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Galactic nuclei are expected to be densely populated with stellar- and intermediate-mass black holes.

Exploring this population will have important consequences for the observation prospects of gravitational

waves as well as understanding galactic evolution. The gas cloud G2 currently approaching SgrA*

provides an unprecedented opportunity to probe the black hole and neutron star population of the Galactic

nucleus. We examine the possibility of a G2-cloud–black-hole encounter and its detectability with current

x-ray satellites, such as Chandra and NuSTAR. We find that multiple encounters are likely to occur close

to the pericenter, which may be detectable upon favorable circumstances. This opportunity provides

an additional important science case for leading x-ray observatories to closely follow G2 on its way

to the nucleus.
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Introduction.—Stellar remnants are expected to migrate
towards supermassive black holes (SMBHs) in galactic
nuclei due to dynamical friction [1]. In the case of the
Milky Way, a steep density cusp of �20 000 black holes
(BHs) and a similar number of neutron stars (NSs) is
predicted to be present in the central parsec [1–4]. Much
heavier, so-called intermediate-mass BHs (IMBHs; M �
10M�), may also be present in the galactic nucleus due to
mass segregation with stars (e.g., [5]).

Black holes play an important role in awide range of fields.
They are important in galaxy formation, accretion, and high-
energy astrophysics, stellar evolution, gravitational-wave as-
trophysics, as well as general relativity. Nevertheless, despite
their expected high densities in galactic nuclei, their discov-
ery remains elusive.

The density of compact objects in galactic centers has
important implications for thedetectionof gravitationalwaves
(GWs). The close encounter of compact objects can result in
gravitational radiation detectable by Earth-based interferome-
ters (e.g., [6]). Highly eccentric binaries may form due to GW
losses in close encounters or due to the secular gravitational
effects of the central supermassive blackhole [7,8]. The rate of
such sources can be sufficiently high formany detectionswith
advancedGWdetectors [4]. Since the GW signatures of these
distinct sources differ significantly from traditional compact
binarymergers [9,10], their detectionwill require the develop-
ment of specialized GW search algorithms.

G2, a dense gas cloud with an estimated mass of 3M�,
is approaching the Galactic center on a highly eccentric
trajectory [11–13]. It will reach its pericenter of�10�3 pc
around September 2013 [13]. Through its plausible encoun-
ter with BHs in the galactic nucleus, G2 provides a unique
opportunity to probe this BH population that is difficult to
observe otherwise.

In this Letter, we examine the detectability of a BH-G2
encounter in the Galactic center. We show that multiple
such encounters can occur near the pericenter, and we
estimate their luminosity and discuss their detectability.
Probability of encounter.—Given the large expected

population of stellar-mass BHs in the vicinity of SgrA*,
G2 may encounter some of these BHs which can be de-
tectable via its x-ray emission. To estimate the probability
of such encounters, we adopt the expected BH population
derived by O’Leary et al. ([4]; Model B). In their numerical
model, O’Leary et al. find that BHs segregate and form
a steep density cusp around SgrA*, reaching BH number
densities nBH > 109 pc�3 within the central 10�3 pc.
Depending on the mass distribution of the more massive
BHs, the density cusp may become even steeper [14].
The cusp is dominated by the most massive BHs in the
inner region.
First, we calculate the probability that a BH is present

in the nominal volume VG2 � 10�9 pc3 of G2 (based on
G2’s radius rG2 � 6� 10�4 pc as of early 2012 [12]), as a
function of the position of the cloud. We adopt the orbital
parameters of the cloud from Gillessen et al. [13]. We
evaluate nBH at positions along this orbit and conserva-
tively assume that it is constant inside the entire volume of
G2. We also assume that the volume and density of the
cloud remains unchanged along its orbit (the density could
significantly increase due to ram pressure and/or thermal
pressure from the surrounding hot medium; nevertheless, it
is estimated to remain constant due to tidal effects counter-
ing this increase; see [12]). The results, shown in Fig. 1,
indicate that close to its pericenter, G2 will host, on aver-
age, more than one BH.
Next, we calculate the expected total number hNBHi of

BHs encountered by G2 along its parabolic trajectory
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around SgrA*. We take an elongated cloud as described
below. For simplicity, we assume that BHs enter the cloud
perpendicular to its long side (which is the limiting case
for eccentricity eG2 ! 1), corresponding to a projected
surface area of Aside

G2 � 10�6–10�5 pc2. We integrate the

BH encounter rate for a full parabolic orbit of G2 (lasting
� 200 years) labeled S, with respect to time to obtain

hNBHi �
I
S
nBHðrÞAside

G2 vBHðrÞdt� 10; (1)

where r ¼ rðtÞ is the distance between G2’s center and
SgrA*, vBHðrÞ is the Keplerian velocity of a BH on a
circular orbit at distance r from SgrA*, and dt is the orbital
time of G2 between r and rþ dr. The majority of the
encounters occur close to the pericenter (�16 of them is
expected within �0:5 yr from the pericenter).

It is also interesting to estimate the characteristic dura-
tion of a G2-BH encounter. For this, we take into account
the fact that as it moves towards the pericenter, the cloud is
stretched by tidal effects [12]. We adopt an oblate ellipsoi-
dal shape for the cloud with aspect ratio 1:10 (i.e., eccen-
tricity of�0:995), with the long axis oriented parallel to its
trajectory (see Fig. 4 of [12]). Given its elongated shape
and the highly eccentric trajectory, BHs on a circular orbit
around SgrA* most likely cross G2 through its smaller
cross section, i.e., perpendicular to G2’s trajectory. Given
the Keplerian velocity vk � 3800 km s�1 of a body around
SgrA* at the pericenter distance of G2 and considering the
ellipsoidal shape of the cloud, the typical crossing time for
BHs through G2 is t� � month. This is long enough to be
captured with short exposures spaced&month apart and to
be followed up in longer exposures over a month.

IMBHs can be born through multiple channels.
The collapse of pregalactic (PopIII) stars can lead to
the formation of IMBHs. Such process can add
�50ðMIMBH=150M�Þ IMBHs in the vicinity of the
Galactic nucleus [15]. Runaway growth in dense star clus-
ters can also produce IMBHs [16,17]. This process can
result in�50 IMBHs of masses�103M� within�10 pc of
the Galactic nucleus. IMBHs can also be formed via the
merger of stellar-mass BHs, whose masses can further
grow, e.g., via stellar collisions [18]. After formation
through these distinct channels, IMBHs move towards
the Galactic nucleus due to mass segregation (e.g., [5]).
IMBHs could also be born and migrate inward in the
SMBH accretion disk [19,20].
Expected luminosity and spectrum.—Here, we estimate

the expected luminosity of a BH with mass MBH moving
through G2 with a relative velocity �v, mostly following
the discussion of [21]. For the rate of gas accretion by the
BH, we adopt the Bondi-Hoyle-Lyttleton (BHL) rate (e.g.,
[22]). Given the low temperature of the gas [Oð103KÞ], the
gas sound speed is negligible compared to the expected
relative velocities [Oð103 km=sÞ], and the BHL accretion
rate can be written as

_MBHL � 4��cG
2M2

BH�v
�3; (2)

where �c is the gas density. For representative values �c �
10�18 g cm�3, MBH � 10M�, and �v� 103 km s�1 [12],
the accretion rate will be _MBHL � 10�6 _MEdd, where
_MEdd � 7� 10�15ðMBH=10M�ÞM� s�1 is the fiducial
rate corresponding to the Eddington luminosity. Note
that the Bondi radius RB � 3� 1011ðM=10M�Þ�
ð�v=103 kms�1Þ�2 cm is much smaller than the size
of G2 RG2 � 2� 1015 cm, validating the above accre-
tion rate.
For low accretion rates, _MBHL & 0:01 _MEdd, only a small

fraction of the accreted material is converted into electro-
magnetic radiation, while most of the energy is lost at the
event horizon or through winds. We take the x-ray radiative
efficiency of the accretion to be �x � _MBHL= _MEdd (assum-
ing that �10% of the bolometric luminosity is in the
x-ray band) [21,23,24]. The expected x-ray luminosity
Lx ¼ �x _MBHLc

2 of the BH within G2 is thus

Lx�3�1031 ergs�1�2
18

�
MBH

100M�

�
3
�

�v

103 kms�1

��6
; (3)

where �18 ¼ �c=ð10�18 g cm�3Þ (the estimated cloud den-
sity is �18 � 1 [12]). We note that there are alternatives
to the accretion and radiation model discussed above. In
general, accretion onto a BH may strongly depend on the
topology of magnetic fields (e.g., [25,26]) or the angular
momentum of the accreted gas [27]. The BH spin can
also qualitatively affect accretion, potentially giving rise
to powerful jets (e.g., [26]). Alternative models could
predict either a much higher or much lower luminosity
(see, e.g., [27–29]).
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FIG. 1 (color online). Expected number of stellar-mass BHs
within G2 (with volume 2� 10�10 pc3) as a function of the
location of G2 ([0,0] corresponds to SgrA*). The dashed line
indicates the projected trajectory of G2.
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We showed above that the majority of the encounters is
expected to occur in the inner region of G2’s trajectory,
where its speed approaches �6300 km s�1 [13]. Since the
expected luminosity greatly depends on �v, those BH
encounters for which the BH comoves with G2 at its
pericenter (where G2’s direction is tangential) will result
in significantly increased luminosity. At the pericenter
rperi � 10�3 pc of G2, the speed of a BH in a circular orbit

is vBH
peri � 4500 km s�1; therefore, a BH whose orbital

plane is close to the orbital plane of G2 can yield �v�
103 km s�1. Furthermore, if some BHs are on highly ellip-
tical orbits similar to G2’s, they can encounter G2 with an
even lower �v.

We adopt a hard radiation spectrum of F� / ��1 (where
� is the photon frequency), which is consistent with the
typical spectrum of black-hole x-ray binaries in their
quiescent state (e.g., [30,31]). We consider such an x-ray
spectrum to be present in the photon energy range
0.1–100 keV (cf. [30–33]).

It is useful to compare the above luminosities to the
expected luminosity of compact objects due to their inter-
action with the accretion disk of SgrA*. Adopting accre-
tion disk properties by Sadowski et al. [34], the accretion
disk at G2’s pericenter distance from SgrA* has a maxi-
mum density �� 104 cm�3 and temperature T � 6�
108 K. This temperature corresponds to an effective �v
of 4000 km s�1. Given that SgrA*’s accretion disk is much
sparser than G2 at and beyond the pericenter, even a
compact object corotating with the accretion disk will be
significantly fainter than one that encounters G2.

Detectability.—To estimate the detectability of G2-BH
and G2-NS encounters, we consider the Chandra x-ray
observatory [35]. Chandra’s high directional resolution
and sensitive energy band (0.1–10 keV) makes it suitable
for such analysis. For observations in the vicinity of the
Galactic center, we adopt a detection limit of 1032 erg s�1

(2–8 keV) for an observation time of one week. Note that
G2 is already inside the distance corresponding to
Chandra’s point spread function from the Galactic center;
this limit is therefore set by the shot noise from the SgrA*
source’s own x-ray emission (cf. Chandra’s sensitivity in
other directions [36]).

To estimate the detectability of a G2-BH encounter, we
determine the parameters (MBH and �v) for which the
encounter is detectable by Chandra. We take LX from
Eq. (3) and assume that an effective 20% of the total
x-ray radiation is in the 2–8 keV band. Our results are
shown in Fig. 2.

The figure shows that, for constant G2 density (�18¼1),
stellar-mass BHs (MBH � 10M�) need to move along with
G2 to be detectable. Adopting a simplified BH-velocity
distribution model from [2] with isotropic directional and
constant velocity distribution up to the escape velocity, the
expected number of detectable G2-cloud–stellar-mass-BH
encounter is negligible. For * 1 expected detection rate, a

measurement needs to be able to detect such an encounter
with �v & 2900 km s�1.
The encounter of G2 with an IMBH is more promising.

IMBHs on coplanar orbits can be detected at any mass,
while for higher masses even IMBHs with less aligned
orbits can be detected. A potential increase in G2’s density
(e.g., at its outer shell [11]) can further mitigate the depen-
dence of detectability on orbital alignment. Using the
BH-velocity distribution model described above (see [2]),
one gets 	 50% detection rate for G2-IMBH encounters
for BH masses for which �v 
 4400 km s�1 is detectable.
With constant G2 density �18 ¼ 1, this corresponds to
MBH * 5� 103M�, i.e., if encounters with BHs above
5� 103M� occur, they provide a promising target for
detection.
The potential observation of G2-NS encounters is an-

other interesting possibility. While the radiative efficiency
of accreting BHs is severely reduced due to the energy lost
through the event horizon, the NS surface can reradiate the
energy of the infalling matter, making the NS radiative
efficiency significantly higher (e.g., [37]). We adopt a NS
radiative efficiency of �NS � 0:1 (e.g., [24,37]). While the
accretion rate of highly magnetized rotating NSs can be
significantly reduced compared to the BHL rate, the mag-
netic field strengths of isolated NSs is poorly constrained
and can be negligible [38]. Here, we consider such NSs
with negligible magnetic fields. Strong magnetic fields
could prevent a rotating NS crossing G2 from accreting
[39]. The x-ray luminosity of such a NS with mass MNS ¼
1:4M� accreting at the BHL rate [Eq. (2)] will be

LNS
X � 4� 1031 erg s�1�18

�
�v

103 km s�1

��3
: (4)
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FIG. 2 (color online). Maximum relative G2-BH velocity (�v)
at which a G2-BH encounter is detectable with Chandra, as a
function of BH mass, for different G2 densities. For reference,
the horizontal lines indicate the orbital speeds reached by G2 at
different distances from SgrA* and times from reaching the
pericenter (shown next to the lines). G2-NS (1:4M�) velocities
are also indicated with ‘‘x’’ for �18 ¼ f1; 10g.
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If, similarly to the case of BHs,�20% of this radiation is in
the 2–8 keV range, then G2-NS encounters are detectable
with Chandra for �v & 2000 km s�1.

To identify a G2 encounter in the background, one can
utilize the expected duration (* 1 month) of such an
encounter to exclude other permanent x-ray point sources.
X-ray flares due to SgrA*’s accretion disk can also be
excluded, given their typical duration of � 1 month.

We note that the detectability of encounters could be
reduced by the x-ray emission from interaction of G2 and
the SgrA* black hole’s accretion disk, which could reach
or exceed the quiescent x-ray luminosity of SgrA* close
to G2’s pericenter [11,13]. Nevertheless, the luminosity of
this emission is uncertain, and it greatly depends on, e.g.,
the unknown density of the hot gas along the trajectory of
G2. Further, this x-ray emission is expected to slowly
change with time compared to G2-BH encounters.

Conclusion.—G2 represents a unique opportunity to
probe the compact object population of the Galactic nu-
cleus. We find that Oð10Þ of encounters of G2 with stellar
mass BHs can occur in the vicinity of G2’s pericenter
(��6 months). Some of these encounters can be observ-
able with the Chandra x-ray telescope. The point-source
sensitivity of NuSTAR [40] in the 1–10 keV range is
Oð103Þ lower than Chandra’s. However, if the encounter
produces emission much harder than the ��1 spectrum
adopted here, NuSTAR could detect at least the most
extreme configurations. Since an encounter lasts typically
more than a month, multiple encounters can occur simul-
taneously. Furthermore, encounters with either NSs or with
intermediate-mass BHs (MBH * few� 100M�) may also
occur and may be detectable.

For a constant cloud density of 10�18 g cm�3, the
encounter with a stellar-mass BH (� 10M�) may be de-
tectable only if the relative velocity of G2 and the BH is
�v & 250 km s�1, significantly below the characteristic
Keplerian speeds. In practice, this can occur if the BH is
on elliptical orbit that is fortuitously aligned with the orbit
of G2. Encounters with IMBHs have a better chance of
being detected. The requirement on the IMBH’s and G2’s
relative velocity gradually loosens for higher BH masses.
Gor MBH * 5000M�, 50% of the encounters become de-
tectable (where we adopted a BH-velocity distribution
model from [2]). NSs colliding with G2 with �v &
750 km s�1 may also be detectable.

The existence of stellar-mass BHs in galactic nuclei
depends on the details of stellar populations and stellar
dynamics in the bulge. Likewise, the existence of more
massive IMBHs in the bulge, as well as their abundance
and characteristic masses, depend on models of PopIII
star formation in the early universe, and on models of
subsequent hierarchical galaxy assembly. Finally, there
are large uncertainties in the expected luminosity and
spectrum arising from low-angular momentum accretion
in a high-velocity encounter. A potential detection would

therefore be a probe of both galaxy formation and of BH
accretion models.
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