observational confirmation of such stars: HD271791,
a class B supergiant with the spatial velocity exceeding the
escape velocity at the ejection point [49].

The first hypervelocity star was discovered by Brown et al.
in 2005 at a heliocentric distance of � 70 kpc [15], although
such stars were predicted by Hills already in 1988 [13]. By
now, several dozen such stars are known. However, class five
stars with relativistic velocities have not been discoveredÐ
they are hypothetical objects so far.

Note the predictive capabilities of numerical simulations
that played an essential role in the discovery of new classes of
kinematic anomaly. We consider them in the next section.

3. Numerical modeling of Hills scenario

The exploration of rare objects like HVSs is based on the
probabilistic approach enabling one to find intervals of the
rare events and their correlations. This standard approach in
the epoch of supercomputers investigates a large statistical
ensemble of initial states to fetch `successful' events, HVSs in
our case. The method has two modeling stages: first, in the
three-body problem, and then, in the N-body problem
formulation.

The initial state is a spatial configuration of three bodies,
including the internal orbit of a BS with arbitrary component
phases and a major semiaxis and the external randomly
oriented orbit of BS motion around a central SMBH. The
external orbit is elliptical with an apocenter distance of 105R�
to imitate BS approach to SMBHs from `infinity'.

An initial set of 104 proper BS orbits were randomly
generated for a fixed pericenter distance of the external orbit
around a central SMBH with a mass of 3:4� 106M�. The
well-studied close binary MRCyg was used as the prototype
in all variants. This binary has the component masses
m1 � 4:5M� and m2 � 2:5M� with radii R1 � 4:07R� and
R2 � 3:17R�, large semiaxis A � 11:3R�, and orbital velo-
cities 122.68 km sÿ1 and 220.83 km sÿ1, respectively.

BSs with a wide range of large semiaxes were modeled:
from close binaries with separations comparable to the star
sizes to wide systems [55]. Five initial values of A were
considered: 11:3R�, 56R�, 125R�, 282R�, and 425R�.
Pericenter distances varied in the range bounded by the BS
tidal radius estimated from the balance of tidal forces
Ft � GM�m1=r

2
t ÿm2=�rt � A�2� and the BS self-gravity

Fsÿg � Gm1m2=A
2 from above and by the tidal radius of

each component from below. For example, for a star with a
mass of 4:5M� and radius of 4R� captured by an SMBHwith
a mass of 106M�, the tidal radius rt is 310R�; by crossing it,
the star will be tidally disrupted. As a result, BS orbits with
rp 2 �rt ÿ 150rt�were considered. Thewhole statistical ensem-
ble of the initial three-body systems with arbitrary orbital
phases of the components and binary inclinations comprised
1,240,000 configurations.

3.1 Analysis of the velocity spectrum
in the classical Hills scenario. Three-body problem
The search for HVSs in model calculations is based on the
analysis of the total energy of each binary component over
one orbital revolution around the SMBH. It is reduced to
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Figure 1. Velocity of a star as a function of its mass ejected from a binary

system with an SMBH (4:5� 105M�) passing near the central SMBH

(masses are shown in the figure) [42].
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integrating Newtonian equations of three-body motion in the
velocity formulation of the Verlet and Weis algorithm [56].
The ejected object is the BS component with total positive
energy after one orbital revolution. The kinetic energy of the

ejection will be determined by the total energy increase DE
provided that the ejected component will go to infinity with
zero potential energy. This simple assumption enables
estimating the ejection velocity veject � a 0

���������������
2DE=m

p
, where
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Figure 2. Velocity distributions of ejected BS component as obtained from numerical modeling of Hills scenario in the three-body problem formulation

[55]. Calculations for a BS (4:5M� � 2:5M�) passing by an SMBH with mass 3:4� 106M� for three arbitrary rp (three plots in a row). Each row

corresponds to five BS major semiaxes: (a) 11:3R�, (b) 56R�, (c) 125R�, (d) 282R�, (e) 425R�. Inserts show values of rp and number of HVSs Neject.
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a 0 is the coefficient of the order of one. This information
yields the velocity spectrum characterizing the dynamics of
the statistical ensemble from 104 orbital trials calculated for
fixed rp and A (Fig. 2).

The HVS candidates (Neject) with veject > 750 km sÿ1,
according to the criterion by Wu et al. [27], are selected from
the velocity distribution, yielding the ejection probability as
the ratio of `successful' events to the total number of trials,
pej � Neject=10

4. Figure 3 shows the ejection probability pej as
a function of rp for all semimajor axes of BSs. Unlike close
binaries giving `guaranteed' stellar ejection (pej � 0:6ÿ0:8)
from the SMBH vicinity at small rp 4 4rt, wide binaries were
first ignored due to a high disruption probability before they
reached the tidal radius. However, numerical simulations of
binary star scatterings on SMBHs showed that wide binaries
(A! 500R�) significantly increase the HVS ejection `corri-
dor'. Thus, HVS formation can effectively occur within
� 1 mpc, depending on the BS major semiaxis, and the
HVS, pej ejection probability decreases by orders of magni-
tude (< 10ÿ3).

In order to describe realistic ejection from the SMBH
vicinity due to binary star capture, a much larger number of
factors should be taken into account. However, even at this
description level, it is clear that probability pej is only one
component of the HVS formation probability in the Galaxy.
At least three additional factors should be considered: the BS
capture probability into the potential HVS generation zone
pc, the survival probability of the ejected star ps, and the
probability of preserving the hypervelocity over the entire
galactic scale pg. To assess the third factor, the energy losses of
an HVS moving in the regular field of the Galaxy are derived
from the calculated velocity spectra. The model Galactic
potential includes the contributions from the disk, bulge,
halo, and dark matter [57]. The modeling of `free paths' of the
ejected stars in the collisionless Galactic potential suggested a
high value of pg guaranteeing HVS status up to the Galactic
outskirts at 200 kpc [55].

The point-like representation of the stellar components
enables predicting their survivability during close fly-bys near
SMBHs using its tidal radius calculated from the theory of

gravitation. A more rigorous estimate of the survival
probability of a star ejected from the SMBH vicinity required
calculations in the N-body problem frame, where N is the
number of structural elements of the star.

3.2 Survival criteria of stars ejected
from the SMBH vicinity. N-body problem
The N-body modeling was first applied in physics to study
and predict properties of matter consisting of atoms interact-
ing according to a specific law. The numerical modeling of
interacting N atoms was dubbed the method of molecular
dynamics, which enables investigating a wide range of
physical problems.

By analogy with matter or the Galaxy, where it is possible
to trace the motion of separate atoms or stars, a star could be
represented by a collection of N individual structural
elements. In this case, we could `watch' the change in the
stellar state under the action of tidal forces and estimate the
limiting flyby distance where the star may still avoid fatal
destruction in the SMBH gravitational field.

Calculations in the N-body formulation preserve the
probabilistic approach, involving a random statistical ensem-
ble of the initial orbital configurations of the star in the
SMBH field with an arbitrary orbital inclination and
pericenter distance. The SMBH is considered a point-like
source, while the star is a finite-size object comprising N
identical structural gravitationally interacting elements. The
elements are taken as spheres with a fixed radius and an initial
polytropic and homogeneous radial density distribution. The
gas pressure is imitated as a prohibition on elements
approaching due to gravitational interaction. The star can
change its form and be destroyed by keeping the total volume
of the fragments [26].

The star's motion in the SMBH central field is the motion
of N structural elements written in the Newtonian form. The
equations of motion are integrated using the velocity formula-
tion of theVerlet andWeis algorithm [56], conserving the total
energy,momentum, and angularmomentum. In theCartesian
coordinates, the equations of motion have a simple form:

Mk
d2xk

a

dt 2
� ÿ qU

qxk
a
; k � 1; . . . ;N; a � 1; 2; 3 ; �4�

where U � ÿ1=2PN
i�1
PN

j�1i 6�j GMiMj=ri j is the gravitational

interaction energy of the star's elements.

This simple (call it `gravitational') stellar model is
computationally cheap and enabled us to effectively carry
out a statistical suite of simulations to find the key stellar
parameters, including its mass loss and the impact parameter
b � rt=rp characterizing the penetration of the star `under the
barrier' of the tidal radius rt. Figure 4 illustrates the dynamics
of tidal deformations of a star captured by the SMBH field
(106M�) for different flybys [26].

The numerical results suggest that, in the polytropic
model with index n=3, the star plunges much deeper `under
the tidal radius barrier' (b � 3:5), and themass-loss can attain
� 80%. In contrast, in the homogeneous ball model, already
� 10% mass-loss destroys the star, although its plunging
`under the tidal radius barrier' corresponds to b�1:38.
Importantly, only part of the envelope is lost during the
short-time Roche-lobe overfilling by the star's rarefied
extended outer envelope, and the star itself is preserved.

The obtained criteria were checked by modeling tidal
destructions of stars in the SMBH field with hydrodynamical
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Figure 3. Probability of BS ejection from a binary system (4:5M��2:5M�)
as a function of rp for an SMBH with mass 3:4� 106M�. Curves are
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3D codes using Euler-Lagrange grid methods and comparing
them with analytical calculations based on the affine
formalism [58]. Such calculations were initiated already at
the beginning of the 1980s by the problem of the nature of the
brightest outbursts ubiquitously observed in galactic nuclei.
Starting from papers by Lynden-Bell [59] andDokuchaev and
Ozernoy [60], these outbursts are related to the possible tidal
disruptions of stars by SMBHs, which occasionally (due to
the nonstationary accretion) `reanimate' an SMBH by turn-
ing it into a quasar. However, there are other reasons for
SMBH rebrightenings, whose contributions could be
improved by statistics on tidal disruptions of stars, but
which remain quite uncertain thus far [61, 62].

A comparison of the simple `gravitational' model of a star
[26] with more realistic models of the stellar internal structure
(for example, the model of embedded ellipses by Ivanov and
Novikov [63] or the hydrodynamic model by Guillochon and
Ramirez-Ruiz [64]) showed that the output parameters of the
homogeneous ball presented in the `impact parameterÐ
stellar mass-loss' diagram fall on the region of the middle
model values [63, 64] calculated for n � 3 and n � 3=2
polytropes (Fig. 5).

To estimate the survival probability of a star ejected as an
HVS, we used a statistical ensemble of 350 initial configura-
tions of the binary star MRCyg with an arbitrary orbital
phase of the components, binary orbital inclination, and
pericenter distance rp 2 ��1=3� rt ÿ 4rt� [65]. The orbital
motion of the binary components and their mutual gravita-
tional interaction corrected the star's survival criteria [55, 65].
In the N-body modeling, three final states of the close binary
system after its approach to the SMBH have been distin-
guished: the destruction of the star, the coalescence of the
components into a single star, and the separation of the
components into two unbound orbits, the outer of which is
identified with the HVS candidate (Fig. 6).

Calculations involving more massive SMBHs (5 106M�)
revealed the dependence of the mass-loss rate and themaximal
ejection velocity on the pericenter approach and the SMBH
mass (Figs 7, 8) [26]. For the polytropic model, the mass loss
has not exceeded 25%of the initial mass, and the dispersion of
structural fragments has not exceeded double the initial stellar
radius. Thus, the calculations yielded the criterion (the 25%
mass-loss level) of the structural entity conservation of a star
approaching an SMBH, which was two-three times smaller
than the theoretically admissible tidal radius estimate.

The statistics on the final states yielded the survival
probability estimate of a 4:5M� star ejected as an HVS from
the SMBH (106M�) vicinity in the Hills scenario (Fig. 9).
According to computations [26, 65] carried out in the three-
body and N-body setups, the survival probability of the star
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Figure 4.Model calculations in theN-body formulation (N � 3600) of the

dynamical evolution of a binary star (4:5M�, 4R�) during pericenter

passage around an SMBH (106M�) [26]. First four rows are for the

homogeneous ball model tested for orbits with rp: (a) 275R�, (b) 250R�,
(c) 220R�, (d) 200R�. Fifth row (e) corresponds to a polytropic star

(n � 3) in orbit with rp � 140R�. Evolution proceeds from left to right.

Tidal radius in this problem is rt � 310R�.
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Figure 6. Modeling of dynamical evolution in the N-body formulation

(N � 5300) of the components of MR Cyg (4:5M�, 4R�; 2:5M�, 3:2R�)
during pericenter passage around an SMBH (106M�) [65]. BS components

are approximated as polytropic balls (n � 3) and computed for orbits with

rp � 85R�, 150R�, 300R�, 500R� (plots a, b, c, d, respectively). Shown

are examples of possible consequences of the pericenter passage: destruc-

tion of the components (a), ejection of the primary component ofMRCyg

as an HVS (veject � 2760 km sÿ1) with a 15%mass-loss (b), coalescence of

the components (c), and tangential ejection to the pericenter arc of the

secondary component of MR Cyg as an HVS (veject � 2300 km sÿ1)
without mass-loss (d).
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vanishes for rp < 85R�, which is �1=3�rt, and by approaching
the SMBH at the distance rp 2 �1=3rt ÿ rt�, the star can
survive. At distances exceeding 3rt, the survival probability
is unity, since no HVS ejections can occur there.

These results revealed an effect similar to the tunnelling
effect in nuclear physics: an capability of the star to plunge

`under the tidal radius barrier' for a short time, avoiding tidal
disruption and `extracting' acceleration for the ejection as an
HVS. The pericenter passage lasts for seconds, as opposed to
a binary period of � 50 days in the model calculations.

Thus, the model results in the N-body problem formula-
tion suggest that it is insufficient to rely only on the velocity
distribution to probe the HVS status.

3.3. Dynamical model of capture
of a binary star into the SMBH vicinity
According to recent observations, the stellar populations inside
the central parsec number tens of thousand stars; at 0.1 pc from
the center, their number decreases to several hundred, at 0.01 pc
there are � 30 B-stars, and inside the central milliparsec (mpc)
there is onlyone star [32±34]. Such low statistics suggest a random
character of stellar captures in the central Galactic region.
Therefore, to estimate the capture probability by the SMBH, we
have chosen the model of layer population of the central Galaxy
[66] consistent with the observed stellar density gradient.

The population model reflects the present-day diffusive
SMBH growth stage when the SMBH has already been
formed and changes its mass due to scattering (diffusion) of
stars from nuclear clusters during their pericenter passages.
This is a long-lasting process determined by the tidal braking
of stars in the SMBH field tdif � v 3=�pG 2rclMSMBH�, where
v is the velocity dispersion of stars of the order of the
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Keplerian velocity, rcl is the mean density of the central
cluster, andMSMBH is the SMBH mass.

Initially, the model cluster stars are in regular orbits
confined to a spherical layer 0.01 pc< r < 0.1 pc. After a
series of random pair approaches, the stellar orbits get
perturbed, leading to the `fall' of some stars into the region
< 1 mpc centered on the radio source SgrA�. This is the limit
justified by calculations of the region of potential HVS
generation [55] by the Hills mechanism [13]. Therefore,
another component that remained after the HVS ejection
may be an S-star candidate.

The central population model [66] used the integral
Galactic three-component (disk, bulge, halo) rotational
curve calculated from high-resolution CO and HI spectro-
scopy and OH and SiO infrared star masers [67]. `Sewn' from
two branches, the external and internal, the rotational curve
(Fig. 10) characterizes the SMBH influence sphere, which
controls the star motion at r < 1 pc according toKepler's law
and demonstrates the effect of the Galactic potential on stars
in orbits more than one pc away from the center. The external
branch of the rotational curve reflects the real population of
stars in all Galactic subsystems, which enables an extrapo-
lated estimation of the dynamical mass clustered within
0.01 pc< r < 0.1 pc to predict the central Galactic popula-
tion without mass segregation (Fig. 10).

The mean time of `expulsion' of a BS from the spherical
layer into the r < 1 mpc region is estimated through the time
between two subsequent orbital perturbations t and the
number of single perturbations n, i.e., t � tn. By analogy
with the theory of collisional processes, t is equivalent to the
free-path length l for a given velocity dispersion sV �
60 km sÿ1 according to the circular rotational velocity [67].
Free-path length l, in turn, is determined by the effective
scattering radius reff � 2Gm=s 2

V that characterizes the dis-
tance between stars with mass m at which their gravitational
interaction energy matches the kinetic energy.

Each perturbation changes the orbital pericenter, whose
location is recalculated from the equation of motion by
assuming that the BS remains bound in the central SMBH
field. This approach significantly simplifies the analysis of
perturbations, not requiring the direct calculation of the BS
orbit. The capture event corresponds to the BS pericenter

crossing the potential HVS generation region at a distance of
one mpc from the SMBH.

The value inverse to the average `expulsion' time is the BS
capture probability into the potential HVS generation region
pc. All possible initial BS locations in the spherical layer
(0.01 pc< r < 0.1 pc) from which the star can be expulsed
yield a total capture probability of pc � 2� 10ÿ5 per year.
Also, it is necessary to consider that, in numerical experiments
[55], ejections of one of the BS components occurred at
rp < 1 mpc, warranting the capture of the second BS
component as an S-star with a probability of pc�rp=1 mpc�3.

Therefore, the HVS formation probability in the Hills
scenario p is estimated as the joint probability of the
occasional passage of a star near an SMBH at distances
closer than one mpc, which would result in the simultaneous
ejection of one of the BS companions and capture of another
component. Here, the star's velocity must be sufficient to
overcome the SMBH potential barrier (>750 km sÿ1 [27]) to
become an HVS, and the star should avoid destruction by
keeping its high velocity on the entire Galactic scale: p �
pc�rp=1 mpc�3pej ps pg.

3.4 Calculated population of S-stars in the Galaxy
As HVS generation and secondary component capture are
considered by one Hills mechanism, their populations should
be correlated. This enables us to predict the statistics of
S-stars and their mass and semimajor axis distributions in
SMBH±S-star binaries. The essential parameter is the HVS
ejection velocity veject (see Section 3.1). The ejection velocity
can be used to estimate the energy carried away by the HVS
star from the three-body system, and the remaining energy
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mSv

2
p

2
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2
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2
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rp
�5�

is spent sustaining the SMBH±S-star pair with the semimajor
axis a � �ra � rp�=2, where vp and rp are the velocity and
distance of the captured star at the pericenter (where the HVS
is ejected from), and ra is the apocenter distance calculated
from the equation of motion
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Here,meject andmS are the masses of the ejected and captured
BS components, MSMBH is the SMBH mass, U�r� is the
potential energy of the captured secondary component in
the SMBH gravitational field, and M is the angular
momentum.

Analyzing the whole statistical ensemble of the initial BS
configurations makes it possible to construct the orbital
distribution of the secondary BS component captured by the
SMBH. For the most probable BS capture generating an
HVS, a compact S-star orbit arises with the major semiaxis in
the narrow range of �3ÿ4� � 104R� (Fig. 10) [68]. The orbits
of observed S-stars are larger,A 2 �0:2ÿ6� � 106R� [34]. One
of the reasons for this discrepancy is likely to be related to the
HVS generation condition realized at small rp. As a result, the
captured component has a more compact orbit. Loosening
the ejection condition for arbitrary velocity, not necessarily
an HVS, yields wider S-star orbits consistent with observa-
tions.

Other reasons for the inconsistency may indicate different
S-star formation scenarios. For example, according to
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Figure 10.Logarithmic rotational curve of the Galaxy [67]. Curve is `sewn'

from two branches: the inner one (r < 1 pc), dominated by SMBHgravity,

and the outer one (r > 1 pc), controlled by theGalactic potential. External

branch is extrapolated into the inner region r < 1 pc (dashed curve) to

estimate the central population.
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calculations byLoose et al. [69], during natural star formation
in the Galactic Center, gas is effectively kept in the deep
potential well and is used for star formation. Calculations by
Fargione et al. [70] suggest that the origin of S-stars may be
related to the tidal stripping of young stellar clusters during
their passage near the central SMBH; the young, dense stellar
cluster Arches may provide an example.

The destruction of nearby Galactic satellites can also lead
to the appearance of central S-stars. Presently, 15 stellar
streams have been discovered by the DES project [71], which
is evidence of activity of such processes. The observational
selection effects can also affect the observed distribution on
major semiaxes, because stars inside the central 1 mpc have
remained unavailable for observation so far.

Numerical calculations in the Hills scenario predict the
Galactic Center S-star population from the relation between
the time of a binary star capture by the SMBHand theGalactic
age (� 13:6 billion years), provided that an HVS ejection
results from the capture. The evolution time of S-stars is
determined, as with ordinary stars, by the nuclear burning
rate. Magnetic and/or gravitational braking, which could
accelerate stellar evolution, are not important evolutionarily
[52, 72].

This conclusion is well illustrated by Fig. 11, showing the
dependence of the BS capture time on its major semiaxis A
and rp. Here, model statistics on S-stars [68] as obtained from
modeling 250,000 initial configurations with a fixed major
semiaxis are also presented. This finding required correcting
the statistics on S-stars using the selection factor on the major
semiaxis, which is estimated as the fraction of model BSs in
their total number determined by the initial distribution over
A [73±76]. This approach is justified if the A-distribution of
stars is the same in both the central Galaxy and solar vicinity.

To take into account the effect ofmass segregation of stars
on S-star statistics, the mass spectrumwas convolved with the
lifetime of S-stars, which was assumed to be the same as for
main sequence stars. The mass spectrum was taken as the
initial mass function (IMF) dN �Mÿ1:35dM for binary stars
in the solar vicinity [77±79] and dN �Mÿ2:35dM for single
stars [80]. Both IMFs give almost identical results (Fig. 12)Ð
only a tiny fraction of BSs could eject HVSs and hence
populate the Galactic Center by S-stars over the SMBH

lifetime. Integrals under the curves in Fig. 12 in the mass
interval �0:5ÿ5�M� give the corrected number of S-stars
(� 1000 ± 2000) accumulated over the Galactic lifetime in its
center.

S-stars presently observed are classified as B-stars with a
mass of �3ÿ3:5�M�, corresponding to the theoretical S-star
population in this mass interval of 5. It is not surprising that
modern observational capabilities do not allow us to discover
stars at a distance of one mpc from the center. Interestingly,
the Kroupa mass spectrum [81] and the spectrum obtained
from observations of the Arches nuclear cluster [70] turn out
to be close to the Salpetermass spectrum [80], which supports
the above estimate of the number of S-stars around the
SMBH (r < 1 mpc).

3.5 Formation probability
of hypervelocity stars in the Galaxy
Each formation scenario of HVSs can produce only a fraction
of their number. For example, in the model of occasional
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capture of binary stars, assuming their population around the
SMBH in the 0.1±0.01-pc layer, the HVS formation rate is
� 10ÿ5ÿ10ÿ7 per year.

Hills derived the geometrical probability of BS capture
with major semiaxis A � 0:01 a.u. into the SMBH vicinity
with a radius of 1 a.u. at� 10ÿ4 per year, considering that the
number of BSs with suchA is� 1%of their total number [13].
The capture probability increases by an order of magnitude
for wider BSs with A � 0:1 a.u. inside 10 a.u. around the
SMBH.

By analyzing the HVS formation rate in alternative
scenarios, Perets formulated some dynamical and evolution-
ary constraints on the nature of HVSs [82]. These estimates
are based on the idea that HVS formation and the secondary
BS component capture should be equally probable. The
modeling by Sesana et al. [29] of the in-spiral scenario yielded
the fraction 0.05 of HVS ejections from 10,000 hypothetical
BS captures. In this scenario, stars of the nuclear cluster with
a 5000M� black hole are effectively scattered during its spiral-
in, `plunging' toward the Galactic Center bottom with the
central SMBH. Based on present-day statistics on Galactic
HVSs (� 100 stars), the number of captured stars into the
central 0.01 pc around the SMBH was estimated to be
100=0:05 � 2000 [29, 82]. Taking into account the duration
of the flight of anHVS (� 108 mln yr) ejectedwith a velocity of
� 1000 km sÿ1 from theGalaxy (� 100 kpc), Perets estimated
the capture probability as 2000=108 � 2� 10ÿ5 per year. This
estimate also corresponds to the HVS formation rate. But
the requirement that the central 0.01 pc around the SMBH
harbor 2,000 B-stars clearly contradicts the latest observa-
tions [31±33].

Analyses of ejection velocities,modeled in the kick scenario
of stellar scatterings on a cluster of stellar-mass black holes
near the SMBH [19, 28], showed that stellar ejection mainly
occurs with velocities < 100 km sÿ1. Taking into account the
proportion of ejections with velocities> 800 km sÿ1 and using
the observed number of Galactic HVSs � 100 HVS, the
number of stars ejected with velocities < 100 km sÿ1 that did
not overcome the SMBH gravitational barrier was found to be
18,000, following from 100�100=800�ÿ2:5 [19, 82].

Considering that the HVS lifetime as a star with a mass of
3±4M� is about a hundred million years, the HVS formation
rate was estimated to be 18;000=108 years� 10ÿ4 stars per
year [19]. This is a lower limit, because most stars do not
scatter beyond the SMBH vicinity. Assuming this HVS
birthrate, the Galaxy should contain around 104 HVSs, if
the time to fly from the Galaxy is � 108 years. This implies
that the HVS density near the Sun is � 1 star per cubic kpc3.

The in-spiral [29] and kick-scattering [19, 28] scenarios
a priori demand a continuous stellar density distribution
around the SMBH, which is not supported by observations.
Current observations of the central 100-mpc region reveal a
cluster of stars with chaotically oriented orbits. The main
population consists of very massive young B-stars, and one
third is represented by old red giants [31]. The population of
this cluster (300±500 stars) does not coincide with the number
predicted by different scenarios [19, 28, 29]: it yields an HVS
birthrate 100 times as low (� 10ÿ6 per year), as is well
reproduced by the Hills mechanism and estimate of
� 10ÿ2 HVS per cubic kpc3 around the Sun. Probably, this
is a lower estimate because most HVSs can be ejected with
high velocities and leave the Galaxy.

The appearance of HVSs in the Galaxy can also be
related to their ejections from centers of other galaxies.

Such hypothetical ejections, for example, from the nucleus
of the Andromeda galaxy, were studied by Sherwin et al. [20]
who showed that the Hills scenario can provide � 1500
`runaway' stars inside the virialized Galactic halo. Bromley
et al. [17] produced a virtual catalog of stars ejected from the
Galactic Center, whose trajectories were re-integrated taking
into account the Galactic potential. This enabled construct-
ing a virtual HVS galactocentric distribution that can be
used to make comparisons to observed and as yet undiscov-
ered HVS.

3.6 Modeling of stars with relativistic velocities
As noted above, the classical Hills scenario constrains the
stellar ejection velocity by 0:1c, which directly follows from
the theory of gravitation and black hole physics. Numerous
calculations by different authors [16±20, 26, 55, 65, 66] in the
three-body and N-body problem formulation support this
theoretical conclusion. Summarizing the findings of Sec-
tion 2.3, we can say that, for each star of massM�, there is an
SMBH with the limiting mass Mcri capable of giving the star
the maximum possible gravitational acceleration acri. If this
star moves in the vicinity of a more massive SMBH thanMcri,
the kinetic resource for acceleration remains the same. This
limitation, however, is relaxed in the case of dynamical
capture of a binary system, one of the components of which
is also an SMBH (call it the host SMBH). This is the modified
Hills scenario. Numerical simulations of this scenario were
carried out similarly to calculations in the classical Hills
scenario [13].

A `bank' of arbitrary binary orbits (200,000 initial
configurations) was created in the three-body problem
formulation. The analysis of the calculated velocities of the
ejected stars (Fig. 13) enables us to select those binaries
which produced ejection velocities exceeding 0:3c. Another
modeling in theN-body problem formulation was performed
for these systems to check the tidal disruption of a star
consisting of 4,000 gravitationally bound structural ele-
ments. The host and central SMBHs were assumed to be
point-like objects.

In simulations in [42], a binary system, including an SMBH
with mass M2 � 4:5� 105M� and a star with mass m and
radius R, was studied in four variants: (1M�; 1R�), (2M�;
1:6R�), (3M�; 2:55R�), and (4:5M�; 3:3R�). The major
semiaxis of the binary system a2 was determined from the
analysis of the tidal radius of the star in the host SMBH field.
The fall of the binary towards the central SMBH
(M1 � 4:5� 106M�) in an elliptical orbit with an apocenter
of 105R� and pericenter of rp, estimated from the disruption
condition of the binary system components, rp < 24=3a2�
�M1=�m�M2��1=3, was calculated. The orbits were numeri-
cally integrated in the Newtonianmechanics using the velocity
Verlet±Weis algorithm [56].

The change in the specific total energy of the star over one
orbital revolution around the central SMBH enables identify-
ing the ejection event for a given energy increase. Otherwise,
additional estimates of the specific binding energy of the star
with the host and central SMBH are needed to distinguish the
dynamical `re-capture' of the star by the central SMBH. The
model ensemble of the initial three-body configurations
provided a statistically significant number of HVSs with
relativistic velocities, dynamical `re-captures', and so-called
drifting ejections when the energy is insufficient for the
ejection but the star gets unbound from two SMBHs and
freely drifts in their surroundings [42].
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The ejected star velocity distributions depending on its
mass can be used to estimate the maximal and mean ejection
velocities (Fig. 13). A tendency toward increasing maximal
ejection velocity with decreasing stellar mass and rp can be
seen (Fig. 14).

Note that the tidal radius of a star with mass 1M�, 2M�,
3M�, 4:5M� in the central SMBH field is 208R�, 264R�,
367R�, and 416R�, respectively.Maximum ejection velocities
were reached at much closer passages, which can disrupt the
star by the tidal field of both SMBHs.

Numerical experiments [42] done for a 1M� star show
that, when passing near the SMBH at a distance of 100R� in
87 trials, the three-body calculations led to an ejection velocity
of above 80,000 km sÿ1. N-body calculations confirmed the
ejectionwithout disruption. Thismeans that the probability of

ejecting a 1M� star with a relativistic velocity from 104 initial
orbital configurations with rp � 100R� is � 0:008.

The same statistical ensemble, calculated for orbits with
rp � 150R�, yields only 20 relativistic ejections confirmed by
N-body calculations, which decreases the relativistic ejection
probability by a factor of four. With increasing pericenter
distance, relativistic ejections of stars become rare and
disappear altogether. With increasing stellar mass, the
probability of ejection with a relativistic velocity
(>80,000 km sÿ1) sharply decreases to zero.

Undoubtedly, we are dealing with a rare random event
that requires a combination of factors, including a low stellar
mass and the star's ability to penetrate under the tidal radius.
In these calculations, the maximum impact parameter
b � rt=rp was 1.55 and 2.7 during passages near the central
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and host SMBH, respectively. Figure 15 shows parts of
orbital passages for different orbital configurations from a
set of events with stellar disruptions, ejections, and dynamical
re-captures by the central SMBH. For 200,000 initial orbital
configurations, the probability of ejection with a relativistic

velocity is 5:5� 10ÿ4 [42]. The next step is to estimate the
realization probability of the calculated statistics.

3.7 Formation probability of relativistic velocity stars
in the Universe
The modified Hills scenario explains the origin of relativistic
stellar velocities. But what is the reason for this mechanism?
Of the three bodies involved in the redistribution of kinetic
energy, two are nonclassical SMBHs. They suggest the
answer: galaxy clusters or groups are required for the Hills
mechanism to operate, where collisions and mergings of
galaxies accompanied by encounters and coalescences of
their central parts populated by SMBHs occur. It should be
stressed that galaxy mergings in groups are more effective for
central passages due to small relative distances and velocities
as compared to such processes in galaxy clusters. This idea is
supported by numerous observations of merging galaxies [44]
andmodel calculations of their merging rate [83]. The birth of
stars with relativistic velocities is impossible in our Galaxy
due to firmly established Keplerian orbits of S-stars around
the single SMBH. However, the appearance of such stars as
intergalactic `runaway' stars is not ruled out.

Let us estimate the collision rate of galaxies by assuming
that each of them harbors an SMBH. In collisional processes,
the galaxy encounter rate is determined by their free-path
length, which can be estimated as the ratio of the galactic
volume V � �4=3� pr 3=N to the effective scattering cross
section Seff � p�2reff�2. Here, r is the radius of a cluster or
group, N is the number of galaxies in the cluster (group), and
reff is the radius of the effective flyby of galaxies at which the
galaxies should pass relative to each other to eject stars with
relativistic velocities.

Model experiments with the modified Hills scenario [42]
estimated reff to be �7ÿ10� r 1sch, where r 1sch is the Schwarzschild
radius of the central SMBH. Then, the effective scattering
cross section is Seff � 2:25� 10ÿ5 pc2. For a typical galaxy
cluster with N � 1000 and r � 3 Mpc, the free-path length is
l � 5� 1021 pc, while, for a group of galaxies (N � 50,
r � 1 Mpc), it is l � 3:7� 1021 pc.

Assuming the velocity dispersion of galaxies in a cluster or
group sV � 1500 km sÿ1 or � 150 km sÿ1, we can estimate
the time between two consecutive encounters t � l=sV, which
is 5� 1024 yr and � 2:5� 1025 yr for clusters and groups,
respectively. Considering that these estimates are obtained
for a single encounter of galaxies, the mean time between two
consecutive collisions among all possible galactic pairs in a
cluster or group is hti � t=Npair. Modern estimates of the
number of clusters and groups are very approximate, � 109

and 4� 1010, respectively. From the number of possible pairs
in all galactic groups, Npair � 502=2� �4� 1010�, we then
obtain � 5� 1013 combinations, and in clusters, 20 times as
high, i.e. Npair � �10002=2� � 109 � 1015. Thus, the mean
time between collisions of all possible pairs in galaxy groups
and clusters is hti�2�1011 and hti�1010 years, respectively.
This estimate is comparable to the age of the Universe for
clusters and exceeds the age of the Universe by ten times for
groups. But low relative velocities of galaxies in groups may
indicate nonrectilinear motion, significantly increasing the
collision probability with the required parameters.

The need for effective passaging at a distance of (7±10) r 1sch
to produce a relativistic ejection makes such events rare. The
statistics on rare events suggests that they happen in groups.
Let us consider how, in our problem, a suite of relativistic
ejections can be generated.

11.0

10.5

10.0

9.5

9.0

8.5

8.0

7.5

7.0

120 140 160 180 200 220 240
rp/R�

V
m
a
x
,1

0
4
k
m

sÿ
1

Figure 14.Maximal ejection velocityVmax of a star as a function of its mass

and rp obtained in the modified Hills scenario in the three-body problem

formulation. Calculations for a binary system consisting of an SMBH

(4:5� 105M�) and a star passing near the central SMBH (4:5� 106M�).
Four masses of the star correspond to 1M� (dots), 2M� (squares), 3M�
(stars), and 4:5M� (triangles).

a b

c d

e f

Figure 15. Parts of the orbital flyby of a binary system consisting of a star

and the host SMBH (4:5� 105M�) near the central SMBH

(4:5� 106M�). (a, b) Dynamics of the disruption of a star (1M�) passing
at rp � 50R� (b � 4). (c) Disk `trace' of the disrupted star (1M�) around
the central SMBH after flyby at rp � 200R� (b � 1). (d) Fragmentation of

star (1M�) in two parts during its passage at rp � 150R� (b � 1:3); in the

gravitational model ignoring gas dynamics, this outcome is interpreted as

disruption. (e) Ejection of a star from 1M� with rp � 100R�.
(f) Dynamical re-capture of a star (4:5M�) by the central SMBH at

rp � 1000R�. All plots are shown for a star consisting of N elements.

Before pericenter passage, the star's trajectory is sine-like, indicating the

presence of an invisible host SMBH.
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Dynamical braking leads to a concentration of the most
massive stars at the center of a galaxy. A black hole appears
that gradually assembles stars in a nuclear cluster and
increases mass on a dynamical time scale of the nuclear
cluster of � 108 years. Subsequent mass growth occurs on
the Hubble time scale due to occasional flybys of galactic
single or binary stars and stellar clusters. These processes
reserve central S-stars for possible ejections, including
relativistic ones. When galaxies pass through each other
with a central impact parameter of (7±10) r 1sch, each captures
stars of the neighbor galaxy into its effective scattering radius.
The number of such stars `raked up' at the front of the
galaxy's motion can be estimated from the ratio of the mean
galactic radius to the swept area. Assuming that the central
number density of stars is as in the Galactic Center,
� 8� 107 pcÿ3, and using the above estimate of Seff, we can
conclude that up to 10 mln stars can be collected in the S-star
region. They are potential candidates for stellar ejections with
relativistic velocities [45].

Using 200,000 trial calculations in the modified Hills
scenario, we estimate the probability of relativistic ejections
as 5:5� 10ÿ4 [42]. Therefore, from the total sample of S-stars
(� 107), the number of possible relativistic stellar ejections is
about several thousand. Such a `relativistic fountain' is
possible from a single collision of two galaxies, provided
that their central parts with SMBHs pass by a distance of
(7±10) r 1sch. In these estimates, we assumed that the mass of
one SMBH is 109M�, as in the Virgo cluster. Note that these
calculations ignored stars less massive than 1M�, which
scatter more efficiently with relativistic velocities. Thus, the
obtained number of relativistic ejections (� 10;000) is the
lower limit. This result encourages a search for stars with
relativistic kinematics.

4. Discovery of S-stars

4.1 Early evidence of a supermassive black hole
in the Galactic Center
One of the first pieces of observational evidence of an invisible
mass in the Galactic Center was obtained in 1980 by Lacy
et al. [84] from near-IR (l � 12:8 mm) measurements of the
radial velocity of ionized Ne II-gas localized in clouds
moving along orbital segments close to circular orbits.
Later, a suite of spectral studies of the 4-pc region around
SgrA� was performed that enabled imaging all flows of the
ionized gas, which appeared as one common stream, the so-
called one-arm minispiral moving out of the center at a
distance of 1±3 pc [10]. Consequently, the minispiral was
reproduced by Fridman and Yanchenko [85] in numerical
modeling of the super-reflection instability developed in the
disk.

The spiral motion rejected the idea of an explosive gas
outflow and was approximated by a Keplerian rotational
curve around a central mass of 2� 106M� concentrated
inside 0.1 pc around SgrA�. Considering the present estimate
to the Galactic Center of 8.32 kpc [34], the size of this region
corresponds to � 3 00 arcsecÐ in the 1980s, this was the
limiting angular resolution.

Another indirect confirmation of an invisible mass in the
Galactic Center was obtained by McGinn et al. [11] from the
kinematical analysis of stars within the central 8-pc region,
which were spectroscopically studied in the near IR
(l � 2:3 mm) on the CO absorption line. The mean radial

velocity and velocity dispersion were measured as a function
of the galactocentric distance. They were used to indepen-
dently estimate the invisiblemass of� 4� 106M� localized in
the central stellar cluster. In addition, paper [11] studied the
radial dependence of the mass ratio inside the central region
of radius r, toward the CO absorption intensity (Mr=FK), on
the galactocentric distance, which increases toward the
center. One of the possible reasons for such an increase
could be the decrease in the CO absorption intensity related,
for example, to a changing stellar population. This behavior
could be explained if, at 0.6 pc from the center, dwarfs of the
late spectral class, instead of giants, dominate. However, a
contradiction arises: due to dynamical friction [30], more
massive objects populate the Galactic Center first. Of course,
themain problem is the central massMr, which dwarfs cannot
explain. Therefore, the authors of [11] proposed that the main
candidate for the invisible mass is a cluster of neutron stars or
a single object like an SMBH.

4.2 Projects of long-term monitoring
of the Galactic Center. Methods of observations
In the 1970s, the assumption was put forward that the centers
of all galaxies without exception harbor SMBHs irrespective
of their nuclear activity [4]. An intriguing instance was the
`quiet', relatively close nucleus of our Galaxy and the
possibility of its exploration. At that time, two huge projects
to monitor the central region inside one arcsecond to search
for S-stars were planned.

The first one was headed by the European Southern
Observatory (ESO) and started in 1989 using the 3.5-m New
Technology Telescope (NTT) (La Silla, Chile). Since 1992, it
has continued with the Very Large Telescope (VLT) (Sierro
Paranal, Chile). The second project started in the same year
using the 10-mKeck telescope (Hawaii) run by the University
of California. From observations on the 3.5-m NTT-3.5-m
telescope, Eckart and Genzel [12] measured the proper
motions and radial velocities of 39 stars localized in the
layers 0.04 pc < r < 0.4 pc. Using these measurements, they
calculated velocity dispersions that increased to the center.
This distribution suggested an object with a mass of
2:5� 106M� localized inside 0.015 pc around the radio
source SgrA� and the mean velocity field isotropy.

Adaptive optics technology in the near IR (l � 2 mm)
enabled taking and measuring digital images of S-stars with a
higher angular resolution than available from speckle-
interferometry. Using the SHARP speckle-camera instead of
theNACO (NAos-COnica) photodetector, the spectral resolu-
tion accuracy increased by a factor of eight. This enabled
reconstructing the 3D structure and parameters of the orbits
of S-stars. Jointly with spectral data, this information helped
in recovering the gravitational potential in which the S-stars
move as probe masses and the position of the center of mass.

Additional control of the localization of the invisible
object is obtained from infrared flares of SiO-masers
observed from the Galactic Center. The improved localiza-
tion of the flares is well correlatedwith the position of the radio
source SgrA� [86]. All data are consistent within one arc ms
(8.32 a.u.) and in best agreement with the source localization
determined by the statistical parallaxes of clusters [87].

4.3 First orbit of the star S2.
Progress in the study of S-stars
Progress in astronomical techniques has helped the rapid
growth of S-star statistics:
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� by 2002, the first orbit of an S-star (S2 on the list of the
VLT program) was measured, which turned out to be very
convenient for finding orbital parameters. S2 has �14m in
the K-band and orbital period Porb � 15:9 years. S2's orbit is
measured very well, and the joint NTT/Keck data yield the
SMBH mass and location MSMBH � �4:35� 0:13� � 106M�
and R0 � 8:33� 0:12 kpc [34]. The orbital solution for S2,
obtained taking into account GR effects, does not differ
significantly from the Keplerian solution: MSMBH �
�4:43� 0:14� � 106M� and R0 � 8:41� 0:13 kpc [34];
� by 2005, the orbits of five of ten observed S-stars were

measured [14] using the new integral field spectrograph,
SINFONI (Spectrograph for INtegral Field Observations in
the Near Infrared) [88];
� by 2009, the orbits of 28 of 109 S-stars had been

measured using modified adaptive optics instruments. The
results of two independent teams at VLT and Keck are in
good agreement on the SMBH mass and distance: R0 �
8:31� 0:33 kpc, MSMBH��4:29� 0:07� � 106M� [89] and
R0�8:4� 0:4 kpcMSMBH � �4:5� 0:4� � 106M� [90];
� by 2018, the orbits of 47 of 200monitored stars had been

measured by the infrared interferometer GRAVITY installed
on four VLT telescopes (30 micro arcsec), enabling a 16-fold
gain in spectral resolution compared to NACO;
� in 2020, the closest star to an SMBH, S62, with a

pericenter distance of�16:7 a.u., �16m in the K band, and
Porb � 9:9 years, was found [92]. The orbital solution for this
star from the VLT and Keck observations constrains the
SMBH mass to �4:15� 0:6� � 106M�.

Of all known S-stars, the orbits for 17 were selected by
gravitational acceleration to performmulti-star orbital fitting
(Fig. 8 from [34]). The description of the orbits of 17 stars has
109 free parameters: seven describe the SMBH, including its
sky location (a, d), three velocity components (va, vd, vz), the
mass and distance (MSMBH, R0), and 6 orbital parameters
describe the S-star (major semiaxis, eccentricity, orbital
inclination, moment of periastron passage, and ascending
node longitude). The best solution yields MSMBH �
�4:28� 0:103� � 106M� and R0 � 8:32� 0:07 kpc [34].
Here, the systematic and statistical errors are almost half
those for the paper results [89].

4.4 Prospects for GR testing in the strong gravity regime
Observations of S-star orbits collected over 30 years offer a
unique test of relativistic effects of Special Relativity and GR
in the strong gravity regime (millions of solar masses), which
has not been probed so far in the Solar System.Now, there are
two candidates with high relativistic factor b: S2 (0.0255),
which has already passed the pericenter with a velocity of
� 7650 km sÿ1 [91, 93], and S62 (0.1), which will pass the
pericenter in February 2023 [92]. Their relativistic orbits can
be used to test several effects.

(1) The Schwarzschild precession (GR effect)Ð turn of
the S-star orbit in the orbital plane. The effect in curved space-
time is similar to the relativistic apse motion in eccentric
binary systems.

(2) The gravitational redshift (GR effect). The radiation
frequency shift near amassive body due to time retardation in
the body's gravitational field.

(3) The transversal Doppler effect (SR effect). The
radiation redshift due to time retardation in the frames
moving normal to the line of sight with a relativistic velocity.
For S2, the observational accuracy is insufficient to separate
the gravitational redshift from the transversal Doppler effect.

The total effect changes the pericenter and apocenter velocity
by 200 km sÿ1 and 6 km sÿ1, respectively [91].

(4) The Roemer time delay (SR effect). Light from a star
from different orbital points reaches the observer with a delay
due to the finite velocity of light (eight days over the orbital
period for S2).

(5) The Shapiro effect (joint SR and GR effect). Due to
light bending in the gravitational field of a massive object and
the finite speed of light, the uncertainty of a star's position in
orbit emerges (20 arc ms for S2 [91]).

(6) The Lense±Tirring effect (GR effect). The entrainment
of the reference frame by a rotating body, SMBH; the
impossibility of being at rest inside the ergosphere of a
rotating black hole. The orbital wobbling of S2 would be
9 arcseconds [91], beyond present observational capabilities.
S-stars closer to the SMBH than S2 are needed tomeasure this
effect.

(7) The quadrupole mass moment, the consequence of a
nonzero spin of the SMBH. It can be detected from precise
measurements of themotion of S-stars with semimajor orbital
axes smaller than one mpc, from gravitational wave detec-
tions generated during the spiral-in of a stellar-mass object,
and from measurements of the SMBH shadow [94, 95].

(8) The local space invariance (part of the more general
Einstein equivalence principle of GR). It states the indepen-
dence of nongravitational measurements on the spatial
location. The international GRAVITY collaboration esti-
mated the change in H and He line frequencies at different
orbital points of S2 �2:4� 5:1� � 10ÿ2, consistent with zero
within the measurement error [96].

Thus, for the first time, GR testing was carried out in a
gravitational field one order of magnitude stronger than the
field of white dwarfs and six orders of magnitude stronger
than Earth's gravitational potential.

4.5 Direct confirmation of the supermassive black hole
in the Galactic Center
Presently, the radio source SgrA� discovered in 1974 [97] is
ultimately identified with an SMBH. Studying the
dynamics of two dozen S-stars allowed us to put stringent
and direct constraints on the nature of the SMBH [34]. The
most reliable parameters were obtained from the S2 orbital
fitting from VLTI (Very Large Telescope Interferometer)
GRAVITY near-infrared observations that yield the best
SMBH mass estimate MSMBH � �4:148� 0:014� � 106M�
(with a � 0:34% error) [98]. The distance to the SMBH is
R0 � 8178 pc with an error of 13 pc (0.16%) due to radial
velocity uncertainties and 22 pc from the astrometric
calibration uncertainty [98].

The next precisely measured star is S1. Despite its long
orbital period of � 166 years, of which S1 has so far covered
less than p of the orbital phase, its error ellipse is smaller than
for other S-stars, yielding the SMBH distance and mass
R0 � 8470� 180 pc (2.1%) and MSMBH � 4:45� 0:28M�
(� 6:3%), respectively [34].

Even larger uncertainties in SMBH mass and distance
estimates have been obtained for S9 and S13: R0 �
8080� 780 pc (9.6%), MSMBH � 4:04� 1:26M� (� 30%)
and R0 � 8740� 970 pc (11%), MSMBH � 4:84� 1:59M�
(� 33%), respectively [34].

S55 is the S-star with the shortest orbital period.
However, its orbital parameters cannot be derived, because
its radial velocity is constant at �50 km sÿ1 [34]. In the
nearest future, the SMBH spin can be measured. If nonzero,

October 2021 Hypervelocity stars: theory and observations 983



it should be imprinted in the motion of S-stars and plasma
emission.

Other independent evidence of SMBHs can be obtained
from an analysis of long-termmonitoring of the motion of gas
clouds G2/G1 by SINFONI and Chandra X-ray observations
[99]. The astrometric trajectory of the clouds reveals their
spiral orbital motion. Also, radio and sub-mm polarization
observations constrain the gas accretion rate from the clouds
onto the SMBH: �10ÿ9ÿ10ÿ7�M� yrÿ1 at a distance of
�10ÿ100� rsch [100] and � 10ÿ5M� yrÿ1 at a distance of
1000 rsch [101]. This low accretion rate and the small value of
the Eddington factor 10ÿ8, which is the ratio of the emission
power from SgrA� (50L�) to the SMBHmass (4:1� 106M�)
as inferred from the S-star dynamics [98], enables us to treat
the SMBH in ourGalactic Center as `underfed'. However, the
so-called Fermi bubbles discovered in 2010 suggest a previous
explosive quasar phase in Galactic history.

Far infrared (100±160 mm) observations of SgrA� by the
Hershel Space Telescope [103] provide yet another confirma-
tion of the presence of an SMBH in the Galactic Center. The
authors of [103] detected the infrared variability of SgrA� and
associated it with SMBH accretion activity with a period of
40 hours.

Despite discovering an ever-growing number of central
stars, nomore than two dozen S-stars remain informationally
valuable, which is surprisingly close to the number of HVSs
found so far at the Galactic periphery.

5. Discovery of hypervelocity stars

5.1 History of the first HVS discovery
There are many examples of accidental discoveries in history,
and HVSs are no exception. The completion of the first Sloan
Digital Sky Survey (SDS) (2000±2003, [104]) offered photo-
metric measurements of several million stars, including at the
Galactic periphery. These data enabled studying the detailed
kinematic structure of the Galaxy and estimating its dynami-
cal mass.

Among the many scientists who have investigated this
problem, Brown and colleagues [15] selected 36 faint high-
latitude stars using the color criterion by Yanny et al. [105]
corresponding to `hot' A-stars of the blue horizontal branch.
A spectral study of these stars was carried out in the range of
3600±4500 �A by the 6.5-m Multi Mirror Telescope (MTT)
equipped with a high-resolution spectrograph (1 �A). From
the measured spectra, radial velocities were derived and
corrected for the galactic rest standard. The distribution of
these radial velocities revealed a 6s-outlier for one of the
stars, SDSS J090745:0� 024507, with a Galactocentric
velocity of 708 km sÿ1, while the mean velocity and the
velocity dispersion of the sample were ÿ7 km sÿ1 and
120 km sÿ1, typical for the halo stellar population [15].
Subsequent multispectral MMT observations ruled out
measurement errors.

The high velocity of SDSS J090745:0� 024507 cannot be
explained by binarity, lacking a systematic velocity shift, or
by its origin in the Local Galaxy Group or the Sagittarius
stellar stream. The object found is unlikely to belong to the
stellar velocity `tail'; the sample is too small. Stellar ejections
due to a supernova explosion in a binary system or pair
collisions have a maximal velocity of � 300 km sÿ1, much
slower than measured. The Hills scenario is plausible but
requires the proper motion measurements.

In 2005, Brown et al. calculated what should be the
proper motion of HVS �19:81m at a distance of 55 kpc to
confirm the ejection scenario, � 0:3 marcsec per yearÿ1. A
radial velocity analysis shows that it is directed 180� away
from the Galactic Center. The latest Gaia measurements
yield the proper motion components ma � ÿ1:012� 1:321;
md � ÿ0:269� 0:879 marcsec yearÿ1 [36].

The photometry of SDSS J090745:0� 024507 [15]
enabled preliminary conclusions about the star's physical
properties to be made. For example, the color indexes
correspond to a star on the blue horizontal branch. A late-B
(B9.2) main-sequence star with an effective temperature of
� 10;500 K [15] cannot be ruled out either. The metallicity
measured from the equivalent width of the Ca II K line
proved to be uncertain, �Fe=H� � ÿ0:4ÿ 0, but allows the
solar abundance. The spectral class uncertainty strongly
affects mass and luminosity estimates and the distance to the
star (39±71 kpc). It took some time to perform and process
further observations to understand the physical properties of
this star. But the most essential element was the need for a
strategy to successfully look for new HVS candidates.

5.2 Method of survey searches in photometric catalogs
According to calculations [13, 16±20, 26, 55, 66], for an HVS
birthrate of 10ÿ6 per year and the time it takes for the star to
fly outside the halo (� 100 kpc) of � 108 years, the Galactic
number of HVSs is � 100 stars, i.e., the mean distance
between such stars in the solar neighborhood is � 5 kpc.
Clearly, these are rare objects requiring dedicated searches.

Presently, HVSs are routinely searched for in some space
programs that use survey search algorithms among field stars
and remote subsystems, for example, in the halo, where the
first HVS was discovered. The search algorithm uses Yanny's
color criterion [105] to distinguish `internally hot' stars
against the background halo population, which are HVS
candidates. The SDSS 4th release with a certain system of
color filters [106], which can be called low-group spectro-
scopy, enabled localizing a region containing 430 late-B stars
[107]. Spectroscopic observations were used to determine
their status. The HVS search algorithm compares the spatial
velocity, the lower limit given by the radial velocity, with the
Galactic escape velocity at the star's location.

In 2006, another five HVSs were discovered by dedicated
searches. Recent spectroscopic surveys of northern B-stars
with the MMT include 21 objects unbound with the Galaxy
with reliably determined photometric and spectroscopic
parameters [37]. We analyze them in detail in Section 5.3.

Another HVS search strategy is based on measurements
of their proper motion. Dwarf G±K-stars are studied using
this method. However, such low-massive stars are difficult to
select spectroscopically. Therefore, as in the case of the halo,
the photometric selection using color criteria by Yanny et al.
[108] is applied.

These criteria were applied to the SEGUE (Sloan
Extension for Galactic Understanding and Exploration)
catalog from the SDSS 9th release by Palladino et al. [109],
who selected G±K dwarfs with spectroscopically determined
metallicity, effective temperature, and free-fall acceleration.
By using the isochron diagram calculated for model evolu-
tionary tracks for the found metallicity, it is possible to
reconstruct the luminosity and distance to the dwarf.
Knowing the distance and proper motion enable determin-
ing the tangential velocity, comparable or even higher than
the radial velocity, as confirmed by the results in [109].
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Comparing the dwarf's space velocity with the Galactic
escape velocity gives the kinematic status of the star.

This method enabled Palladino et al. [109] to catalogue
20 HVS candidates among G±K dwarfs. The authors of [109]
stressed the large errors in the proper motion measurements,
although the stars are located at a distance of 1±6 kpc, much
closer than halo B-stars (50±120 kpc). None of the recon-
structed orbits of the ejected stars was found to pass through
the Galactic Center.

In 2015, a similar search was done by Li et al. [110] using
the first release of the regular spectroscopic survey LAMOST
(Large Sky Area Multi-Object Fibre Spectroscopic Tele-
scope) [111] jointly with the proper motions from catalogs
SDSS-USNO-B (United States Naval Observatory, `B'
catalog is a continuation of `A' catalog of astrometric
standards) [112]. As a result, of more than one million
objects, 19 low-mass late F-, G-, and K-stars were selected
as HVS candidates. In Section 5.4, we return to discussing the
reliability of HVS classification in all the catalogs mentioned
above.

Thus, there are twomethods of searching for HVSs. First,
it is possible to search for them among bright halo stars that
contrast with the local old globular cluster population and,
therefore, likely arrived in the halo with high velocities,
because the duration of the light should be consistent with
the age. Second, it is possible to conduct survey observations
of nearby low-mass disk stars, which are the most numerous.
The HVS sample is poor so far but still enables making some
conclusions on their nature and origin.

5.3 MMT-catalog of hypervelocity stars
After almost a decade after the discovery of the first HVS [15],
a catalog composed by Brown et al. [37] appeared containing
the results of spectroscopic observations of 1127 late B-type
stars from the SDSS catalog [113]. A comparison of the radial
and escape velocities revealed 21 HVSs. The spectroscopic
6.5-m MMT observations yielded the MMT catalog of
hypervelocity stars [37].

The Galactic potential and the distance to the star, the
latter of which depends on its evolutionary status, should be
known in order to estimate the escape velocity. The evolu-
tionary nature of an HVS is obtained from analyzing the
model stellar atmospheres [114], which are used to calculate
synthetic spectra for best fitting with the observed spectrum of
the star. The parameters are the effective temperature and free-
fall acceleration. Evolutionary stellar models with a chemical
composition corresponding to the star's metallicity are used to
estimate the stellar age (the time parameter), which enables
recovering other physical characteristics, including the mass
and luminosity; the latter is needed to determine the distance to
the star.

The position of HVSs on evolutionary diagrams
corresponds to main-sequence stars. High rotational velo-
cities (>100 km sÿ1) obtained from fitting the stellar
atmosphere support this conclusion. The masses of the
discovered HVSs are �2:5ÿ4�M�, the effective tempera-
tures vary in the range of 10,380±14,547 K, and the free-fall
acceleration is 3:75 < lg g < 4:62. The age of these stars (180±
400 mln years) exceeds the time it takes to fly from the
Galactic Center (66±220 mln years) calculated by integrating
back in time the trajectory of the ejected star from its present
location at 50±120 kpc [37]. These estimates are consistent
with the Hills mechanism of HVS ejections from the Galactic
Center [13].

Anisotropy in the HVS space distribution can be noted:
11 of 21 stars are localized towards the Leo constellation and
occupy less than 5% of the survey area. However, as the
MMT survey was conducted for the northern sky only, the
anisotropy should be confirmed. This effect is possibly due to
absorption by dust clouds in the solar vicinity. Moreover, the
Galactic potential anisotropy can be important: stars ejected
along its large semiaxis are decelerated less than those ejected
along its small semiaxis [115].

On the other hand, ejections of stars in one direction are
possible if their captured host binary systems belong to a
regular orbital subsystem. This could provide a similar flight
angle and an ejection angle turned by almost 180�, forming
something like the HVS `pathway'. Observations show that
all discovered HVSs are localized in two thin disks. The
orientation of one of them is consistent with the plane
containing the central `minispiral'; the plane of the other
disk coincides with the orbital plane of O±B stars populating
nuclear stellar clusters inside 0.5 pc from the SMBH and
oriented clockwise [116].

The HVS MMT catalog [37] contains the proper motion
components (ma, md) calculated for the assumed central
ejection, which can be compared with future Gaia measure-
ments. Now, the Gaia experiment has attained the planned
measurement accuracy (0.035±0.17 mas yrÿ1 [37]). Therefore,
it is interesting to compare the new proper motion measure-
ments, which could eliminate the uncertainty between the disk
and central origin of the HVS.

5.4 Gaia space telescope
and the open catalog of hypervelocity stars
The Gaia astrometric mission opened a new era in the 3D
mapping of � 1:7 billion stars with an unprecedented mea-
surement accuracy in distance (� 0:3 mas) and proper motion
(<1mas yrÿ1) [117±119]. Moreover, its rich statistics revealed
whole structures formed due to violent dynamical processes,
such as the collision of our Galaxy with the Sagittarius galaxy
300±900 mln years ago [120], stellar tidal streams of external
stars, and, of course, HVS `itineraries' [119].

The origin of fast stars is on the list of Gaia observations.
For example, astrometric solutions for almost two million
stars collected in the joint Gaia±Tycho catalog were used to
test the learning matrix composed using the MMT HVS
catalog [37]. The matrix was inserted into an artificial neuron
network that enabled testing rare object recognition algo-
rithms in big data, like the Gaia±Tycho catalog [39]. The
significant number of statistics and minor measurement
errors optimistically predicted that, by the end of 2018,
thousands of new HVSs could be discovered inside 10 kpc
withmasses of 1ÿ10M� and a propermotion relative error of
less than 1% [39].

The revision of the astrometric data afterGaiaDR2 (Data
Release 2) showed that almost all HVS candidates, at least
from late F±K dwarfs or giants, are bound to the Galaxy.
Most candidates from the Palladino et al. [109] catalog
proved to be high-velocity halo stars, and for other stars,
erroneous proper motions obtained by ground-based instru-
ments were used. Thus, none of the HVS candidates from
[109] have been confirmed.

As for the late-type HVS catalog by Li et al. [110], of
19 candidates, only one object, Li10, was confirmed. It is an
F9 dwarf with a galactocentric velocity of 643� 93 km sÿ1.
The orbit of Li10 reconstructed in the Galactic potential by
Bovy [121] passes at a distance of a few kpc from the Galactic
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Center, thus excluding the Hills scenario. Probably, the
ejection was due to the disruption of a binary system after a
supernova explosion. Although no compact object has been
found within 45 arcsec from Li10, this formation channel is
plausible for other HVSs with atmospheres enriched with
intermediate nuclear burning elements. For example, such are
the helium O-subdwarf US708 [122±124] and the white dwarf
GD492 [125, 126], which is the hypervelocity compact object
closest to the Sun (� 632 pc, [127]).

The new Gaia DR2 data forced the previous HVS
candidates to be revised. According to [122], for a sample of
20 stars unbound with the Galaxy at a confidence level of
more than 80%, 7 stars are `hyper-runaway' stars, i.e., ejected
from the Galactic disk. The other 13 unbound stars are likely
to have an extragalactic origin, being single ejections from
other galaxies or related to stellar tidal streams from nearby
passing galaxies.

Considering all the above, Buber et al. [35] made an open
version of the HVS catalog. The public version assumes the
possibility of rapidGaia data query and automatic estimation
of the posterior probability that a given star is bound to the
Galaxy. Presently, the catalog includes 41 HVSs bound to the
Galaxy with a probability of less than 0.5. Most objects in the
catalog (32 of 41) are B-stars discovered by Brown et al. [37] in
the halo survey search. The other nine stars are included in the
catalog from different sources: three HVSs are from the
LAMOST survey [125], one HVS, HE 0437-5439, turned out
to be ejected from the Large Magellanic Cloud [128], two
HVSs are related to `hyper-runaway' stars from the disk, one
HVS is the helium subdwarf US708 [124], one is the white
dwarf GD429 [126], and one is the late F9 dwarf Li10 [110]
mentioned above.

In summer 2019, Koposov et al. [40] discovered S5-HVS1,
the first HVS in the southern hemisphere, which turned out to
be the fastest HVS, with a galactocentric velocity of
1755� 50 km sÿ1. It is an A star with a mass of � 2:35M�
located 9 kpc from the Sun. Its reconstructed trajectory
uniquely points to the Galactic Center and coincides with
the orbital plane of the ring disk of young stars in the nuclear
cluster. The flight time of S5-HVS1 is 4.8 mln years, con-
sistent with the cluster age, which possibly suggests their
relation. This is the first example of an HVS firmly associated
with the Hills mechanism. In other cases, the issue of the
accuracy of the measurement of proper motion and the
ejection site persists.

5.5 Problem of central ejection confirmation
HVSs were singled out as a separate class to stress their
anomalous kinematics acquired from interaction with the
central SMBH, as was proposed by Hills [13]. The mass scales
determining momentum transfer in the Hills mechanism and
the collisional stellar dynamics scenarios, including the
disruption of binaries due to a supernova explosion, differ
by a factor of millions. This is reflected in the HVS velocity
spectrum found from modern spectroscopy with 1±3%
accuracy. A high space velocity of a star is necessary but not
sufficient confirmation of its origin from the Hills scenario.
The ejection direction can be restored only if the tangential
velocity derived from the proper motion is known. This is an
astrometric problem with distant halo stars.

The first HVS catalog (MMT survey) [37] provided
estimates of the theoretical proper motion components
(ma, md) that would correspond to the ejection trajectories
crossing the Galactic Center. The reconstruction of possible

trajectories was done in the phase space (ma, md) by integrating
back in time in the Galactic potential [21] from the current
star location and radial velocity. The selected trajectories
corresponding to a central ejection [37] predicted the proper
motions of stars to be measured with the Gaia Space
Telescope.

The reconstructed trajectories of 13 of 21 objects from the
first HVS catalog [37] formed a sort of `entangled' state when
ejections from different parts of the disk and the Galactic
Center with equal probability have the same proper motion
(ma, md). Eight stars from the catalog [37] showed different
proper motions: HVS4, HVS5, HVS6, HVS7, HVS8, HVS9,
HVS10, and HVS17. This enabled the authors of [37] to
conclude that at least these stars can be tested by Gaia with
the announced astrometrical accuracy.

In fact, the analysis of the ejection trajectories calculated
from the proper motions measured with an average error of
�0:73 mas yrÿ1 using the Gaia DR2 showed that the
ejection scenarios could be distinguished for 20 of 42 stars
from the Brown review [36]. Nine stars originate in the disk,
four belong to the halo, and seven are ejected from the
Galactic Center: HVS1, HVS4, HVS5, HVS6, HVS9,
HVS19, and HVS22. This conclusion is also supported by
their measured radial velocities exceeding the second space
velocity from the Galaxy at their location and by analyzing
their reconstructed radial velocities at the ejection moment
above 600 km sÿ1, exceeding the parabolic speed from the
stellar surface. For main-sequence B-stars with a mass of
3M� and radius of 2:3R�, the parabolic velocity is
� 500 km sÿ1. This fact reliably rules out the possibility of
stellar ejection from the disk due to a supernova explosion
in close binaries.

A comparison of the accuracy of astronomical measure-
ments of the proper motion by Gaia and the Hubble Space
Telescope (HST) showed that Gaia errors are three times as
high as those by the HST for stars fainter than 18m.
Therefore, the search for HVSs among distant halo objects
is more effective by long-exposure instruments like the HST.
Visible g-magnitudes for 42 stars from the survey [36] fall
within the range 17m < g < 20:25m, implying a Galacto-
centric distance interval of 25±120 kpc. The search for HVSs
among disk objects is more favorable with Gaia, which
provides a distance and proper motion measurement accu-
racy three-four times better than HST does for stars with
g < 18m.

Nevertheless, it is clear that advanced instrumentation
with a higher angular resolution is required to increase the
number of stars with anomalous kinematics, particularly to
search for stars with relativistic velocities.

6. Searches for stars with relativistic velocities.
Potential of modern astrometry

6.1 Search methods
There is hope that objects with relativistic velocities will be
discovered in the nearest future. It is relevant to compare the
situation with the direct detection of gravitational waves from
coalescing binary black holes in 2015 [129]. The first
experiments to detect gravitational waves started in the
1960s, although Albert Einstein predicted their existence as
early as 1916. Now, decades of developing new technology
seem to require a decrease in parallax and velocity measure-
ment errors.
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There are two ways to reliably estimate the velocity of a
star: by measuring its proper motion and radial velocity.
What is the scale of the search? From the statistics on stars
with relativistic velocities, we can estimate the mean distance
between them by assuming their homogeneous distribution in
the Universe. For example, taking the radius of the Universe
as 13.7 bln light-years, the mean distance would be� 30 mln
light-years, or 8.7 Mpc, comparable to the distance to nearby
galaxy clusters.

We should search for stars with a long lifetime (< 1M�),
which helps sustain their high velocity. But we have no
spectroscopic surveys on these scales so far, and such stars
are too faint for photometrical studies. Sowhat could be some
distinct features of such stars?

Depending on the star's velocity of �1=3ÿ2=3�c, the
relativistic factor can vary from 5 to 22%, but, spectro-
scopically, this effect will appear as a line shift that can be
mixed with the Hubble expansion. A photometric shift
depending on the color index should also occur at a level of
a few tenths of the stellar magnitude. But the deviation of the
trajectory of classical and relativistic objects is different [130],
so, when calculating their trajectories on large spatial scales, it
is essential to consider the relativistic factor. Furthermore,
knowledge of these trajectories is needed to search for the
ejection points of relativistic stars, which are crucial for the
statistics on such objects, their spatial distribution, the
mapping of their birthplaces, and further monitoring of
these regions.

Relativistic stars can also appear as extended X-ray
emitting bow shocks in the surrounding gas. These shocks
should be visible when the star crosses intergalactic `voids'.
The ejection of the envelope by such a star (� 1M�), resulting
in the emergence of a `relativistic' planetary nebula with a size
significantly larger than the star, could be noticeable, which is
helpful for its detection.

We stress that neutron stars, white dwarfs, and stellar-
mass black holes can be accelerated to relativistic velocities
much more straightforwardly than ordinary stars can.
Furthermore, a neutron star at the pulsar stage will have
emissions in the radio range, which may be more profitable
for detection at large distances than main-sequence stars.

We also should note the ejection of a star with a planetary
system, when both the star and the whole planetary system,
including asteroids and comets, acquire relativistic velocities.
Considering a vast population of asteroids and small bodies
in planetary systems, as in the Solar System, the probability of
detecting relativistic objects increases significantly. To date,
we have already registered two interstellar objects: the
Oumuamua asteroid [131] and the Borisov comet [132],
which strengthens the existence of interstellar planets, whose
number in our Galaxy is estimated as� 1011ÿ1012 [133, 134].

Most likely, this is not a complete list of possible
observational effects related to stars with relativistic velo-
cities. Such stars' high kinetic energy (� 1053 erg) can
produce many interesting phenomena in the galaxy cluster
gas.

6.2 Future space missions
The development of survey search algorithms included in the
observational programs of advanced ground-based and space
telescopes is very promising in the search for stars with
relativistic velocities. These telescopes include JWST (James
Webb Space Telescope), Euclid, WFIRST (Wide Field
Infrared Survey Telescope), TMT (Thirty Meter Telescope),

GMT (Giant Magellan Telescope), and Vera Rubin LSST
(Large Synoptic Survey Telescope).

The launch of JWST is scheduled for November 2021
[135]. The primary tasks of this instrument include the
detection of light from the first stars and galaxies that
originated after the Big Bang and the detection of new
planets. However, in deep surveys, mostly supergiant stars
at advanced evolutionary stages of main-sequence stars with
4 1M� will be discovered, since detecting distant, faint stars
is more favorable for high-luminosity objects. The primary
camera and near-infrared (0.6±5 mm) spectrograph capable of
observing 100 objects in a sky area of 3� 3 arcmin are
appropriate for these tasks.

The next telescope is Euclid by the European Space
Agency, to be launched in 2022 [136]. The primary science of
this project includes the understanding of the accelerated
expansion of the Universe, the search for dark energy
manifestations, and its relation to GR. The operating range
in the visible (550±900 nm) and near-infrared (900±2000 nm)
wavelengths during a wide-field sky survey covering 15,000
square degrees up to 24m and a deep 40 square-degree survey
up to 26m make it possible to measure several billion
extragalactic sources in the program, called by the Euclid
consortium (Other Science).

The WFIRST mission planned by NASA (National
Aeronautics and Space Administration) in the mid-2020s
will address the primary problems similar to those of the
Euclidmission using awide-field imager (WFI) equippedwith
a coronograph instrument (CGI) to search for exoplanets
[137]. The science program includes the local and large-scale
mapping of dark matter and measurements of the proper
motion of stars up to 20m with an accuracy of up to 50±
125 mas yrÿ1 at a distance of about 10 kpc. The kinematic
measurements will enable separating the halo stars from
stellar streams produced by the tidal disruption of the Local
Group dwarf galaxies or stellar clusters and improving upon
the Galactic gravitational potential.

New generation telescopes, 24.5-m GMT (Giant Magel-
lan Telescope) [138], TMT (Thirty Meter Telescope) [139],
34.5-m E-ELT (European Extremely Large Telescope) [140],
are very promising. These giant ground-based facilities will
have a spatial resolution ten times as high as modern
telescopes, with an optical efficiency a factor of � 150
higher. Such telescopes will make it possible to observe the
brightest stars in other galaxies, measure the light from the
first galaxies, and discover new S-stars around the SMBH by
measuring their velocities with an accuracy of up to 1 km sÿ1.

In the forthcoming decade, these instruments will also
start observations of stars with anomalous kinematics.

6.3 Stars with relativistic velocities as tracers
of cosmological distances
Now, it is difficult to envisage what kind of new knowledge
can be obtained from studying stars with relativistic velo-
cities; however, some prospects can be delineated. For
example, a star with a spatial velocity of � �1=3�c will fly
10 pc over 100 years, go beyond the Galaxy in a million years,
and cover half the distance to the Virgo cluster in a hundred
million years. Even massive stars with �2ÿ3�M� cannot
evolve over this time and can provide information about
their birthplace, including the chemical composition and
kinematic features.

The motion of stars with relativistic velocities will enable
studying the spatial dark matter distribution that can distort
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the star's trajectory. This problem can be analyzed by
choosing possible ejection trajectories by reverse integration.

The dynamics of rapidly moving stars could also help
probe dark energy distribution in theUniverse. Depending on
the distance, the acceleration factor will change. By gradually
gathering information about separate objects, it will be
possible to map the relativistic `pathways' on the scale of the
Universe and to improve upon the large-scale distribution of
matter.

7. Conclusion

A new class of objects with anomalously fast spatial motion
with relativistic velocities will soon complete the modern
kinematic classification of stars. The name reflects the
possibility of limiting speeds comparable to the velocity of
light. But, so far, it is a hypothetical class.

Hypervelocity stars were also initially predicted by the
Hills scenario considering the dynamical capture of a binary
star by the gravitational field of a supermassive black hole.
They were discovered a quarter of a century later and turned
out to be ordinary main-sequence stars, although hypervelo-
city compact objects (neutron stars, white dwarfs, and black
holes) are also possible. We now know several such `runaway'
stars, actually originating after a supernova explosion in a
binary system. Stars with relativistic velocities are predicted
from numerical simulations of a slightly modified Hills
mechanism in which one of the binary components is
substituted by a second SMBH.

This substitution has a solid physical justification and is
supported by numerous examples of merging galaxies and
their central parts containing supermassive black holes.
Nuclear stellar clusters provide a reservoir of stars for this
scenario. Although stars with relativistic velocities cannot be
produced in our Galaxy because of the single central SMBH,
their appearance in the Universe is entirely plausible.

According to model calculations, the probability of
discovering stars with a relativistic velocity is tiny, making
them infrequent events. The possibility of the relativistic
acceleration of stars and their planetary systems strongly
enhances their detection probability. The discovery of
interstellar objects such as the CNEOS 2014-01-08 meteor
[141], Oumuamua asteroid [131], and Borisov comet [132]
gives hope in the search for traces of interstellar objects in the
Solar System. Such searches could be started by detailed
studies of the lunar surface pocked with craters, evidencing
previous asteroid activity.

Siraj and Loeb [142] propose a project for a telescope in
the lunar orbit capable of registering meteor events. On
Earth, meteors are burned away in the atmosphere; on the
Moon, they leave traces that become more noticeable as the
velocity rises. The lunar telescope could continuously watch
the intensity of optical flares from which the crater size
could be inferred. Among such flares, some could be due to
interstellar meteors with higher velocities than small bodies
(asteroids) in the Solar System. Paper [142] gives the
formula relating the crater diameter and energy released
during impact, in which the mass and velocity are unified as
energy. The lunar telescope envisions spectroscopic mea-
surements following the flares to analyze in detail the
composition of the impact particles, which can be used to
distinguish their origin as being from the Solar System or as
interstellar. Moreover, the spectrum will bear information
on the specific impact energy independent of the mass, being

characterized solely by the impact velocity. A detailed
physical analysis of the interaction of a relativistic meteor
with the lunar surface is required to find specific features of
super-high velocities.

Besides the Moon, the `archaeological' deciphering of
traces of relativistic impacts can also be performed for other
Solar System bodies (Mercury, Mars, giant planet satellites,
etc.).

We can definitely state that the scenarios generating stars
with relativistic velocities do not contradict the laws of
nature, and the discovery of such objects is a matter of time.
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