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We suggest that “G objects” recently discovered in the Galactic Center may be clouds of gas bound
by the gravitational field of stellar-mass black holes produced in the interactions of sublunar primordial
black holes with neutron stars. If dark matter is composed of primordial black holes with masses
ð10−16–10−10ÞM⊙, these black holes can be captured by neutron stars in the Galactic Center, where the
dark matter density is high. After the capture, the neutron star is consumed by the black hole, resulting
in a population of ð1 − 2ÞM⊙ black holes. These stellar-mass black holes, accompanied by gaseous
atmospheres, can account for the observed properties of the G objects, including their resilience to tidal
disruption by the supermassive black hole in the Galactic Center, while also producing emission consistent
with inferred luminosities.
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I. INTRODUCTION

The existence of black holes formed in the early
Universe remains an open question. These primordial black
holes (PBHs) are an attractive candidate for dark matter
(DM) [1–38], but also could be responsible for various
astrophysical phenomena including seeding supermassive
black holes (SMBHs) [39–41] and could play a role in the
synthesis of heavy elements [42–44]. Unlike PBHs, astro-
physical neutron stars (NSs) and black holes are remnants
of core-collapse supernovae, which follow the gravitational
collapse of a massive star. The masses of black holes
formed in a core-collapse supernova are expected to be
above ∼2.5M⊙, while NS masses are expected to be
1.5–2.5M⊙ [45]. Black holes with masses 5–10M⊙ have
been observed in low-mass x-ray binaries, while none have
been detected in the first “mass gap” of ∼3–5M⊙ [46].
While black holes within the mass gap can have stellar
origins [46], detection of black holes below ∼3M⊙ would
point to an origin other than stellar evolution.
Black holes below 3M⊙, which we shall refer to as solar-

mass black holes throughout, can have two different
primordial origins. First, various extensions of Standard
Model physics are able to produce solar-mass PBHs
outright [24,34,47–49]. Though these PBHs can only
account for ≲1% of DM, they may act as progenitors
for gravitational wave events [50–55]. Second, any pop-
ulation of sublunar-mass PBHs can give rise to a population
of 1–2M⊙ black holes through collisions and capture by

NSs [37,42,44,56–59]. After a period of accretion, the
original low-mass PBH converts its host NS into a solar-
mass black hole. These conversion events are most likely
to occur in regions of high DM density, particularly the
Galactic Center (GC).
The central parsec of the Milky Way offers a unique

probe of whether PBHs make up all or a significant fraction
of DM, i.e., the PBH-DM hypothesis. Recently, a pop-
ulation of unusual objects have been found closely orbiting
Sagittarius A� (Sgr A�) [60]. Located in the central 0.04 pc
of the GC, these so-called G objects act dynamically as
stellar-mass objects, while simultaneously showing both
thermal dust emission and line emission from ionized
gas. Additionally, objects G1 and G2 have shown an
unexpected resilience to tidal disruption. After passing
through their periapse both G1 and G2 remained intact,
even though both experienced tidal interactions during their
passage [61,62]. This seems to suggest that the G objects
contain a stellar-mass core cloaked in an envelope of gas
and dust.
Numerous models have been proposed to explain the

origin ofG1 andG2. The lack of tidal disruption at periapse
has led authors to consider these objects to be an optically
thick distribution of gas and dust surrounding a star. This
central star may be a young, low-mass star that has retained
a protoplanetary disk [63] or that generated a mass-loss
envelope [64]. G objects may also originate as the merger
product of a binary system [65–67]. For completeness,
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we also acknowledge that stellar core hypothesis is not
universally accepted and other models, e.g., [68], offer
possible alternative explanations for G2’s origin.
Here we propose that G objects may be solar-mass black

holes enshrouded by a thick atmosphere of gas. PBHs with
sublunar masses can be captured by NSs, transforming
the host star into a 1–2M⊙ black hole. This process can
contribute to the paucity of NSs in the GC, known as the
“missing pulsar problem” [69]. The resulting population of
black holes have deep potential wells that can retain the gas
and dust ejected during the conversion process and there-
fore appear as the observed G objects.
In Sec. II, we will discuss the formation of solar-mass

black holes from sublunar-mass PBHs and NSs, as well
as the ability of these conversion events to appear as the
present population of G objects. In Sec. III, we estimated
the expected number of converted NSs and demonstrate
that this is consistent with the observed population of G
objects. In Sec. IV, we discuss the emission due to accretion
in our scenario and compare these estimates with obser-
vation. Finally, in Sec. V, we summarize our scenario and
discuss prospects for future detection and observations.

II. FORMATION OF G OBJECTS FROM
NSs AND PBHs

To account for all of DM, PBHs must have masses in the
1017–1023g [70] range, and some theories, e.g., supersym-
metry, naturally favor this range [24,34,71]. In DM rich
regions, the average NS lifetime is the sum of three
components: the black hole capture time tcap, the settling
time tset, and the time required for conversion of the NS into
a solar-mass black hole tacc. Additionally, we define the
consumption time tcon ≡ tset þ tacc, which will be important
for our later discussion.
The NS-PBH capture rate1 is given by [56]

F≡ΩPBH

ΩDM
FMW
0 ð1Þ

where ΩPBH and ΩDM are the present-day normalized
energy density fractions ΩX ¼ ρX=ρcrit, superscript MW
refers to the Milky Way, and

FMW
0 ¼

ffiffiffiffiffiffi
6π

p ρDM
MPBHv̄

�
2GMNSRNS

1 − 2GMNS=RNS

�

× ð1 − e−3Eloss=ðMPBHv̄2ÞÞ ð2Þ

is the capture rate assuming PBHs comprise all of DM.
Here, MNS is the NS mass, RNS is the NS radius, MPBH is

the mass of the interacting PBH, v̄ is the PBH velocity
dispersion, and ρDM is the PBH contribution to the DM
density. Finally [56],

Eloss ≈ 58.8
G2M2

PBHMNS

R2
NS

ð3Þ

is the average interaction loss energy during a NS-PBH
interaction. The capture rate can be enhanced by consid-
ering the velocity dispersion of NS in a DM rich environ-
ment, but for the parameter space we consider this effect
will be small. For our analysis, we consider NSs with
masses MNS ¼ 1.5M⊙ and radii RNS ¼ 10 km.
The DM profiles are often modeled with two-step power-

law functions of the form

ρDMðrÞ ≃
ρ⊙

ðr=r⊙Þαð1þ r=r⊙Þβ−α
; ð4Þ

where ρ⊙ is the local DM density for r⊙ ¼ 8.2 kpc, ρ⊙ ¼
0.4 GeVcm−3 [74]. The Navarro-Frenk-White profile cor-
responds to α ¼ 1, β ¼ 3 [75]. Given that we are working
well within the GC, r=r⊙ ≪ 1, allowing us to simply use

ρDMðrÞ ≃ ρ⊙

�
r
r⊙

�
−α
: ð5Þ

While corelike profiles for DM are possible, they tend to be
favored in self-interacting or warm DM models [76,77].
PBHs instead act as cold, collisionless DM, and, based on
the N-body simulations without baryons, one expects it to
have a cuspy profile [75]. Interactions with the baryonic
matter could potentially make the density profile more
corelike, although there is also a possibility that baryonic
contraction may cause a local enhancement of the DM
density near the central SMBH. To accommodate a variety
of models, as well as physical effects such as adiabatic
contraction [78], we will take α ∼ 1–2. In addition to this
specification, the velocity dispersion v̄ is taken to be

v̄ → σðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMSMBH

rð1þ αÞ

s
; ð6Þ

where MSMBH ∼ 4 × 106M⊙. For example, for MPBH ¼
1019 g, we find

tcapðr ≥ 10−2 pcÞ≡ F−1 ≲
�
1012 yr; for α ¼ 1;

106 yr; for α ¼ 2;
ð7Þ

where we assumed that ΩPBH=ΩDM ¼ 1.
For a typical NS, the time required for a gravitationally

captured PBH to settle into the NS core is [56]

1Ref. [56] discussed a possible limit on PBH dark matter if
globular clusters contained a significant overdensity of dark
matter. However, observational data [72,73] constrain the dark
matter content in such systems to several orders of magnitude
below what is needed for an exclusion limit.
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tset ≃ 1.3 × 109 yr

�
MPBH

1019 g

�
−3=2

: ð8Þ

The final contribution to the conversion timescale is an
estimation of the accretion rate. For simplicity, we will
assume spherical Bondi accretion,

ṀPBH ¼ 4πλsG2M2
PBHρNS=v

3
s ; ð9Þ

whereMPBH is the time evolving mass of the growing black
hole, vs is the sound speed, ρNS is the NS density, and λs is
an order one parameter depending on the NS equation of
state. For a NS described by an n ¼ 3 polytrope, vs ¼ 0.17,
ρNS ¼ 1015 g cm−3, and λs ¼ 0.707 [79], we find

tacc ≡ MPBH

dMPBH=dt
≃ 10 yr

�
1019 g
MPBH

�
: ð10Þ

Though we are examining incredibly small black holes,
the traditional Bondi accretion rate is still reliable for the
PBH-DM mass range [80].
From the three above timescales, we see that the settling

timescale determines how quickly a captured PBH will
consume its host star, i.e., tcon ≃ tset. Of these contributions,
either tcap or tset dominates the average NS lifetime htNSi,
depending on the values of α andMPBH. Given the average
NS lifetime, we wish to determine the number of surviving
NSs in a DM rich environment such as the GC. To do so,
we model the number of remaining NSs by assuming that
the population follows a Poisson process with a decay rate
given by 1=htNSi. This allows us to define the present-day
converted fraction of NSs as the ratio

ϒ≡ NNS→BH

NNS;0
¼ 1 − expð−tMW=htNSiÞ; ð11Þ

where tMW is the lifetime of the Milky Way galaxy
tMW ∼ 1.3 × 1010 yr.
Again, to account for all of DM, PBHs should have

masses in the range of 1017 g≲MPBH ≲ 1023 g. For
masses 1020–1023 g, a captured PBH will consume its
host NS≲ 106–108 yr. Once captured, these larger DM
PBHs will convert their host within the average lifetime of a
typical pulsar. For PBHs in this heavier mass range, 106 ≲
htNSi≲ 1012 yr for α between 1 and 2, implying thatOð1 −
100Þ% of NSs in the GC should have been consumed by
PBHs in the age of the Galaxy. This is consistent with the
observed underabundance of pulsars in the GC [69]. For
larger htNSi, this result is also consistent with the recent
observation of a young, 4 × 104-yr-old magnetar J1745-
2900 [81,82] since the magnetar’s age is significantly
shorter than htNSi. Lighter PBHs, with masses between
1017 and 1020 g, will still convert pulsars but will not do so
before the emission of radio waves and eventual spin-down
of the host NS. While this lower mass range cannot help in

addressing the missing pulsar problem, it still can explain
the origin of G objects.
The conversion of a NS into a solar-mass black hole

is an extremely violent process. Spin-up occurs as the NS
undergoes collapse into the central PBH. Differential
rotation can occur as the fractional change in radius is
greater for accreted matter in the innermost regions than it
is further from the center of the NS. Mass is ejected when
matter at the equator reaches the escape velocity. The
amount of ejected material may be estimated analytically,
though a complete analysis must take into account general
relativistic effects [83,84]. For the pulsars with the shortest
period theoretically possible, i.e., P ¼ 0.7 ms, the ejected
mass is expected to be of order 0.1M⊙ [42]. Naturally,
longer rotation periods would eject even less mass into the
surrounding environment.
Regardless of the amount, the material ejected will

occupy the environment closely surrounding the converted
NS. The deep potential well of the newly formed solar-
mass black hole will allow for the accumulation of the
ejected material, forming an atmosphere of dust and gas.
We interpret this cloud of material around a central solar-
mass black hole as a G object.
Two factors are crucial to the viability of our scenario.

First, we must ensure that the number of conversion events
within the GC is consistent with the observed number of G
objects. Second, we must guarantee that emission predicted
from our scenario does not over- or underproduce radiation
in a way that is inconsistent with the luminosities inferred
by the observation of the known population G objects.
The following sections will demonstrate the viability of our
scenario across a wide region of parameter space.

III. NUMERICAL ESTIMATES
OF CONVERTED NSs

The number of converted NSs in the presence of PBH-
DM naturally relies on the number of NSs present in the
central regions of the Galaxy. To determine the number of
NSs within the GC, we utilize results first obtained by
Bahcall and Wolf [85]. In that foundational work, Bahcall
and Wolf predicted the distribution of stars around a central
SMBH by solving a Fokker-Planck equation for the stellar
distribution function. Famously, Ref. [85] predicted the
number density of stars around a central SMBH follows
nðrÞ ∝ r−7=4, though observations around Sgr A� suggest a
shallower cusp [86–89]. Numerous studies [90–94] have
also generalized the formalism of Ref. [85] and, depending
on their underlying assumptions, obtain different power-
law relations for the stellar number density. To account for
both theoretical and observational uncertainties, we take the
NS number density to be of the form

nNSðrÞ ¼ nNS;0

�
r
rNS

�
−γ
; γ ∼ 1 − 2; ð12Þ
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which is consistent with solutions of the Fokker-Planck
equation obtained in Refs. [85,90–93] and observations
[86–89]. The normalizations frNS; nNS;0g were determined
using the M − σ relation [95] such that

rNS ¼
G

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSMBHM0

p
σ20

; nNS;0 ¼ ξsr−3NS

�
3 − γ

2π

�
; ð13Þ

where, in this case, MSMBH ∼ 4 × 106M⊙, M0 ¼
1.3 × 108M⊙, σ0 ¼ 200 km sec−1, and ξs ¼ 0.014, deter-
mined by the fraction ratios of the populations Main
Sequence∶White Dwarf∶ NS ¼ 0.72∶0.26∶0.014 as are typ-
ical for continuously star-forming population regions [96].
The number of NSs within a volume of radius r is

given by

NNSðr <Þ≡ 4π

Z
r

0

nNSðr0Þr02dr0; ð14Þ

which can be explicitly integrated using the above density
leading to

NNSðr <Þ ¼ 4πr3NS
3 − γ

nNS;0

�
r
rNS

�
3−γ

: ð15Þ

We find that the number of NSs in the central parsec is
NNSðr < 1 pcÞ ≃Oð105Þ. For the region relevant to the
observed population of G objects, namely, the inner
0.04 pc,

NNSðr < 0.04 pcÞ ≃Oð101–103Þ: ð16Þ

With this, we can finally calculate the expected number of
NSs to black hole conversions. This quantity is simply
defined as the product of Eqs. (11) and (15),

NNS→BHðr <Þ≡ϒ · NNSðr <Þ: ð17Þ

The number of converted NSs for various values of fα; γg
are shown in Fig. 1 with MPBH ¼ 1021 g. In this figure,
the purple shaded region encloses the possible values of
NNS→BHðr <Þ for varying DM and NS density profiles.
From here we see that, within the region relevant to G
objects, various values of fα; γg can accommodate the
Oð10Þ objects observed. While enhancements to the DM
density within the inner regions of the GC may decrease
the average lifetime of a NS within this environment, the
limiting factor in determining the number of converted NSs
is the NS density within these central regions. That being
said, our calculations demonstrate that an enhanced DM
density profile [97,98] is favorable for generating the
Oð10Þ converted NSs necessary to explain the population
of G objects.

IV. EMISSION OF ACCRETING SOLAR-MASS
BLACK HOLE

It is essential that the emission resulting from accretion
of gas and dust onto a central, solar-mass black hole is
consistent with observed luminosities of the population of
G objects. We will again consider spherical Bondi accre-
tion, which allows us to parametrize the accretion rate in
terms of the gas density, gas temperature, and mass of the
central black hole [79],

ṀB ¼ 2.40 × 1010
g
s

�
M
M⊙

�
2
�

n∞
1 cm−3

��
T∞

104 K

�
−3=2

;

ð18Þ

where M is the central black hole mass, n∞ is the number
density of the gas, and T∞ is the temperature of the gas, the
latter two of which are properties of the surrounding gas far
from the accreting black hole.
Here we assumed the gas is composed of pure hydrogen

and the adiabatic index is 5=3. The radiative efficiency ϵ
determines the accretion luminosity for a given accretion
rate,

Lbol ≡ ϵṀBc2: ð19Þ

This allows us to define the dimensionless mass accretion
rate and luminosity,

l ¼ Lbol

LEd
; ṁ ¼ ṀB

ṀEd
; ð20Þ

where

FIG. 1. The expected number of NSs converted into black holes
within a volume of radius r. The purple shaded region encap-
sulates varying fα; γg between 1 and 2 for each parameter
individually. Here we assumed that MPBH ¼ 1021 g.
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LEd ¼ 1.26 × 1038 erg s−1
�

M
1M⊙

�
ð21Þ

and ṀEd¼LEd=c2. This leads to the simple relation l¼ ϵṁ.
Before discussing the emission of our system, we note

that the accretion timescale for a solar-mass black hole
surrounded by gas is

τB ¼ MB=ṀB: ð22Þ

For the parameters relevant to our examination of G
objects, this timescale exceeds the age of the Galaxy.
This suggests that accretion of a G object’s atmosphere
onto the solar-mass black hole at its center does not alter the
system on the timescales we are considering.
It is notoriously difficult to estimate the accretion

luminosity from first principles. Proper treatment requires
numerically solving relativistic generalizations of the
continuity equation, Euler’s equation, and an entropy
equation given by the thermodynamic identity. To solve
these equations, one must also specify the equation of
state for the gas and relevant heating and cooling mech-
anisms [99–106]. Instead of pursuing an imperfect numeri-
cal solution, we will instead parametrize the theoretical and
experimental uncertainties in the efficiency through a free
parameter η, which is defined such that ϵ ¼ ηṁ, as inspired
by solutions obtained by Refs. [99–101].

The blue region of Fig. 2 corresponds to varying η between
10−5 and 1, with constant values of ϵ plotted for reference.
In order to demonstrate that the values of η we selected

were appropriate, we also show data values computed and
classified by Park and Ostriker [104]. Additionally, we also
included the green shaded region, which corresponds to
values of ṁ consistent with the assumption that G2 is an
optically thin cloud of ionized gas [107], namely, T∞ ¼
104 K and n∞ ¼ ð0.2–2Þ × 105 g cm−3. The intersection of
the shaded regions suggests that emission of a solar-mass
black hole with a G2-like atmosphere is consistent with the
inferred luminosity of the class of G objects. The required
values of η or ϵ are in-linewith numerous accretion scenarios,
which demonstrates the viability of our scenario.
Determining the spectrum of emission provided by the

central black hole also requires a full numerical calculation.
The atmosphere resulting from destructive PBH-NS conver-
sion processes will contain many heavy elements that appear
as dust [42]. Depending on the density of the atmospheres
surrounding a central solar-mass black hole, this dust may
reprocess higher energy photons into the infrared spectrum.
Regardless of these details, our examination of the total
emitted luminosity demonstrates that a solar-mass black hole
does not significantly under- or overproduce radiation.
As already mentioned, solar-mass PBHs, which could be

a subdominant component of DM, would also be most
commonly found in the GC. It is natural to consider that
these larger PBHs on their own could attract gas and dust
from the surrounding environment and potentially present
themselves as G objects. Given the uncertainly about the
DM profile in the GC, the abundance of solar-mass PBHs
in the central 0.04 pc is ≳Oð10Þ, which coincides with the
observed population of G objects. Unlike the sublunar-
mass PBH-NS conversion events, however, solar-mass
PBHs would have to acquire their atmosphere through
accretion alone. Given the proximity to the central SMBH,
these solar-mass PBHs would have large velocities that
would suppress accretion and have drastic implications for
the flow into the PBH core. This is also true for NSs or
Oð1 − 10ÞM⊙ black holes that might reside in the GC due
to mass segregation [90,91,98], the latter of which are
likely too massive to be consistent with the objects inferred
at the center of the G objects. A simple estimate of the
Bondi-Hoyle accretion timescale for a solar-mass object
within the GC indicates that these objects will not acquire
enough mass within the lifetime of the Galaxy to be
consistent with the observed G objects. However, direct
interactions between stellar-mass black holes and stars may
generate G objectlike structures, e.g., [108,109].

V. DISCUSSION AND CONCLUSION

In summary, the PBH interpretation of G objects offers a
unique insight into the nature of DM, the missing pulsar
problem, and the origin of G objects. This scenario
provides a unique opportunity to investigate the existence
of solar-mass black holes. The large abundance of DM in
the GC allows this region to be a test bed for the PBH-DM
hypothesis. If DM take the form of sublunar PBHs, our

FIG. 2. The dimensionless luminosity l as a function of
dimensionless accretion rate ṁ. The blue band represents varying
values of η between 10−5 and 1. The dashed blue line represents
values of l consistent with observation. The dashed gray line
corresponds to the Eddington limit l ¼ 1. The green region
corresponds to values of ṁ consistent with the assumption that
G2 is an optically thin cloud of ionized gas [107]. The data
points illustrate various modes of accretion as calculated and
categorized by [104], which specifically focuses on advection-
dominated accretion flows (ADAF).
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calculations and others [37,42,43,56,57] suggest that con-
version events have the potential to be observed as kilo-
novae without a corresponding gravitational wave signal
and are likely to only be observed in regions rich in DM. At
the same time, the newly formed black holes will retain the
velocities of their progenitor and will be surrounded by
initially neutron-rich material, which later acts as a thick
atmosphere of dust and gas. Should G objects be the result
of NS conversions, they should only be observed where the
DM density is significant, i.e., the GC. In combination with
microlensing, gravitational waves, and other observational
techniques, the existence of G objectlike configurations
allows for further investigation into the PBH-DM scenario.
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