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A B S T R A C T

Galactic stellar-population-synthesis models, chemical-enrichment models, and possibly

gravitational microlensing indicate that about N tot ¼ 108 –109 stellar-mass black holes reside

in our Galaxy. We study X-ray emission from accretion from the interstellar medium on to

isolated black holes. Although black holes may be fewer in number than neutron stars,

NNS , 109, their higher masses, kMl , 9 M(, and smaller space velocities, sv , 40 km s21,

result in Bondi–Hoyle accretion rates ,4 £ 103 times higher than for neutron stars. Given a

total number of black holes N tot ¼ N9109 within the Milky Way, we estimate that ,103N9

should accrete at _M . 1015 g s21, comparable to accretion rates inferred for black hole X-ray

binaries. If black holes accrete at the Bondi–Hoyle rate with efficiencies only

,1024(NNS/Ntot)
0.8 of the neutron-star accretion efficiency, a comparable number of each

may be detectable. We make predictions for the number of isolated accreting black holes in

our Galaxy that can be detected with X-ray surveys as a function of efficiency, concluding

that all-sky surveys at a depth of F ¼ F21510215 erg cm22 s21 dex21 can find Nð. FÞ ,
104N9ðF215/e25Þ

21:2 isolated accreting black holes for a velocity dispersion of 40 km s21 and

an X-ray accretion efficiency of e ¼ e251025. Deeper surveys of the Galactic plane with

Chandra or XMM-Newton may find tens of these objects per year, depending on the

efficiency. We argue that a mass estimate can be derived for microlensing black hole

candidates with an X-ray detection.

Key words: accretion, accretion discs – black hole physics – Galaxy: stellar content – X-rays:

ISM – X-rays: stars.

1 I N T R O D U C T I O N

A black hole may be detected only via its interactions with

surrounding matter or light. Black holes in binary-star systems are

strong and transient X-ray sources fed by accretion from a stellar

companion. However, isolated black holes – that is, black holes

without companions or black holes in wide binaries – can easily

escape detection. These may constitute the majority of the

population of black holes, since the fraction in close binaries with

a , 100 au is ,0.01 based on stellar evolution calculations for

massive star binaries (Chris Fryer, private communication). Young

isolated neutron stars are much easier to detect as pulsars, but once

the magnetic field, spin, and thermal energy decay away, an old

neutron star becomes as invisible as a black hole. Several authors

(Ostriker, Rees & Silk 1970; Treves & Colpi 1991; Blaes & Madau

1993) have proposed searching for isolated old neutron stars lit up

by accreting matter from the interstellar medium (ISM). A tenth of

the rest-mass energy of the accreting gas can be directly converted

to luminosity, assuming that all the accreted material is thermalized

as it hits the neutron-star surface. These predictions motivated

searches that turned up several isolated neutron-star candidates

(Stocke et al. 1995; Walter, Wolk & Neuhauser 1996; Wang 1997;

Schwope et al. 1999); however, it is possible that these are young

cooling neutron stars powered by processes other than accretion

(Treves et al. 2000).

The known Galactic black hole X-ray-binary population has a

velocity dispersion smaller by a factor of ,5 than neutron stars

(van Paradijs & White 1995; White & van Paradijs 1996, hereafter

WvP; Hansen & Phinney 1997) and an average mass larger by a

factor of ,6 (see below, and also Bailyn et al. 1998 and Thorsett &

Chakrabarty 1999). The accretion rate for an object of mass M

accreting from the ISM is determined by the Bondi–Hoyle formula

(Bondi & Hoyle 1944),

_M ¼
l4pG 2M 2nm

ðv 2 þ c2
s Þ

3=2
; ð1Þ

where v is the velocity of the black hole with respect to the local

ISM, n is the number density of hydrogen in the ISM, m ¼ r/n

where r is the particle mass density, cs is the sound speed of the

ISM, and l is a parameter of order unity (we set l ¼ 1 hereafter).†Chandra Fellow.
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Assuming that isolated black holes have the same mass range and

velocity dispersion as black holes in X-ray binaries, one would

expect the typical accretion rate on to isolated black holes from the

ISM to be larger by a factor of ,4 £ 103 compared to neutron

stars. The expected detection rate of isolated black holes accreting

from the ISM may be reduced, as the number of black holes in our

Galaxy may be smaller by a factor of ,10 than the number of

neutron stars, and the lack of a hard surface may result in lower

luminosities for black holes accreting at small accretion rates.

Garcia et al. (2001) argue that black holes have quiescent X-ray

efficiencies ,1022 of neutron stars; however, Bildsten & Rutledge

(2000) argue that the detected X-rays may have nothing to do with

accretion, and that V404 Cyg is an exception to this rule, indicating

that there may be a wide range of accretion efficiencies. If black

holes do have a reduced efficiency compared to neutron stars, this

reduction can be compensated by the larger accretion rates and the

smaller scaleheight of black holes which increases their number

density in the mid-plane where most of the interstellar gas mass is

located. The accretion rate of neutron stars can be suppressed by

interactions with the magnetic field if the magnetic field decays on

a 108–9 yr time-scale (Colpi et al. 1998; Livio, Xu & Frank 1998),

while black holes do not have an intrinsic magnetic field, so

accretion can proceed uninhibited by magnetic pressure or torque.

Thus we are motivated to compute the expected numbers and

accretion rates of isolated black holes in our Galaxy.

The problem of black holes accreting from the ISM has been

considered by several authors. We approach the problem in a

different way from previous authors (listed below) by using the

properties of black hole X-ray binaries to constrain the phase-space

distribution of black holes within the entire Galactic disc, while

considering the properties of all phases of the ISM, deriving the

distribution of accretion rates including radiative pre-heating, and

finally deriving the distribution of X-ray fluxes. Grindlay (1978)

considered spherical-accretion models for X-ray sources now

known to be accreting from companions. Carr (1979) estimated the

luminosity of black holes in the Galactic disc, but did not predict

their detection probability. McDowell (1985) computed the visual

and infrared fluxes of black holes accreting spherically from

molecular clouds, but only out to 150 pc. Campana & Pardi (1993)

computed the fluxes of black holes within the disc of the Galaxy

accreting spherically from molecular clouds, without computing

the probability distribution of accretion rates. Heckler & Kolb

(1996) computed the fluxes of a putative halo population of black

holes accreting spherically while passing within 10 pc of the Sun.

The large velocities, low densities, and large scaleheights of a halo

population greatly reduce the number of black holes at a given

accretion rate. Popov & Prokhorov (1998) took into account the

spatial distribution of the warm ISM, assuming that the black holes

receive a kick velocity at birth of ,200 km s21, which greatly

reduces the accretion rates. Fujita et al. (1998) computed the fluxes

of black holes in the disc accreting via an advection-dominated

accretion flow at a distance of 400 pc (the Orion cloud) for a few

velocities, without computing the full probability distribution.

Grindlay et al. (2001) estimate that of order 103 black holes in

molecular clouds might be detectable by the proposed Energetic

X-ray Imaging Survey Telescope (EXIST) experiment based on

an accretion efficiency of 1022.

The spectrum of an accreting black hole has been computed in

the spherical-accretion limit (Ipser & Price 1977, 1982, 1983);

however, as we show below, the accreted material will possess

non-zero angular momentum, possibly forming an accretion disc

which may increase the efficiency of accretion. Thus we

parametrize our results in terms of the unknown accretion

efficiency.

In Section 2 we summarize the known properties of binary black

holes and their distribution in phase-space. In Section 3 we

estimate the accreted angular momentum, and discuss the range of

accretion efficiencies and the effects of radiative feedback. In

Section 4 we discuss the properties of the ISM necessary for

computing the accretion rates of black holes. In Section 5 we

compute the distribution of accretion rates and luminosities for

black holes within the disc of the Galaxy. In Section 6 we estimate

the detection rates of black holes under the persistent and transient

assumptions, and then predict the fluxes as a function of distance

for the three candidate black-hole microlenses. Finally, in Section 7

we summarize our conclusions.

2 B L AC K H O L E S I N O U R G A L A X Y

Here we summarize the properties of black holes in X-ray binaries,

which we will use to describe the isolated black hole distribution as

well.

2.1 Number of black holes

Estimating the number of stellar remnant black holes in the Milky

Way requires knowing the star formation history, the initial mass

function, and the fraction of stars which evolve into black holes as

a function of metallicity. Simple estimates based on the expected

number of black-hole to neutron-star remnants indicate about 108

black holes (Shapiro & Teukolsky 1983; van den Heuvel 1992).

Chemical enrichment by supernovae within the Milky Way

indicates about ,2 £ 108 black holes should have formed

(Samland 1998). The MACHO and OGLE groups claim to have

three detected isolated black holes via gravitational microlensing

(Bennett et al. 2001; Mao et al. 2002). The mass of these lenses is

inferred only statistically, so these events may be due to more

distant, low-mass stars; nevertheless, these three events indicate

that at most ,109 black holes reside in the Milky Way disc (Agol

et al. 2002).

2.2 Phase-space distribution of black holes

WvP have estimated that the rms distance from the Galactic plane

for black hole X-ray binaries, zrms, is about 450 pc, which

corresponds to a scaleheight of H , 320 pc and a velocity

dispersion of sv , 40 km s21. This is consistent with the radial

velocity measurements of low-mass black hole X-ray binaries

when corrected for Galactic rotation (Brandt, Podsiadlowski &

Sigurdsson 1995; Nelemans, Tauris & van den Heuvel 1999), with

the exceptions of GRS 1655240, which has vr ¼ 2114 km s21,

and J1118þ480, which has v , 145 km s21 with respect to the

local standard of rest (Mirabel et al. 2001). Thus there appear to be

two black hole populations with low and high velocity dispersions

as there are of neutron stars (Cordes & Chernoff 1998). Only the

low-velocity objects will be detectable by accretion, so we simply

consider this population. We have estimated the scaleheight of

black hole X-ray binaries using a maximum-likelihood estimator

dp/dH ¼ Pi expð2jzij/HÞ=ð2HÞ, where H is the disc scaleheight

and zi is the height above the disc, given the distances listed in

Table 1. The resulting probability distribution is shown in Fig. 1.

We measure a scaleheight of H ¼ 370þ130
260 pc (1s) and, at 90 per

cent confidence, 270 , H , 590 pc. This scaleheight is consistent

with a population with a velocity dispersion in the z-direction of
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,15–20 km s21. Since black holes in X-ray binaries are the only

sure detections of stellar-mass black holes, we will assume that this

scaleheight and velocity dispersion apply to isolated black holes as

well.

2.3 Mass distribution of black holes

The measured masses for black hole X-ray binaries (see, e.g.,

Narayan, Garcia & McClintock 2002 for a recent compilation) are

plotted as Nð. MÞ in Fig. 2. We have then fitted a power-law mass

distribution,

dN/dM ¼ nMM 2g; ð2Þ

with a lower mass cut-off at M1 and an upper mass cut-off at M2.

We obtain a best fit for g ¼ 20:35, M1 ¼ 4 M(, and M2 ¼ 13 M(.

The average mass of the distribution is ,9 M(, close to the mean

of the data kMl ¼ 9:6 M(. We have normalized this to unity,

nM ¼ ðg 2 1Þ=ðM
12g
1 2 M

12g
2 Þ, and we assume that it applies

throughout the Galaxy.

3 E F F I C I E N C Y O F AC C R E T I O N

The Bondi–Hoyle formula may be appropriate for computing the

accretion rate, but we must then convert that accretion rate into an

observable luminosity in some band with some efficiency, e. To do

so requires a detailed model for the accretion flow; we side-step

this problem by parametrizing our results with e. However, we first

need to consider what values e might take.

3.1 Angular momentum of accreted material

If the accreting gas were perfectly uniform, then the accreted

angular momentum is quite small, and the accretion flow follows a

one-dimensional supersonic solution, for which the luminosity can

be predicted (Ipser & Price 1977; Shapiro & Teukolsky 1983).

However, small perturbations in the density or velocity of the

accreting gas will lead to an angular momentum large enough to

circularize gas before it accretes (Shapiro & Lightman 1976). If

there is a gradient in the density field that is perpendicular to the

direction of motion of the black hole, then the accreted angular

Figure 1. The probability distribution of scaleheights for black hole X-ray

binaries, given the observed heights of the 19 black hole X-ray binaries

listed in Table 1.

Figure 2. The number of black holes with masses above M, Nð. MÞ versus

mass. The solid curve is the best-fitting distribution function, while the

dotted curve is the theoretical distribution from Fryer & Kalogera (2001).

Table 1. Height distribution of black hole X-ray binaries.

Name l8 b8 D(kpc) z(pc) Ref.

0422þ32 165.9 211.9 2.2 2453 CSL
0620200 210.0 26.5 0.8 291 CSL
1009245 275.9 9.3 3.0 485 CSL
1118þ48 157.7 62.3 1.9 1682 Mirabel et al. (2001)
1124268 295.3 27.1 5.5 2680 CSL
1524262 320.3 24.4 4.4 2338 CSL
1543247 330.9 5.4 9.1 856 Orosz et al. (1998)
15502564 325.9 21.8 2.5 79 Wilson & Done (2001)
1655240 345.0 2.5 3.2 140 CSL
1658248 338.9 24.3 3.0 2225 Fender (2001)
1705225 358.6 9.1 4.3 680 CSL
1719224 0.1 7.0 2.4 292 CSL
1740.722942 359.1 20.1 8.5 215 WvP
17582258 4.5 21.4 8.5 207 Fender (2001)
18462031 30.0 20.9 7.0 2110 WvP
1915þ105 45.3 20.9 12.5 2196 CSL
1958þ35 1.3 3.1 2. 108 Fender (2001)
2000þ25 63.4 23.0 2.5 2131 WvP
2023þ33 73.2 22.1 3.5 2214 WvP
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momentum scales as

l ¼
1

4

Dr

r
vrA; ð3Þ

where Dr is the difference in density between the top and bottom of

the accretion cylinder, and rA ¼ GM/ðv 2 þ c2
s Þ is the accretion

radius. Numerical simulations confirm that this formula is correct

to order of magnitude (Ruffert 1999). The observed density

fluctuations in our Galaxy scale as dr/r , ðL/1018 cmÞ1=3

(Armstrong, Rickett & Spangler 1995), extending down to a

scale of ,108 cm. The exponent of this scaling is nearly consistent

with a Kolmogorov spectrum of density (Dubinski, Narayan &

Phillips 1995). Evaluating this at L ¼ 2rA, we can then find the

radius of the resulting accretion disc, rdisc, by equating the angular

momentum of the gas with the Keplerian angular momentum due

to the black hole, lKep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMrdisc

p
. This gives

rdisc

rg

¼ 104 M

9 M(

� �2=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2 þ c2

s

p
40 km s21

 !210=3

: ð4Þ

So we see that a disc will almost always form in interstellar

accretion (though not necessarily a radiative-efficient thin disc). A

similar argument is given in Fujita et al. (1998) for the case of

molecular clouds, for which the slope of velocity fluctuations is

similar to that expected by a Kolmogorov spectrum (Larson 1981).

The neutral ISM seems to follow a power law with a similar slope

and normalization (Lazarian & Pogosyan 2000), which will also

lead to non-zero accreted angular momentum; however, the length-

scales probed in molecular and atomic gas are much larger than the

scale of the accretion radius.

The accretion time-scale for the disc scales as td ¼

a21
SS ðGM/r3

discÞ
21=2ðrdisc/hÞ

2; where h is the height of the disc, and

aSS is the ratio of the viscous stress to the pressure in the disc. If the

velocity and density fields of the ISM are incoherent on the scale of

these fluctuations, then the angular momentum can change on a

time-scale of ta ¼ rA/v, as gas will be accreted with the angular

momentum vector pointing in a different direction after this time-

scale. Thus the angular momentum of the disc can be reduced due

to a random walk of the accreted angular momentum vector if

tA ! td. We estimate

td

ta

, 2
rA

2 £ 1013 cm

0:1r

h

� �2
aSS

0:1

� �21

; ð5Þ

which indicates that there may be only a slight reduction in the

angular momentum since these time-scales are comparable. The

residual angular momentum means that we cannot use spherical-

accretion formulae for the luminosity, but we must estimate the

efficiency of the accretion disc that forms.

3.2 Range of efficiencies

We assume that the black holes radiate a spectrum with spectral

index a ¼ 1, where Fn / n2a, consistent with the typical

spectrum of black hole X-ray binaries in quiescence (Kong et al.

2002), so that equal energy is emitted per unit decade of energy. We

define Lion as the luminosity from 1 to 1000 Ryd (13.6 eV), so the

efficiency is e ion ¼ Lion/ð _Mc 2Þ. Estimates of the accretion rate in

Cygnus X-1 indicate that it is accreting with an X-ray efficiency of

e ion , 1021 (Shapiro & Teukolsky 1983). However, at low

accretion rates the density of the gas decreases, reducing the

cooling rate so that it may not be able to cool, resulting in a

radiative efficiency much lower than the ,10 per cent available

due to gravitational potential energy (Narayan & Yi 1994). We

again appeal to black hole X-ray binaries. By estimating the mass

accretion rates in black hole X-ray binaries and X-ray luminosities

in the quiescent state, Lasota (2000) concludes that the 2–10 keV

efficiency is about 2 £ 1026, assuming that this luminosity is solely

due to accretion, implying e ion , 1025. Low upper limits on the

X-ray Bondi-accretion efficiencies are inferred for some super-

massive black holes in elliptical galaxies (Loewenstein et al. 2001).

The Galactic Centre black hole has an X-ray efficiency of

,4 £ 1028–2 £ 1026 in the 2–10 keV band for a Bondi–Hoyle

accretion rate of 1026 M( yr21 (Baganoff et al. 2001), but it may

have been much brighter within the last ,100 years (Koyama et al.

1996). Thus we parametrize our results in terms of an unknown

X-ray efficiency, using 1025 as the fiducial efficiency.

For certain ranges of parameters, the disc may be unstable to the

hydrogen-ionization disc instability (Lasota 2001), creating

intermittent outbursts of higher luminosity between long periods

of quiescence, with changes in luminosity of 105. We will discuss

the possible effect this may have on the number of detectable

sources in Section 6.2.

3.3 Radiative feedback

The gas in the vicinity of the black hole will be heated by the

ionizing radiation field produced by accretion. If the temperature

rises enough, then the accretion radius, and thus the accretion rate,

will decrease (Shvartsman 1971; Ostriker et al. 1976). For an

a ¼ 1 spectrum, the mean opacity from 1–1000 Ryd of neutral gas

with cosmic abundance is scold ¼ 3:87 £ 10218 cm2 per hydrogen

atom. The heating rate is then given by H ¼ LxnHscold/ð4pR 2Þ,

where R is the distance from the black hole. For temperatures lower

than ,104 K and for a small ratio of radiation energy density to gas

energy density, the heating rate greatly exceeds the cooling rate.

Consider a fluid element directly in front of the path of a moving

black hole. As the black hole approaches with velocity v, the ratio

of the total heating rate to the initial energy density, e0, of the gas is

etot

e0

¼
1

e0

ð1

R

dRH/v ¼ 2 £ 105e ionv22
40 ðr/rAÞT

21
4 ; ð6Þ

where etot is the total energy density absorbed by a fluid element

(neglecting cooling), v ¼ v4040 km s21 and T ¼ T4104 K. Thus,

even for small efficiencies the gas is strongly heated outside the

accretion radius. Once H and He are ionized, the mean opacity

drops by three orders of magnitude, and the gas remains at around

2 £ 104 K. This has been confirmed by detailed numerical

simulations by Blaes, Warren & Madau (1995). Above this

temperature, the cooling and heating times become much longer

than the accretion time, so the gas falls in adiabatically. Thus we

take the temperature of the accreted gas to be T0 ¼ 2 £ 104 K for

all phases of the ISM except the hot H II.

4 G A S I N O U R G A L A X Y

4.1 Phases of the ISM

The interstellar medium in our Galaxy consists of at least five

identifiable phases (Bland-Hawthorn & Reynolds 2000) in

approximate pressure equilibrium, P , 2 £ 103kB, where kB is

the Boltzmann constant. The highest accretion rates will occur in

the regions of the highest density. This means that the observable

sources will be dominated by the giant molecular clouds (GMCs)
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consisting mostly of H2 ðT , 10 KÞ and the cold neutral medium

(CNM) consisting of H I clouds ðT , 102 KÞ. These phases

comprise approximately 40 and 50 per cent of the total mass of gas

in our Galaxy.

The warm neutral and ionized components ðT , 8000 KÞ of the

ISM have densities that are ,1022 of the CNM, so the maximum

accretion rates are ,1022 times smaller than the maximum for the

CNM, while the hot component of the ISM ðT , 106 KÞ has a

density ,1022 of the warm components, reducing the maximum

accretion rate by another factor of 1022. However, these phases fill

a much larger volume in the ISM, and thus should be considered.

We next refine the above estimates by considering the

distribution of each phase as a function of number density.

4.2 Filling fraction of the ISM

To estimate the distribution of accretion rates for black holes in our

Galaxy, we need to know the volume of the Galaxy filled by gas of

a given number density. We define this as

df

dn
¼ f 0n 2b; ð7Þ

where df /dn is the fraction of volume filled by gas with number

density between n and n þ dn, and f0 is a normalization constant.

Berkhuijsen (1999) has shown that bGMC , 2:8, while

bCNM , 3:8. This can be seen for the molecular clouds by noting

that the mass function of molecular clouds in our Galaxy scales as

dN/dM / M 21:6 (Dickey & Garwood 1989), while the number

density of clouds scales with size, D, as n / D 21 (Larson 1981;

Scoville & Sanders 1987). Assuming that clouds have a spherical

volume, one finds df /dn / VðdM/dnÞðdN/dMÞ / n22:8. Since the

number density–size relation is derived for the average density of

clouds, b may be slightly smaller because each cloud may contain

regions where the gas density is higher than average.

We assume that the GMCs span number densities from n1 ¼

102 cm23 to n2 ¼ 105 cm23, while the CNM spans number densities

from n1 ¼ 10 cm23 to n2 ¼ 102 cm23. Finally, we assume that the

scaleheight of the molecular clouds is 75 pc, while the scaleheight

of the CNM is 150 pc; we also assume that all phases are

axisymmetric.

The surface mass density of molecular gas as a function of radius

is taken from Scoville & Sanders (1987) and Clemens, Sanders &

Scoville (1988), while we assume the distribution of the CNM to be

constant with S ¼ 4:5 M( pc22 for R . 4 kpc, and zero inside

4 kpc (Scoville & Sanders 1987). The molecular-gas surface

density has a strong peak at the Galactic Centre, and another peak

around 5 kpc from the Galactic Centre; then it decreases outwards

(Scoville & Sanders 1987). We ignore variations of the surface

density in azimuth, and we approximate the distribution in z as

an exponential, f 0ðzÞ ¼ f 0ð0Þ expð2jzj/HÞ. From these surface

densities, we compute the filling fraction in the mid-plane as

f 0ð0Þ ¼
Sðb 2 2Þðn

12b
1 2 n

12b
2 Þ

2Hmðb 2 1Þðn
22b
1 2 n

22b
2 Þ

; ð8Þ

where m ¼ 2:72mp for the GMC, and m ¼ 1:36mp for the CNM. At

the solar circle, this gives f 0ðGMCÞ ¼ 1023, while f 0ðCNMÞ ¼

0:04:

The warm H I, warm H II, and hot H II we take as constant

densities of 0.3, 0.15 and 0.002 cm23 respectively, mid-plane

filling factors of 35, 20 and 40 per cent, as well as scaleheights of

0.5, 1 and 3 kpc (Bland-Hawthorn & Reynolds 2000). We assume

that the hot H II has a temperature of 106 K, and thus

cs ¼ 150 km s21. The corresponding surface mass densities are 4,

2 and 0.2 M( pc22 respectively, which we assume to be constant as

a function of Galactic radius.

5 AC C R E T I O N R AT E A N D L U M I N O S I T Y

D I S T R I B U T I O N F U N C T I O N S

The distribution function of mass-accretion rate for black holes

located at a given region in the Galaxy is given by

d2N

d _M dV
¼

ðM2

M1

dM

ðn2

n1

dn

ð1

0

dv
df

dn

d2nBH

dMdv
d½ _Mðn;M; vÞ 2 _M�; ð9Þ

where dV is the volume element and

d2nBH

dM dv
¼ NBHðR; zÞ

ffiffiffiffi
2

p

r
v 2

s3
v

exp 2
v 2

2s2
v

� �
nMM 2g: ð10Þ

We define _M0 ¼ pG 2M2
(mpð1 km s21Þ23 ¼ 3:8 £ 1014, so that

_Mðn;M; vÞ ¼ _M0nM 2ðv 2 þ c2
s Þ

23=2. For a given mass and sound

speed, we can define the minimum number density required for

accretion at a rate greater than _M : n . n0 ¼ _Mc3
s /ð

_M0M 2Þ. Using

equations (1) and (2), we can first carry out the v integration

analytically,

d2N

d _M dV
¼ NBH

ðM2

M1

dMnMM 2g

ðmax{n2 ;n0}

max{n1 ;n0}

dnf 0n 2b

£

ffiffiffiffi
2

p

r
v0

s3
v

ð _M0nM 2Þ2=3

_M 5=3
exp 2

v2
0

2s2
v

� �
;

ð11Þ

where v2
0 ¼ ð _M0nM 2/ _MÞ2=3 2 c2

s . The remaining two integrals are

computed numerically.

In Fig. 3 we plot the function dN/d _M for the various phases of

the ISM at the solar circle. The densest gas (GMCs) dominates the

highest accretion rates, while the hottest gas dominates the lowest

accretion rates. For the hot H II, accretion is subsonic and n is

assumed to be constant, so _M / M 2. Thus, dN/d _M / _M 2ð1þgÞ=2,

Figure 3. The number density (kpc23 g21 s) of black holes accreting with

accretion rates between Ṁ and _M þ d _M as a function of Ṁ at the solar radius

for sv ¼ 40 km s21. The solid curve refers to black holes accreting within

molecular clouds, while the short-dashed curve refers to black holes within

the cold neutral medium. The dotted curve is for black holes within the

warm H I, the dot-dashed curve for the warm H II, and the dash-triple-dot

curve for the hot H II.
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spanning a range in Ṁ of ðM2/M1Þ
2. The other phases have more

complicated accretion-rate distributions, since sv . cs.

To compute the expected total number of black holes in the

Galaxy accreting at a rate Ṁ, we integrate the luminosity functions

(assumed to be constant) over the gas filling fraction times the

number density of black holes as a function of position over the

entire Galaxy,

dN

d _M
¼

d2N

d _M dV

ýýýý
ðR( ;z¼0Þ

ð1

0

dR2pR exp 2
R 2 R(

Rdisc

� �
2

SðRÞ

SðR(Þ

£

ð1

0

dz exp 2
z

HBH

2
z

Hgas

� �
:

ð12Þ

Fig. 4(a) shows Nð. _MÞ ¼
Ð1

_M
d _M0ðdN/d _M0Þ for both black holes

and neutron stars. For neutron stars, we choose M ¼ 1:4 M(, 86

per cent with sv ¼ 175 km s21 and 14 per cent with sv ¼

700 km s21 (Cordes & Chernoff 1998), N( ¼ 5:2 £ 105 kpc23, and

H ¼ 1 kpc, yielding a total of 109 neutron stars within our Galaxy.

We have ignored suppression of accretion by magnetic effects,

noting that this may reduce the number of observable neutrons stars

by a factor of ,5 below what we have computed (Colpi et al. 1998;

Livio et al. 1998). The total number of accreting black holes is

smaller than the total number in the disc, since we have assumed

that the gas filling factor decreases with scaleheight. This reduction

may be artificial, since gas at some density presumably fills the

entire Galaxy, but this affects only small accretion rates.

We expect ,103N9 isolated black holes to be accreting at rates

comparable to the estimated rates in black hole X-ray binaries,
_M . 1015 g s21 (van Paradijs 1996). This is comparable to the

parent population of black hole X-ray binaries, which may be

102–3 (Iben, Tutukov & Yungelson 1995). Black holes outnumber

neutron stars due to their larger mass and smaller space velocity, as

shown in Fig. 4(a).

To compute the number of detectable isolated black holes

requires converting the accretion-rate distribution into a luminosity

function. Given the uncertainties in accretion physics, we will

make two assumptions based on what is known about black hole

X-ray binaries: persistent and transient sources. The first

assumption, shown in Fig. 4(b), is that the sources are time-

steady, similar to high-mass X-ray binaries such as Cygnus X-1.

Under this assumption, we simply convert the accretion rate into an

X-ray luminosity in a given X-ray band. Shown is the ionizing

radiation band from 1 to 1000 Ryd for e ion ¼ 1025; the horizontal

axis simply scales with efficiency. The black hole and neutron-star

functions overlap for e ion , 1025, despite the lower black hole

efficiency due to the larger black hole mass, smaller velocity

dispersion, and smaller scaleheight. The total ionizing luminosity

of isolated accreting black holes within the Milky Way is

,1036N9e25 erg s21.

The second assumption that the black holes are transient will be

discussed in Section 6.2.

6 D E T E C T I O N P R O B A B I L I T Y

To compute the detection probability, we need to integrate the

number of sources above a given observed flux as a function of

position within the Galaxy. We will consider two energy emission

bands, ‘soft’ X-ray from 1 to 10 keV, and ‘hard’ X-ray from 10 to

100 keV, which have efficiencies of esoft and ehard. Since the model

spectrum we have used is flat, nf n / n 0, the luminosity per unit

decade of photon energy is constant. Thus the flux in each of these

bands is 1/3 of the flux of ionizing photons which covers three

decades, or e soft ¼ ehard ¼ e ion/3. A more complex X-ray spectrum

will change our results by factors of order unity, which we defer to

future work, given the poor theoretical understanding of the spectra

of accreting black holes.

For neutron stars, we assume a spectrum composed of a

blackbody with T ¼ 0:15 keV plus a power law with a ¼ 1 (i.e.,

flat in nFn) and the flux from 1 to 10 keV equal to 1 per cent of the

total flux of the blackbody component. This was chosen to be

similar to the spectra of neutron-star binaries Cen X-4 and Aquila

X-1 in quiescence (Rutledge et al. 2001a,b). This spectrum yields

e soft ¼ 0:13e ion and ehard ¼ 0:03e ion, because most of the flux is in

the extreme ultraviolet. We neglect photoelectric absorption, since

the half-column density of molecular clouds is approximately

NH , 1 £ 1022 cm22, which leads to absorption of only 36 per cent

of the flux in the soft X-ray band (using the opacities of Morrison &

McCammon 1987). Toward the Galactic Centre, the hydrogen

column density is about NH , 6 £ 1022 cm22 due to the ring of gas

near the centre, leading to absorption of about 86 per cent of the

soft flux. In the hard X-ray band, the absorption is negligible.

6.1 Persistent sources

For the persistent-source assumption, we assume that the accretion

flow emits isotropically, so we simply need to integrate the

Figure 4. (a) The number of black holes in the Milky Way with accretion

rates greater than Ṁ for sv ¼ 40 km s21 (solid line). For comparison, the

dotted line shows the same computation for neutron stars. (b) The number

of black holes in the Milky Way with luminosities greater than Lion with

e ion ¼ 1025 (solid line) and the number of neutron stars for e ion ¼ 1021

(dotted line).

558 E. Agol and M. Kamionkowski

q 2002 RAS, MNRAS 334, 553–562

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/334/3/553/1424956 by C
alifornia Institute of Technology user on 19 M

ay 2020



luminosity function over the entire Galaxy with the transformation

dN

dF dV
¼

dN

d _M dV

4pD 2

e soft;hardc 2
; ð13Þ

where D is the distance to a given point in the Galaxy. Fig. 5 shows

the predicted number of sources as a function of flux integrated

over the entire Galaxy for the persistent-source assumption.

Despite the much lower assumed efficiency, the number of detect-

able black holes becomes comparable to the number of detectable

neutron stars for eBH , 1024eNSðNBH/NNSÞ
0:8. The number of

black holes above a certain flux at high flux scales approximately

as Nð. FÞ ¼ 6 £ 103F 21:2 near F ¼ 10215e25 erg cm22 s21:

Given the flatness of this dependence, the best detection strategy

is to cover as much area of the sky as possible, assuming the

constraint of a fixed amount of observing time with an X-ray

telescope with a sensitivity that scales as t 21/2.

We have also computed the number density of black holes with

fluxes greater than 10215e25 erg cm22 s21 as a function of Galactic

latitude and longitude for one quadrant of the Galaxy (Fig. 6). The

black holes are strongly concentrated toward the Galactic plane

and toward the Galactic Centre. Half of the black holes lie within

the dashed contour, which covers an area of 1000 deg2 in Fig. 6

(one quadrant of the Galaxy), giving an average of 0.7N9 per square

degree within this region near the Galactic plane. We have not

attempted to include the inhomogeneity of the ISM, which might

be important for nearby black holes in the local bubble or for black

holes in interstellar clouds.

Finally, we have computed the distribution of sources with

distance from the Sun. Fig. 7 shows the number of black hole

sources with fluxes greater than F ¼ 10215e25 erg cm22 s21 less

than a given distance for each of the phases of the ISM. The total

number of sources above this flux level is 1900N9 in the GMCs,

3800N9 in the CNM, 300N9 in the warm H I, 70N9 in the warm H II,

and 0 in the hot H II. The average distance for the detectable black

holes is 2.7 kpc in the GMCs, 0.4 kpc in the CNM, 70 pc in the

warm H I, and 50 pc in the warm H II. The average distance of black

holes in all phases is 1 kpc. Note that there is a rise in the number of

black holes in GMCs at the Galactic Centre (8 kpc away), since the

surface density of molecular gas increases by a factor of ,10

within 500 pc of the Galactic Centre. The sources in the gas clouds

tend to be more distant, since it requires looking further in the

Galaxy to find clouds, while the sources in the interstellar gas tend

to be closer, since they are fainter due to lower accretion rates.

The sensitivity of the ROSAT All-Sky Survey (RASS) Bright

Source Catalog is about 10212 erg cm22 s21 (Voges et al. 1999; we

have converted count rate to flux assuming a ¼ 1Þ, so at most

1N9e
1:2
25 accreting black holes should have been detected by this

survey, given the assumption of persistence. We can see

immediately from Fig. 5 why it may have been difficult to detect

isolated accreting neutron stars with the RASS, since we predict

about one visible neutron star on the sky at this flux level, which

will be reduced further by X-ray absorption. Danner (1998) has

surveyed sources in molecular clouds within the RASS, finding

no new isolated neutron-star candidates, and thus, we presume, no

Figure 5. The number of black holes visible to an observer located within

the Solar system as a function of X-ray flux in the soft or hard band for a

persistent accretion efficiency of e ion ¼ 1025 with e soft;hard ¼ e ion/3 (solid

line).For comparison, the number of neutron stars above a given soft X-ray

flux is also shown in the soft X-ray band with esoft ¼ 0:13e ion ¼ 0:013

(dotted line). In addition, we show predictions for a population of 106 black

holes with mass 250 M( for efficiencies of 1025 (dot-dashed line). Note

that the horizontal axis scales with efficiency for each object.

Figure 6. The logarithm of the number density of black holes per degree

square with fluxes above FX ¼ 10215e25 erg cm22 s21 in the soft or hard

band as a function of Galactic longitude, l(8), and latitude, b(8). The labels

indicate the logarithm of the number density. The dashed line indicates the

contour within which 50 per cent of the black holes are contained. The total

number of black holes above this flux level is ,3000, while the maximum

number density is 18 per square degree at the Galactic Centre.

Figure 7. The total number of black hole sources with fluxes greater than

F ¼ 10215e25 erg cm22 s21 and less distant than D. The solid line is for the

CNM, the dotted line for the GMCs, the dashed line for the warm H I, and

the dot-dashed line for the warm H II.
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isolated black hole candidates. For an X-ray observatory such as

EXIST, which will reach sensitivities of ,10213 erg cm22 s21 for

one-year co-added data (Grindlay et al. 2000), about ,50N9e
1:2
25

sources may be detectable at hard X-ray energies as well. EXIST

will have an angular resolution of about 2 arcmin and position

sensitivity of ,30 arcsec, which should make identification

feasible within molecular clouds.

The Chandra and XMM-Newton observatories have much better

sensitivities ,10214 erg cm22 s21 for a 10 kilosecond (ks) obser-

vation; however, both satellites have a much smaller field of view

ð16 £ 16 arcmin2Þ. The ChaMPlane survey (Chandra Multi-

wavelength Galactic Plane Survey; Wilkes et al. 2001) will cover

about 1 square degree per year to a flux of ,10215 erg cm22 s21

for the 1–10 keV band. This flux limit is deep enough that

,6 £ 103N9e
1:2
25 sources within the Galactic plane might be

detectable (Fig. 5); however, the central 50 per cent are spread over

an area of 4000 deg2 in the Galactic plane (Fig. 6). The XMM-

Newton Serendipitous Survey will cover an area of the sky ,10

times larger than the Chandra Serendipitous Survey at similar

sensitivity (Watson et al. 2001). Thus, these surveys may result in

,10N9e
1:2
25 detections per year.

One might expect that targeting molecular clouds may be

advantageous for finding black holes. However, due to their

proximity, the 23 clouds within 1 kpc have angular sizes of about

58–208 (Dame et al. 1987), which will make them rather difficult to

cover with the small field of view of Chandra or XMM-Newton. For

instance, the single pointing in the r Ophiucus molecular cloud

observed by Imanishi, Koyama & Tsuboi (2001) covers a volume

,18 pc3 (assuming the cloud is spherical), so we expect only

,3 £ 1022N9 black holes to reside within the observed volume.

Observations pointed at molecular clouds will not improve these

detection rates, but observations pointing toward the Galactic

Centre should increase the number of detections significantly.

Surveys targeted at the Galactic Centre (Baganoff et al. 2001) may

find 1N9e
1:2
25 per Chandra or XMM-Newton field.

6.2 Transient sources

The second assumption is that each of the sources are transient,

driven by the hydrogen-ionization instability at radii in the

accretion disc with T , 5000 K as in low-mass X-ray binaries. In

this case, we assume that the sources undergo outbursts for several

months with luminosities near the Eddington limit, while

remaining faint for several decades. Chen, Shrader & Livio

(1997, CSL in Table 1) have shown that soft X-ray transients tend

to peak at Lout , 0:2LEdd with an average duration (decay time-

scale) of to , 20 d and recurrence times varying from 2 to 60 yr for

black holes. These are only the observed transients; transients with

longer recurrence time-scales may not have had time to repeat. If

we assume that each black hole accretes quiescently for a time tq,

storing up mass in the accretion disc with a small fraction of gas

accreting on to the black hole, and that all of this mass is then

released in an outburst of duration to, then

tq ¼ 130 yr
Lout

0:2LEdd

to

20 d

eo
_M

1014 g s21

� �21
M

9 M(

; ð14Þ

where eo is the radiative efficiency of accretion during outburst.

The outburst rate in the Milky Way is then

_Nout ¼

ðM2

M1

dM

ð1

0

d _M
d2N

dM d _M
t21
q : ð15Þ

Assuming a 10 per cent efficiency during outburst, we find _Nout ,
536N9 yr21 for sv ¼ 40 km s21. This is clearly inconsistent with

observations, demonstrating that not all isolated black holes

undergo transient outbursts if the assumptions of our calculation

are correct. If only black holes accreting above _M . 1015 g s21

undergo outbursts, consistent with the observed X-ray novae (van

Paradijs 1996), then these numbers reduce to 50 yr21, still large

given that ,1 transient is detected each year, and generally they

are found to have companions. We conclude that only a small

fraction of isolated black holes might experience transience similar

to X-ray novae. A different sort of instability due to magnetic

suspension of accretion was proposed to lead to outbursts in the

case of isolated accreting neutron stars (Treves, Colpi & Lipunov

1993); such events have not been detected.

6.3 Detecting microlensing candidates

Several long-duration microlensing events towards the bulge of the

Milky Way have significant probabilities of being due to black hole

lenses (Bennett et al. 2001; Mao et al. 2002). However, these events

may also be due to more distant, lower mass lenses (Agol et al.

2002). One possible way to constrain the mass of these lenses is to

look for X-rays from accretion. Fig. 8 shows the flux as a function

of distance for MACHO 96-BLG-5, MACHO 98-BLG-6, and

MACHO-99-BLG-22 (OGLE-1999-BUL-32) (Mao et al. 2002) for

a number density of 1 cm23 with the total velocity set to
ffiffiffiffiffiffiffi
3=2

p
times

the observed sky velocity projected on to the lens plane (ignoring

the unknown projected source velocity) and subtracted from the

Galactic rotation velocity (220 km s21) and an X-ray efficiency of

e ion ¼ 1023. We note that if the sky velocity of the source is

significant, then the inferred lens velocity will be different,

typically smaller, and this will increase the luminosity. The flux

scales as F / enD 24 for small distances, since the mass depends

on the inverse of the distance and the flux decreases as the inverse

of distance squared. Observing in the X-ray would be advan-

tageous to avoid confusion with the background microlensed star.

In the soft X-ray band, a 1–10 keV flux of ,10215 erg cm22 s21

can be detected with a ,400 ks exposure with Chandra or ,200 ks

with XMM-Newton. A detection of a black hole candidate at such a

flux level will allow an upper limit on the distance of ,1–3 kpc to

be placed, assuming that they accrete from the diffuse ISM with

n , nmax ¼ 1 cm23 and assuming an X-ray efficiency less than

Figure 8. The flux as a function of distance for MACHO 96-BLG-5 (solid

line), MACHO 98-BLG-6 (dashed line) and MACHO-99-BLG-22 (dotted

line) for e ion ¼ 1023.
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emax ¼ 1023. A decrease in efficiency will lead to a decrease in

flux, and thus a decrease in the distance upper limit. An upper limit

on distance converts into a lower limit on mass, since M / D 21,

which may confirm the black hole hypothesis. The mass lower

limit is proportional to Mmin / ðemaxnmax/FÞ
21=4, a weak

dependence on our assumed parameters. If enough X-rays are

detected to measure the absorption column density towards the

accreting MACHO can be measured, then the distance can be

estimated from the roughly linear increase of column density in the

direction of Baade’s window (Arp 1965). A cloud or companion

could increase the accretion rate, resulting in a higher luminosity,

and hence a larger distance for the same flux; however, clouds

occupy less than 5 per cent of the volume near the Galactic plane

and can be searched for in H I at 21 cm or in CO absorption or

emission (the MACHO fields are toward Baade’s window, and are

thus unlikely to contain a high molecular column density), while

companions should be detectable with the HST.

7 C O N C L U S I O N S

We have estimated the number of isolated black holes that might be

revealed by their X-ray emission from accretion of interstellar gas.

We have improved upon previous calculations by taking into

account the density distribution of the interstellar medium, as well

as using the known properties of black hole X-ray binaries to

constrain the phase-space and accretion efficiency of isolated

accreting black holes. We conclude that persistent isolated black

holes may be competitive with neutron stars in creating detectable

X-ray flux if their efficiencies differ by eBH ,
1024eNSðNBH/NNSÞ

0:8; assuming that the Bondi–Hoyle accretion

rate applies to both. The ROSAT survey did not have the sensitivity

to detect either isolated accreting neutron stars or black holes; an

all-sky survey with two orders of magnitude more sensitivity,

,10214 erg cm22 s21 dex21, may be able to detect , 300N9e
1:2
25

accreting black holes. The X-ray observatories XMM-Newton and

Chandra may be able to detect this population with pointed

observations; however, they suffer from having small fields of

view. Despite this limitation, Galactic plane surveys being carried

out with these telescopes may be able to detect tens per year for

e25 ¼ 1. If the accreting sources with _M . 1015 g s21 go through

transient outbursts, then about 50 isolated black holes per year

would be detectable as X-ray novae, so we reject this possibility

since isolated X-ray novae have not been observed.

The greatest uncertainty in our predictions is the efficiency of

black hole accretion, with which we have parameterised our

results. Most of the detectable black holes should reside in

interstellar clouds that have higher densities; however, this leads to

the problem of confusion with other X-ray sources such as the

coronae of massive stars. Some tests for whether an accreting

object is a black hole are the following. (1) Is there high-energy

emission? Accreting black holes tend to show spectra which have

power laws extending up to ,102 keV (Grove et al. 1998). (2)

What is the nature of the variability? Accreting black holes show

no pulsations, show only QPOs with n , 1 kHz, and show power

spectra that cut off around 500 Hz (Sunyaev & Revnivtsev 2000).

(3) What is the mass? Without a binary companion, the mass of an

accreting object is difficult to measure; however, this might be

achieved by carrying out astrometry of background stars to look for

gravitational distortion by the accreting object (Paczyński 2001).

(4) What do other parts of the spectra look like? Accreting black

holes can produce relativistic radio jets (Mirabel & Rodríguez

1999), and photoionization of the surrounding gas might result in

observable infrared lines (Maloney, Colgan & Hollenbach 1997).

There are several assumptions in our calculation that might

affect the results. We have assumed that the accretion is time-

steady; this may not be the case for higher accretion rates than we

find for black holes accreting from the ISM (e.g. Grindlay 1978). If

the black hole is moving slower than the sound speed at the

accretion radius, then the preheated region outside the accretion

radius may have a chance to expand into the ISM, reducing the

number density, and thus reducing the accretion rate. If most black

holes have companion stars, there may be an enhanced density of

gas due to the wind from the companion. It may be that the bulk of

black holes have a higher velocity dispersion than black hole X-ray

binaries, which would reduce the accretion rates and reduce the

number density of black holes in the plane. We have neglected

mechanical feedback, which may occur if a jet or wind is

developed. Recent work on non-radiating accretion flows indicates

that strong winds can be formed which carry the bulk of the energy

outwards as mechanical rather than radiative energy (Blandford &

Begelman 1999; Igumenshchev, Abramowicz & Narayan 2000;

Hawley, Balbus & Stone 2001; Abramowicz et al. 2002). These

authors argue that the accretion rate scales as _M / r into

r , 100rg. If the outer radius is taken as rA, then _Mð100rgÞ ,
100ðv/cÞ2 _MðrAÞ , 2 £ 1025v22

40
_MðrAÞ: If the outer radius is taken

to be the circularization radius, then _Mð100rgÞ ,
1022ðM/9 M(Þ

22=3½ðv 2 þ c2
s Þ

1=2/40 km s21�210=3: Either of these

circumstances will make black holes less visible, which in the

formalism of this paper corresponds to a further reduction in

the accretion efficiency. Magnetic fields will probably play an

important role, as they are amplified by flux-freezing, possibly

heating the gas to virial temperatures (Igumenshchev & Narayan

2002), and can transport angular momentum via the magneto-

rotational instability once the circularization radius is reached,

modifying the dynamics of the accretion flow, possibly extracting

spin energy from the black hole (Armitage & Natarajan 1999). We

have not explored the dependence of the efficiency on other

parameters, which may result, for example, from changes in the gas

density and angular momentum as a function of the accretion

rate, so our extrapolation from estimated efficiencies of black hole

X-ray binaries may be too optimistic. The validity of these

assumptions can be tested with 3D radiation MHD simulations of a

black hole accreting from an inhomogeneous medium, a daunting

numerical problem.

It is possible that a population of intermediate-mass black holes

(IMBHs) exist with larger masses around 250 M(, the remnants of

the first generation of star formation (Madau & Rees 2001). The

larger masses of these objects would result in yet larger accretion

rates and luminosities by a factor of ,103, if they are distributed

with same phase-space distribution as 9-M( black holes. If we

assume that ,106 IMBHs reside in the disc of our Galaxy, then we

find that the number of detectable objects at high fluxes may be

comparable to 9-M( black holes accreting at the same efficiency

(Fig. 5). However, if these objects reside in the halo or bulge of the

Galaxy, the number detectable will be decreased significantly.
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