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ABSTRACT

We search for nearby, isolated, accreting, “stellar-mass” (3 to 100Mg ) black
holes. Models suggest a synchrotron spectrum in visible wavelengths and some
emission in X-ray wavelengths. Of 3.7 million objects in the Sloan Digital Sky
Survey Farly Data Release, about 150,000 have colors and properties consistent
with such a spectrum, and 47 of these objects are X-ray sources from the ROSAT
All Sky Survey. Optical spectra exclude seven of these. We give the positions and
colors of these 40 black-hole candidates, as well as a measure of their distances
from the stellar loci in color—color space. We discuss uncertainties the expected

number of sources, and the contribution of black holes to local dark matter.

Subject headings: black holes
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1. INTRODUCTION

Since they were first postulated, black holes have captured the popular imagination. In
addition to their intrinsic appeal, black holes potentially impact on a number of fundamental
problems in physics and astronomy. They are a possible endpoint of stellar evolution. They
provide a unique laboratory in which to study strong gravity. Knowledge of the mass and
spatial distributions of black holes could also provide information about stellar evolution,

galaxy formation, and dark matter.

While they are among the most interesting astrophysical objects, black holes, by their
very nature (“black”), are difficult to isolate and study. Since the intrinsic Hawking radiation
from black holes of the mass we study (greater than about a solar mass) is quite feeble,
the search for black holes must concentrate on the interaction of the black hole with the

surrounding medium. Thus, the search strategy for black holes depends upon the hole mass.

We can organize black holes in groups according to their mass. Super-massive black
holes with mass of order 10® Mg, are thought to reside in the nuclei of galaxies [for a review,
see Kormendy & Richstone (1995)]. In addition to their role in the dynamics of galaxies
and galaxy formation, they are believed to be the central engines of energetic phenomenon

associated with active galactic nuclei.

Evidence for intermediate-mass black holes of around 10% to 10° Mg has recently been
found (Matsumoto & Tsuru 1999; Ptak & Griffith 1999; Matsumoto et al. 2001; Kaaret et
al. 2001). Intermediate-mass black holes might be precursors to super-massive black holes

(Ebisuzaki et al. 2001).

Lower mass black holes formed at the endpoint of stellar evolution are known as remnant
black holes (RBH). They are expected to have masses from about 3 to 100Mg, and are the
focus of this paper. These remnant black holes are sometimes referred to as “stellar-mass”
black holes. The lower mass limit derives from the upper mass limit of neutron stars, the
other possible outcome for the core of a supernova. The upper mass is limited by the mass
of the progenitor star and possible subsequent accretion onto the RBH. Remnant black
holes in binary systems were first discovered through X-ray emission [see, e.g., Tanaka &
Lewin (1996)]. The first observational hint for the existence of an isolated RBH comes from
gravitational microlensing (Bennett et al. 2001; Mao et al. 2002).

A last group of black holes, which would have masses less than 3M), could not have been
formed through stellar evolution, but might have formed at an earlier time in the universe,

presumably as primordial black holes.

Of the four groups, there is good evidence for the existence of the first three types of
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black holes. This paper discusses a search for candidates for isolated remnant black holes.

As mentioned, since black holes will not themselves be luminous, the key to detecting
them is to observe their effect on their surroundings. Black holes will accrete and radiate
some fraction of the accreting mass into energy. [For a review of black-hole accretion, see

Chakrabarti (1996).]

For those RBHs that are part of a binary system, accretion is typically from the com-
panion star through Roche lobe overflow onto an accretion disk. These objects were first
discovered through their X-ray emission (Tanaka & Lewin 1996), though detections have
been made from radio to v-ray frequencies. The accretion emission in the optical and near-

infrared is dominated by that of the companion star.

For isolated RBHs,! the subject of this study, the accretion is from the interstellar
medium. The accretion rate from the ISM is typically much less than that from a companion
star, so the corresponding luminosity of an isolated RBH is so small that they have yet to
be detected. Since nearly half of all stars are in binary systems, we might expect the RBHs
formed to have this same ratio. Thus, isolated RBHs should outnumber binary RBHs by
2:1.

Accretion emission is not the only proposed method for detecting RBH’s. There is
recent evidence (Bennett et al. 2001; Mao et al. 2002) for the detection of black holes using
gravitational microlensing. Another method is looking for the effect of black hole creation
in supernova light curves (Balberg & Shapiro 2001). Finally, another method for finding
a RBH is to look for the cutoff of neutrino emission due to black hole formation during a

supernova (Beacom, Boyd & Mezzacappa 2001).

The purpose of this paper is to identify a small number of isolated, nearby, RBH can-
didates for follow-up optical and X-ray studies. Our approach, following the suggestion of
Heckler & Kolb (1996), is to search for objects in the Early Data Release (Stoughton et al.
2002) of the Sloan Digital Sky Survey (SDSS) (Fukugita et al. 1996; Gunn et al. 1998; York
et al. 2000) that are consistent with the type of power-law spectra expected from isolated
RBHs? We also require that the source appear as an X-ray source in the ROSAT all-sky
survey (Voges et al. 1999).

Heckler & Kolb (1996) suggested using the SDSS spectroscopic survey to detect RBHs.

IHenceforth, unless specifically indicated, when we refer to a remnant black hole, it should be understood
that we mean an isolated remnant black hole.

2Qur starting point is the SDSS optical survey. Recently Agol & Kamionkowski (2001) have discussed a
X-ray based search strategy.
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The photometric survey however is four to five magnitudes fainter so is sensitive to objects
ten times further away, and will have a thousand times more objects than the spectroscopic
survey. A possible disadvantage of the SDSS photometric survey is that it lacks detailed
spectral information, making it more difficult to identify positively RBH candidates while
simultaneously rejecting spurious stars. However, we find that the five color bands of the
SDSS photometric survey are quite adequate for synthesizing the optical spectrum, and the

cross-correlation with ROSAT eliminates the vast majority of stars.

In the following section we discuss theoretical issues and uncertainties involving the
expected spectrum, the expected RBH mass and velocity distributions, and estimates of the
number densities of RBHs.

In §3 we describe the search strategy, and §4 contains our results. We conclude in §5.

The major result is a table of positions and color magnitudes of the RBH candidates.

2. THE SPECTRAL ENERGY DISTRIBUTION FOR ISOLATED
REMNANT BLACK HOLES

In this section we discuss possible spectral energy distributions for isolated remnant
black holes. The spectrum depends upon the mass of the hole and the local environment of
the RBH (the density of the interstellar medium (ISM), and the velocity of the hole with
respect to the ISM). Even with knowledge of the local conditions surrounding the RBH,

there is still a great deal of uncertainty in the spectral energy distribution.

We can roughly classify RBH accretion models by geometry (spherical or disk-like) and
type (thermal, advection-dominated, convection-dominated, etc). Most, if not all, accretion
models utilize magnetic fields in one way or another. In all models, it is the resulting electron

synchrotron radiation that dominates the spectrum in the optical region.

The first calculation of the spectrum of a black hole spherically accreting in the ISM
was by Shvartsman (1971), and investigated by numerous authors [some early work includes

Zeldovich & Novikov (1971); Novikov & Thorne (1973); Shapiro (1973)].

The estimates for observing black holes in Heckler & Kolb (1996) used a spherical
accretion model and computed the spectrum using the method of Ipser & Price (1982)
(hereafter, IP). The problem of spherical accretion was first solved by Bondi (1952), and the
resulting accretion flow is termed a Bondi flow. Spectra have been computed for such flows
by Ipser & Price (1982) and McDowell (1985). The basic result is that interstellar magnetic

fields are drawn in and compressed in the accretion process, reaching about 10 tesla at the



-5

horizon for standard ISM conditions. The resulting synchrotron radiation can be quite high.
The spectral energy distribution in such a model is indicated in Fig. 1 for a 10M; RBH.
The characteristic spectrum is a power-law (albeit with different power laws indices above

and below the synchrotron peak).

Recently, [gumenshchev & Narayan (2002) have shown that spherical accretion may not
be as simple as previous studies would indicate, due to the fact that the dynamical effects
of magnetic fields on the accretion flow have not properly been taken into account. They
perform three-dimensional magnetohydrodynamic simulations of an initially spherically sym-
metric system (assuming an initially uniform magnetic field), and show that the resulting
flow is convectively unstable. This convective flow (which they term a convection-dominated
Bondi flow, or CDBF) has a drastically decreased accretion rate compared to a Bondi flow
(approximately 9 orders of magnitude for an RBH), which would drastically affect the emis-
sion spectrum. At this time there are no calculations of emission spectra from CDBFs in
the literature. However, there are enough similarities between CDBF and CDAF models
(discussed below) that one could use computed CDAF spectra (Ball, Narayan & Quataert
2001) for CDBF spectra.

Even without the instability of Bondi flow, if there is sufficient inhomogeneity in the
ISM due to density or velocity gradients, the accreting matter will have appreciable angular
momentum and can form a disk (Fryxell & Taam 1988; Taam & Fryxell 1989). These
inhomogeneities can also lead to disk reversal. Disk accretion has been extensively studied
for X-ray binaries where it is believed that an accretion disk powers the X-ray emission.
There, the disk forms when the accreting gas has non-zero angular momentum as it falls
onto the compact object, such as through a solar wind or through Roche lobe overflow. The
hydrodynamics of such a flow was first solved by Shakura & Sunyaev (1973). Since then,
there have been a number of advancements in the field. In particular, for systems with low
accretion rates (as expected for RBHs), one might expect the formation of an optically thin

accretion disk.

The instabilities and inhomogeneities that lead to disk reversal also lead to variabilities

on the same timescales mentioned in Heckler & Kolb (1996), equation 2 (reprinted here);

M v =3
At~ 1 . 1
O<M@> (10 km s—1> - (1)

The advection-dominated accretion flow (ADAF) model (Ichimaru 1977; Rees, Begel-
man & Phinney 1982; Narayan & Yi 1994; Abramowicz et al. 1995) has a two-temperature

structure that results in a broadband spectra from radio to gamma rays. Fujita at al. (1998)

compute spectra for a RBH using an ADAF model following the prescription of Manmoto,
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Mineshige & Kusunose (1997). A typical ADAF spectral energy distribution is also shown
in Fig. 1. Like the IP spectrum, the spectrum around optical frequencies is a power-law
synchrotron spectrum. Unlike the IP spectrum, there is appreciable luminosity at higher

frequencies.

ADAF models are expected to be convectively unstable (Narayan & Yi 1994; Begelman
& Meier 1982), and lead naturally to convection-dominated accretion flow (CDAF) models.
In fact, Abramowicz & Igumenshchev (2001) have argued that recent Chandra observations
of black hole and neutron star systems support CDAF. instead of ADAF, models. A typical
CDAF spectral energy distribution is also shown in Fig. 1. Superficially it resembles the
ADAF and IP spectra at optical frequencies (a power-law synchrotron spectrum with the
peak possible in the optical region). Like ADAF models it has a high-energy peak; in fact
the ratio of X-ray and 7-ray luminosity to synchrotron luminosity is even larger in the CDAF

models than in ADAF models.

Clearly, the expected spectral energy distribution of accreting RBHs is a complicated
problem and it is impossible to specify the spectrum with complete confidence. Neverthe-
less, for our purposes we can make the general assumption that for optical frequencies the
spectrum is synchrotron, possibly with the peak frequency, Vpeak:
The location of the synchrotron peak scales with the mass of the black hole; using the
ADAF model of Manmoto, Mineshige & Kusunose (1997), Vpeak M=3/®_ The result is

a broken power-law spectrum, possibly making the transition in the visible region of the

in the optical region.

electromagnetic spectrum from a positive slope for v < Ypea

for v > Vpeak- We also assume that there is an appreciable X-ray luminosity.

| to a constant negative slope

In addition to the accretion luminosity, it was shown in Armitage & Natarajan (1999)
that there could be a substantial (equaling or exceeding the accretion luminosity) energy
emission due to the Blandford-Znajek effect (Blandford & Znajek 1977) if the black hole is
rotating. This energy is likely emitted at y-ray frequencies, so we do not consider this model

here.

3. ESTIMATE OF THE NUMBER OF EXPECTED SOURCES

There are a number of uncertain parameters that enter into the estimate of the expected
number of detected sources. The parameters can be broadly grouped under the following
categories: (i) There are parameters that describe the properties of the ISM. The properties
of the ISM determine the accretion rate, and hence the total luminosity of an object. (ii)

There are parameters that specify the number density of black holes as a function of their
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mass and the distribution of hole velocities with respect to the ISM. The luminosity, as well
as the spectrum (in particular, Vpeak) depends upon the mass of the hole. Naturally, the
number of detected sources will scale with the normalization of the RBH mass distribution
function, i.e., the overall density of black holes. The accretion rate depends upon the velocity
of the hole. (iii) The emission model (IP, ADAF, CDAF, etc.) determines the spectrum of
the holes. Because of the complexity of the emission models we must parameterize the
model spectra. (iv) Finally, observational parameters such as spectral coverage and limiting

magnitude determine the number of expected source detections.

The total luminosity of the RBH will depend on the accretion rate. The RBH accretion
rate is a sensitive function of the black hole mass and velocity with respect to the ISM:
for an object of mass M moving supersonically with velocity v, M o M*p=3 (for fixed
ISM conditions). Thus, in order to make predictions or place upper limits on RBH density,
it is important to consider an appropriate model for the RBH mass function and velocity

distribution.

A natural method of determining the RBH mass function and velocity distribution
would be to start from an underlying progenitor star population and use that to infer the
RBH properties. Thus, in this work we assume a power law mass function and Maxwellian
velocity distribution, as follows. Let ®( M, v)dMdv be the number of RBH’s per cubic parsec
in the range (M, M + dM), (v,v + dv), and assume ®(M, v) factorizes as

O(M,v) = oy (M)du(v), (2)

ouin) = (3 o )

o= (2) e (o). ()

Here, x determines the power law slope of the mass function and o is the velocity dispersion.

where

and

Fryer & Kalogera (2001) have derived the theoretical RBH mass function starting from a
power law progenitor mass function, and their results suggest the slope of the power law does
not change when a star becomes a RBH. On the assumption that the RBH mass distribution
is not much different from the stellar mass distribution from which it is formed, we take
x = 2. We assume the RBHs range in mass from 3 to 100 Mg,.

We will assume that the velocity dispersion of the RBH’s is similar to that of the X-
ray-binary population, o = 40 km s™' (Hansen & Phinney 1997; White & van Paradjis 1996;
van Paradjis & White 1995).
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Fryer & Kalogera (2001) suggests that black holes receive a “kick” when formed, similar
to what happens when neutron stars formed, on the order of 100 km s™!. Popov & Prokhorov
(1998) have modeled the spatial distribution of accretion luminosity from isolated accreting
RBHs and neutron stars in our galaxy. They show the luminosity has a ring structure with
radius of about 5 to 6 kpc for neutron stars, and about 4 to 8 kpc for black holes. They
additionally incorporate the effect of supernova kicks, using characteristic values of 200 km

s~! and 400 km s~!.

The SN kick can have a profound effect on the velocity distribution, depending on the
values of the kick velocity k& and velocity dispersion o. As an example, consider an initial
stellar population (all of which will evolve to SN and become RBHs) with a Maxwellian
velocity distribution. We then randomly “kick” every object in this population. Averaging
over the kick direction, we obtain

2\ /2 2 k2 vk k vk v? 4 k2

where [o(z) and [;(z) are modified Bessel functions. Whereas a purely Maxwellian velocity

distribution has very few members near v = 0 (¢,(0) = 0), a kicked Maxwellian velocity

distribution can have a significant amount:

1/2 L2 L2
Pkicked(0) = <2> — exp (—ﬁ> . (6)

T g

The “low-velocity” population will have a larger accretion rate, and lead to more sources

than in our “unkicked” model.

The ISM parameters that enter are the sound speed (¢;) and the mass density (poo)
of the ISM. The relevant black hole distribution parameters are the local mass density of
black holes (ppm), the velocity dispersion of the black holes (o), the slope of the black-hole
mass function (z), and the maximum and minimum black hole masses (M, in, Mooz ). The
emission model parameters include an overall factor describing the efficiency of conversion
of accreting mass to luminosity in each bandpass (the five SDSS bands u*, ¢*, r*, %, z*,
X-ray, IR, etc.): €, = La/M where L, is the luminosity in band « and M is the accretion
rate. Note that all the model dependence (CDAF, IP, etc.) is hidden in the efficiencies ¢,.
Finally, the observational parameters include the solid angle of sky covered (2spss) and the

minimum detectable flux in each bandpass (F").

Now we turn to the estimate of NV, the number of RBH’s observable in the SDSS survey
in each bandpass. We start with

)
AN, = 55“ &2, (M,v) ®(M,v) dMdv, (7)

a—maxr
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where Qspss is the solid angle of the SDSS, ®(M,v) is the distribution function from the
previous section, and d,_,,q. is defined for each bandpass as the effective maximum distance

to a detectable source:

L, = Ar ™ d? (8)

a—max”®

Since we parameterize the luminosity in each bandpass by a single parameter €., we

must calculate M. The accretion rate is well approximated by (Bondi 1952):

M = T4 peor/ V2 + 2 (9)

where the accretion radius is defined as

26 M
rA = m7 (10)
with v the velocity, and ¢, the sound speed. Let s = v/e,. Then
. 47TG2M2,0 M 2 -3/2
M = L 1+ 32 : 11
S () e (1)

Solving for dy—mq, from its definition in equation (8), using L, = caM, and equation

(11) for M, we obtain

L i 1/2 1/2 my-1/2 _3pa (M 2\—3/4
do—maz = — = (GM Fn N — ) (1 o 12
(47-[-anm> (G 6)60 Peo < o ) Cs (M@) ( —I_ﬁs) ( )

In general, one expects €, to be a function of M, M, v, etc. There are not a lot of
calculations of model spectral energy densities for the mass range and accretion rates of
interest to us. Of the relevant calculations that do exist, there are more ADAF calculations
than CDAF calculations. So in estimating e, we will be guided by the ADAF calculations.
Manmoto, Mineshige & Kusunose (1997) have studied the features of ADAF spectra. Their
results are consistent with most of the energy in the optical region in a broken-power-law

spectrum. They find the peak frequency to scale as

M, 3/8
Vpeak(M) =107 <ﬁ> Hz. (13)
They also find that the peak value of the spectral energy distribution to be

VL] el = 3 X 107°M, (14)

pea

independent of the mass of the hole. The value of [VLV]peak is roughly the total integrated

luminosity.
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It is convenient to express ¢, as a product of the total fraction of M that is radiated

(integrated over all frequencies), times the fraction radiated in band «:

€q = € X fa =2 X 10_3 (m) foz- (15)

The definition of f, is
L) dvy)
fooo VL, (dv/v) ’

where the “alpha” notation in the numerator implies integration over the range of frequencies

fa (16)

appropriate for band «. The frequencies for the various SDSS filters are given in Table 1
and Fig. 2.

To estimate f,, assume the simple broken-power-law spectrum for [v1,]

(V/Vpeak)?) (v < Vpeak)

(I//I/peak)_2 (v > Vpeak)‘ (17)

vL,] = [VL”]peak {

Now using the information from Manmoto, Mineshige & Kusunose (1997) for Vpeak(M)

and [VLV]peak7 along with the information about the SDSS filters given in Table 1, it is

straightforward to calculate f, for the various SDSS filters. The result is shown in Fig. 3.
For black-hole masses in the range of interest, we find 3 x 107! > f, > 6 x 107>, While

there is a mass dependence to f,, it is rather complicated, and to the accuracy needed here

it is adequate to assume a constant value of f, ~ 5 x 1072, Therefore for ¢, we will use

_ _ —4 € foz
Ca=cxfa=10 <2><10—3> <5x10—2>‘ (18)

Now turning to the expression for ®(M,v) [see equations (2) to (4)], we must first
normalize the RBH distribution. Using equations (3) and (4), we find

PRBH — /dM M/dv (I)(M,U)

A\ -0+ 9\ 1/2 2 o2

It is useful to define a dimensionless mass for the black hole, u = M/Mg. The velocity

distribution is already normalized to unity, so,

Hmazx
prEH = oM} dp p=" = doMZ1(x) = ppm f, (20)

Hmin
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where f is the fraction of the local dark matter density in RBH’s. We use the value of ppys =
0.01My /pc® from Gates, Gyuk & Turner (1995). I(z) is of order unity; e.g., I(z) = 1/3 for

=2 and i, = 3. Solving for ¢p in terms of f, ppay, and [(x) , the result is

_ Trom
SRR

(21)

Substituting this into ®(M, v) and defining the ratio of the ISM sound speed to the black-hole

velocity dispersion to be ( = ¢,/0,

Amppm |
(QW)S/QM%O'[(J})

O(M,v) = SRR exp (=¢257/2)

With this expression for ®(M,v), we find dN, to be

Q
dNa _ S§SS(GM )3 3/2 3/2 <me>

3/2

(14 B

" Amppm |
er P M2ol(a)!

PR Be) T  exp (—(2B2/2) dp dB.,

(9252 exp (—(262/2) dpp dB,

= const x

¢
I(x)
where the constant in the above expression is given by

Qspss 3 3 2 3 2 ( pminy=3/2 _—9s2 Ampom f

const =

Integrating over p and [,

§3 Hmazx B oo _
. = cCons d 2—zx d s 2 s 9/4eX _ 202 .
N, tx[(x)/mm oo / BsBs(1+ 5s) p(=¢785/2)

0

With the final definitions
Hmazx
I'(z) = / dp p*=*
JQ) = [ B ) e (<5 2),
0

we obtain

3

N, = QSDSS(GM )3 3/2 3/2 <me> 32 —o/2 Amppm f <[/($)> )

’ (2ﬁ)3/2M®

(22)

(23)

(25)

(26)

(27)
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Using @ = 2, tmin = 3, fmaz = 100, ['(x)/I(x) = 300, and using ¢ = 16.6/40 ~ 0.415,
C*J(C) ~ 5.82 x 1072, we find

v 106f ‘ 3/2 fa 3/2 ng“” -3/2
C 2 x 103 5 x 102 1015 erg cm=2s~!

-3/2 3/2 -3/2
v P 7 _ (28)
16.6 km s™* 10-24 g cm=3 40 km s7*

This analysis does not account for interstellar reddening. The limiting magnitudes
2

corresponding to F™" = 107! erg cm™?s7! depends of course on the bandpass and the

source spectrum, and may be inferred from Table 1. For illustration, in the r* band, a flux

of 1071 erg ecm™2s™! corresponds roughly to m = 23.

Since the local ISM is not homogeneous, we may ask to what distance one could detect
a RBH of mass M moving at velocity v. It is

. 1/2 f 1/2 prmin —1/2
da—mal’ = 200 S . 1n_2 — =
Pe (2 X 10—3> (5 X 10—2> (10—15 erg cm-2 s—1>
3/4

“ Cs o Pes el 14 (2 il (29)
16.6 km s7* 1024 g cm™3 My, Cs ‘

The possibility of increasing the effective distance by assuming the RBH is in a molecular
cloud has been discussed by Grindlay (1978) and by Campana & Pardi (1993). The increased

accretion rate inside a molecular cloud could raise the peak luminosity by a factor of ten,

thereby increasing the maximum distance of detection by a factor of three. However, the
filling factor of molecular clouds is only about 1%, so it is unclear whether these sites offer
the best possibility for detection.

4. SEARCH STRATEGY
4.1. Optical detection in the SDSS early data release

The SDSS consists of both a photometric survey (Hogg et al. 2002; Lupton, Gunn &
Szalay 1999; Smith et al. 2002) and spectroscopic follow up of selected targets. Our strategy
for finding RBH’s involves searching first through the photometric data with some selection
criteria.

The SDSS has five filter bands, denoted u*, g*, r*, ¢*, z*, and images are taken in every
band (Stoughton et al. 2002). The filter transmission curves are given in Fig. 2, and further
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information is given in Table 1. Thus, some knowledge of the spectrum can be extracted
from the photometric data (which is a five bin spectrum). This is done by looking at the
SDSS colors of objects, with color defined as the difference in magnitude between one band
and another. Since magnitude uses a logarithmic scale, a color is equal to a flux ratio
between two bands, and thus independent of distance (ignoring reddening). For colors we
will drop the asterisks and denote them as u — ¢, g —r, r — ¢, and ¢« — z. Since there are
only four linearly independent differences between the five bands, we will choose differences
to be between adjacent bands as listed in the previous sentence. These colors are typically

plotted against one another and selections are made from this color—color space.

For RBH’s, the dominant source of emission in the SDSS optical bands is due to syn-
chrotron emission. As discussed in §2, we can approximate the spectrum using a broken

power law. For v < Vpeak:

a “blue” spectrum. For v > Vpeak:

and approaches a constant negative value (we assume v L, o< v=%). This would be a “red”

the slope is Rayleigh-Jeans (vL, o v*). This would result in

the slope depends on the electron energy distribution

spectrum.

We then fold this synthetic spectrum through the transmission curves to get synthetic
colors. A pure single power-law spectrum would correspond to a point in color—color space.
Varying the power law index traces out an approximately straight line in color—color space as
illustrated in Fig. 4. It is quite reasonable that the spectrum would be a broken power law.
If the spectrum is approximated as a broken power law, with the break somewhere in the
SDSS sensitivity region, then in the color—color diagram the source would appear somewhere
on the dashed curve of Fig. 4, with its location determined by the exact location of Vpeal:
Of course the curve is terminated on the line corresponding to the power-law slopes in the
limiting regimes. In reality, one does not expect a sharp transition between the two power
laws. Rather it is more reasonable to assume some smooth transition between the limiting
power-law slopes. As the spectrum becomes “flatter” (same power law across adjacent
bands), the object approaches the straight line in color-color space. Thus, any transitional
behavior will fall within the triangular region defined by the single power law and broken
power law curves in the color-color diagrams. This region is indicated on Fig. 4. For the
four linearly independent colors, we can make six independent color-color diagrams (i.e.,
six projections from the four dimensional multi-color space), each with a defined triangular

region.

As mentioned, the peak of the spectrum depends on the RBH mass. Using the ADAF
peak-frequency—mass scaling mentioned above, different mass holes show up in different
regions of the color—color diagrams. The six two-color diagrams may have differing degrees

of usefulness for our purposes. See Fig. 5 for a plot of each color vs. black hole mass. High
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RBH mass corresponds to low peak frequency, thus it is the redder colors (r — i, ¢ — z) which
turn over before the bluer colors (v — g, g — r) as we decrease RBH mass. If we assume that
RBH must be at least 3Mg, then focusing on the redder colors allows for RBH’s to show up

in a larger area of color-color space.

Even with the above “cuts” there will be many “normal” objects within the triangular
region since the SDSS will detect about 100 million objects on the sky. See Fig. 6 for a
selection of objects taken from the photometric survey so far. The large swath of objects

extending up and to the right is the stellar locus.

The strategy of searching the SDSS database for objects which fall within the triangular
region in each of the six color-color diagrams is only the first step. So that we will not be
overloaded with background objects (normal stars, QSOs, etc.), the next step is to correlate

objects within the triangular region with the ROSAT X-ray catalog.

4.2. X-ray detection

Many detections of black hole binaries have been in the X-ray regime, and it is from
this data that some of their properties can be determined. As noted in Fujita at al. (1998),
an optimum search strategy for finding RBH’s might involve first looking in the X-ray, as
some spectral models predict that the X-ray emission would be more easily detected there

than in the optical.

The ROSAT All Sky Survey (RASS) (Voges et al. 1999) was performed with the ROSAT
X-ray satellite shortly after it was launched in 1990. It covers the energy band 0.1 to 2.4
keV and is the most sensitive all-sky X-ray survey to date. The SDSS has cross-listed the
RASS Bright-Source (BSC) and Faint-Source Catalogs (FSC) in its database, so that it is
possible to quickly determine whether or not a SDSS source is a bright X-ray source.

To be included in the RASS BSC, a source must have at least 15 source photons. For
typical exposure times, this translates into a limiting photon count rate of 50 counts ksec™!
(Voges et al. 1999). This can be converted into a flux limit by assuming a spectral model.
Assuming a power law spectrum with slope ranging from —1 to —3, the flux limit is (1.9 to
5.2) x 107*% erg cm™?s7!. To be included in the RASS FSC, a source must have at least 6
source photons. The corresponding limiting photon count rate and flux limit are assumed
to scale with the number of source photons (6/15), giving 20 counts ksec™" and (0.8 to 2.1)
x 10713 erg em™2 57!, respectively. Due to differences in exposure time in different areas of
the sky, the count rate for detected sources may fall below the above listed limiting count

rates.
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The typical position error for a RASS source is 307. We identify a SDSS object with
a RASS source if the difference in position is less than the RASS position error for that
source. Thus it is possible to have more than one SDSS object identified with a single RASS
source. This implies that some of our matches may be accidental, but given the size of the
RASS error circle, this can only be resolved with higher spatial resolution follow-up X-ray

observations.

5. RESULTS

The Science Archive Query Tool (known as sxQT') was programmed to search the SDSS
Farly Data Release (EDR) database. The EDR database covers 462 square degrees on
the sky (about 5% of the entire survey volume) and contains 3.7 million photometrically
detected objects. Only objects considered to be “Primary Survey Objects” were considered
in this search; there are 2.1 million primary survey objects in the EDR. Since we are looking
for point-like objects, we use the Point-Spread Function (PSF) magnitudes with reddening

corrections.

To be considered a candidate, the object must: 1) be within the triangular regions in
color—color space (after reddening corrections) 2) be point like, and 3) have a RASS detection.
As of September 2001, these cuts returned 47 objects (out of an initial database of 2.1 million
objects).

Some of these objects have been observed by the SDSS spectroscopically as well and
identified on the basis of those spectra. Of the 47 objects, 7 have been targeted spectroscopi-
cally with the result of 2 QSOs (with z = 1.028 and 1.052) and 5 stars (tentatively identified

as F stars).

Relaxing the third criterion (RASS detection), about 150,000 objects were returned.
These objects are primarily normal stars; we use them to define the stellar locus in our
detection area. A number density of these objects was computed and plotted as a contour
with logarithmically spaced density contours. See Fig. 7 for plots of the candidate objects

against the stellar locus contours.

Note that many of the candidates lie near the peak of the stellar locus, while others are
farther away. Since many stars (our Sun included!) are X-ray sources, our candidate list
inevitably contains normal stars whose colors fell within our selection region. To separate

those candidates which are likely to be stars, we calculate the distance to the peak of the
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stellar locus for each candidate using the 4-dimensional Pythagorean theorem:

D = Z (color,p; — COlOI’peak)z. (30)

colors

Those objects with the highest D are the least likely to be normal stars, and thus are
more likely to be black holes. The results are given in Table 2.

Given the number of candidates we have obtained, we return to equation (28) to see if

this number is reasonable.

The factor of 10°f in equation (28) assumes a solid-angle coverage of Qspss = 7. The
Early Data Release covers 462 deg®, or about 4.5% of 7 steradians, and the relevant coefficient

is 4.5 x 10* f instead of 10°f.

Note that this value (4.5 x 10*f) represents the total number of RBH’s observed within
the SDSS EDR, not those expected to be found with our search strategy. Since we require a
RASS detection to be considered a candidate, the expected number is the smaller of Nspss
and Npragss for the sky coverage of the EDR. Using equation 28, we can compute the expected
Npass as follows.

Using an ADAF spectral model (which the value of Ngpgs in equation 28 assumes),
frass =~ 1072 fspss ~ 5 x 107*. Using Fgﬁgs = 1071 erg em™2 57!, this gives 4f RBH’s
over the entire sky or 0.045 f within the EDR. This value of F4% is actually an overestimate
by about an order of magnitude, given observed sources with count rates below the limit. In
this case, Npass within the EDR rises by a factor of 10372 to 1.4f.

Using a CDAF model instead, the RBH becomes more luminous in the X-ray than in
the optical (frass > fspss). If we assume that fspss = 5 x 107*, then Nspss within the
EDR becomes 45f. Given Fgﬁgs =107 erg ecm™ s7! and frass = 5 x 1072, Npass within
the EDR becomes 4500 f.

The above estimates still do not represent the expected number of candidates until a
value of f is specified. The value of ppas represents the local value of the galactic dark
matter halo. Recent microlensing work by Lasserre et al. (2000) indicates that the halo may
be made of of compact objects if their mass is greater than 1 M. Venkatesan, Olinto &
Truran (1999) place a limit of f < 0.3 —0.4 by requiring that the RBH progenitor population

of stars not overenrich the galaxy with metals.
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6. Conclusions

Our basic result can be found in Table 2: the 47 candidates for nearby, isolated, accreting
black holes. The parameter D, the distance of the source from the stellar locus, provides a
measure of likelihood that the source is not stellar. It therefore is one measure that can be

employed to prioritize the candidates for follow-up observations.

The next step in the program would be follow-up observations of the 40 remaining
candidates. Spectroscopic determination of stellar-like spectra would rule out the candidate.
Determination of variability either in optical or X-ray, or any indication of proper motion

would make the candidate source very interesting.

Our color-color selection region intersects the region inhabited by low-redshift QSOs
(Fan 1999). Those high-D objects that are not normal stars could be either QSOs, RBHs, or
other stars such as accreting white dwarves or CVs (Fan 1999; Krisciunas, Margon & Szkody
1998). We can rule out QSOs by looking for proper motion.

The proper motion m for an object at distance d is given by

T R gsinﬁ, (31)

where 6§ is the angle between the RBHs velocity v and the line of sight. To compute typical
proper motions, we first need typical velocities and distances. The typical distance is the first
moment of the assumed velocity distribution: o = 1.6¢ = 64 km s™'. To compute a typical
distance, we first compute the number density of RBHs: ngrgy = fqu M)ydM = 1.7 x
1073 f pc™3.3 Defining a typical separation distance to be d = nR}B/H, we find d = 19173 pc
Putting this into equation (31) and averaging over angle, we find that the average proper

motion for the population should be

T = 460 : ) mas (32)
T 64 km s™! 18.7 pc yro

It is difficult to characterize the uncertainty in the average distance d, because f may be

very small. A more useful indication of the possibility of a measurable proper motion might
be to take the distance to an RBH at the limit of detection [equation (29)]. The result is

M\ [ v\’ o mas
ﬂ-(da—max) =174 sin 0 (ﬁ@) (g) [1 + (Z) ] F (33)

3This may be compared to the value 2.7 x 1073 f pc=3 computed by Shapiro & Teukolsky (1983) using a

Salpeter initial mass function.
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This proper motion estimate rises faster than linear in velocity because in order to be de-

tected, higher velocity RBHs need to be closer to us than lower velocity RBHs.

Guided by these estimates, we searched the USNO-A2.0 survey (Monet et al. 1998),
which is also cross listed with the SDSS EDR. The USNO survey does not go as faint in
magnitude as the SDSS, so the absence of a USNO counterpart does not imply the absence
of proper motinon. The proper motion of an object is computed using the positions of the
USNO object and the SDSS object and the elapsed time between the two surveys.

Given typical rms errors of &, ~ 6 mas yr~! (Hugh Harris, private communication), any
USNO counterpart with = > ¢, is taken as positive evidence of proper motion. Further,
the absence of proper motion in our candidate list does not imply it is a QSO. Due to
projection effects, small velocities, or large distances, it is possible that a star or RBH will

have negligible proper motion.

We note in Table 2 any detected proper motion for candidates outside the 1072 contour
in Figure 7—this corresponds to D 2 0.23.

Of the three methods of detecting isolated RBH mentioned earlier, only one (microlens-
ing) has possibly been successful. This, however, does not decrease the need for detecting ac-
cretion emission. As microlensing uses the magnification of light as an object passes between
source and observer, it is most sensitive to high-velocity black holes. Since the accretion lu-
minosity scales as [ o M v™2, it would be expected that a RBH detected in microlensing
would not be detected through its emission [see Revnivtsev & Sunyaev (2001)]. Thus these
two methods are complementary, as those RBH with low v would not be detectable with

microlensing but more likely through accretion.

It should be noted that the three methods for detecting RBH’s are not as sensitive
to primordial black holes. Detection through supernova light curves is obviously out. Since
L o< M o M?, black holes with masses much lighter than solar become undetectable through

accretion emission. Similarly for microlensing, the peak magnification scales as A oc M1/2,

Finally we turn to limits on the contribution of RBHs to the local dark-matter density.
Of course any limit is only as reliable as the assumptions used to derive it. In this case,
the major uncertainty is the source spectrum. Nevertheless, if we assume that all 40 of the
non-identified sources in Table 2 are sources, then using equation (28) with the coefficient
appropriate for the SDSS Early Data Release (4.5 x 10* f rather than 10°f) the limit on the
contribution of remnant black holes is 9 x 107 of the dark matter density. Of course there
are many assumptions that are behind this limit. It assumes that the spectral energy density
is given by ADAF models, and that all possible SDSS sources would have been seen in the

RASS. For these reasons, we view this work as a search for isolated, stellar-mass black holes,
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rather than an attempt to place a limit on their contribution to local dark matter.

Acknowledgments

We are grateful to Steve Kent for his assistance with sxQT and other points about
SDSS data analysis; and to Brian Wilhite, John Beacom, Hugh Harris, Scott Anderson,
Gordon Richards, and Wendy Freedman for useful discussions. This work was supported in
part by the Department of Energy and by NASA (NAG5-10842) and by NSF Grant PHY-
0079251. This research has made use of the SIMBAD database, operated at CDS, Strasbourg,
France, and of the NASA /IPAC Extragalactic Database (NED) which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the National

Aeronautics and Space Administration.

Funding for the creation and distribution of the SDSS Archive has been provided by
the Alfred P. Sloan Foundation, the Participating Institutions, the National Aeronautics
and Space Administration, the National Science Foundation, the US Department of En-
ergy, the Japanese Monbukagakusho, and the Max Planck Society. The SDSS Web site is
http://www.sdss.org/. The Participating Institutions are The University of Chicago, Fer-
milab, the Institute for Advanced Study, the Japan Participation Group, The Johns Hop-
kins University, Los Alamos National Laboratory, the Max-Planck-Institute for Astronomy
(MPIA), the Max-Planck-Institute for Astrophysics (MPA), New Mexico State University,
Princeton University, the United States Naval Observatory, and the University of Washing-
ton.

REFERENCES
Abramowicz, M. A., Chen, X., Kato, S., Lasota, J.-P., & Regev, O., 1995, ApJ, 438, L37
Abramowicz, M. A., & Igumenshchev, 1. V., 2001, ApJ, 554, .53
Agol, E. & Kamionkowski, M., 2001, MNRAS, in press
Armitage, P. J., & Natarajan, P., 1999, ApJ, 523, L7
Balberg, S., & Shapiro, S. L., 2001, ApJ, 556, 944
Ball, G. H., Narayan, R., & Quataert, E., 2001, ApJ, 552, 221

Beacom, J.F, Boyd, R.N., and Mezzacappa, A., 2001, Phys. Rev. D, 63, 073011



— 90 —

Begelman, M.C. & Meier, D.L., 1982 ApJ, 253, 873

Bennett, D.P, et al., 2001, astro-ph/0109467

Blandford, R. D., & Znajek, R. L., 1977, MNRAS, 179, 433
Bondi, H., 1952, MNRAS, 112, 195

Campana, S. & Pardi, M.C., 1993 A&A, 277, 477

Chakrabarti, S. K., 1996, Phys. Rep., 266, 229

Ebisuzaki, T., et al., 2001, ApJ, 562, .19

Fan, X., 1999, ApJ, 117, 2528

Fryer, C.L., & Kalogera, V., 2001, ApJ, 554, 548

Fryxell, B. A., & Taam, R. E., 1988, ApJ, 335, 862

Fujita, Y., Inoue, S., Nakamura, T., Manmoto, T., & Nakamura, K. E.; 1998, ApJ, 95, L85
Fukugita, M., et al., 1996, AJ, 111, 1748

Gates, E. 1., Gyuk, G., & Turner, M. S., ApJ, 449, L123
Grindlay, J. E., 1978, ApJ, 221, 234

Gunn, J. E., et al., 1998, AJ, 116, 3040

Hansen, B. M. S. & Phinney, E. S., 1997, MNRAS, 291, 569.
Heckler, A. F., & Kolb, E. W., 1996, ApJ, 472, L85

Hogg, D. W., Finkbeiner, D. P., Schlegel, D. J., & Gunn, J. E., 2002, AJ, accepted
[chimaru, S. 1977, ApJ, 214, 840

Igumenshchev, 1. V., & Narayan, R., 2002, ApJ, 566, 137

Ipser, J. R., & Price, R. H., 1982, ApJ, 255, 654

Lupton, R. H., Gunn, J. E., & Szalay, A. S., 1999, AJ, 118, 1406

Kaaret, P., Prestwich, A.H., Zezas, A., Murray S.S., Kim D.-W., Kilgard, R.E., Schlegel,
E.M., and Ward, M.J., 2001, MNRAS, 321, .29



- 21 —

Kormendy, J., and Richstone, D. 1995, ARA&A, 33, 581
Krisciunas, K., Margon, B., & Szkody, P., 1998, PASP, 110, 1342
Laserre, T., et al., 2000, A&A, 355, .39

Manmoto, T., Mineshige, S., & Kusunose, M., 1997, ApJ, 489, 791
Mao, S., et al, 2002, MNRAS, 329, 349

Matsumoto, H., and Tsuru, T. 1999 PASJ, 51, 321

Matsumoto, H., Tsuru, T., Koyama, K., Awaki, H., Canizares, C.R., Kawai, N., Matsushita,
and S., Kawabe, R. 2001, ApJ, 547, L25

McDowell, J., 1985, MNRAS, 217, 77

Monet, D., et al., 1998, The USNO-A2.0 Catalogue, (U.S. Naval Observatory, Washington
D.C.)

Narayan, R., & Yi, I. 1994, ApJ, 428, .13

Novikov, I.D. & Thorne, K.S., 1973, in Black Holes, ed. C. DeWitt & B. DeWitt (New York:
Gordon & Breach)

Popov, S. B., & Prokhorov, M. E., 1998, A&A, 331, 535

Ptak, A. and Griffith, R. 1999 ApJ, 535, .85

Rees, M. J., Begelman, M. C., Blandford, R. D. & Phinney, E. S. 1982, Nature, 295, 17
Revnivtsev, M. G., & Sunyaev, R. A., 2001, astro-ph/0109036

Shakura, N. I., & Sunyaev, R. A., 1973, A&A, 24, 337

Shapiro, S. L., 1973, ApJ, 180, 531

Shapiro, S. L., & Teukolsky, S. A.; 1983, Black Holes, White Dwarfs and Neutron Stars (New
York: John Wiley & Sons)

Shvartsman, V.F., 1971, Soviet Astron.—AlJ, 15, 377
Smith, J. A., et al., 2002, AJ, 123, 2121

Stoughton, C., et al., 2002, AJ, 123, 485



— 29 —

Taam, R. E., & Fryxell, B. A., 1989, ApJ, 339, 297

Tanaka, Y., & Lewin, W. H. G. 1996, in X-ray Binaries, ed. W. H. G. Lewin, J. van Paradijs,
& E. P.J. van den Heuvel (Cambridge: Cambridge University Press)

van Paradjis, J. & White, N. E., 1995, ApJ, 447, L33

Venkatesan, A., Olinto, A. V., & Truran, J. W., 1999, ApJ, 516, 863
Voges, W.. et al. 1999, A&A, 349, 389

White, N. E. & van Paradjis, J., 1996, ApJ, 473, L25

York, D. G., et al. 2000, AJ, 120, 1579

Zeldovich, Ya.B., & Novikov, 1.D., 1971, Relativistic Astrophysics, Vol. 1 (Chicago: Univ.
Chicago Press)

This preprint was prepared with the AAS TATEX macros v5.0.



_ 923

33 I I I I I I I I I I I I I I I I

32 —

w
l

W
o
l

log,,[e VL, /erg s]
™ 0
@ ©
| |

N
\2
l

26 —

N ] | ] | ] | ] | ] | ] | ]
10 11 12 13 14 15 16 17 18 19 20 21 22

log,,[v/Hz]

29

Fig. 1.— Sample models for the spectral energy distribution of a 10Mg, black hole accreting
from the ISM. The solid line is an ADAF model, the dotted line is an IP model, and the
dashed line is a CDAF model. The curves are meant to show the major spectral differences
between the models. The integrated luminosity of all three models is eM, where M =

2.5 %1032 erg s™! is the mass accretion rate for a hole of mass 10M, and velocity of 40 km s™'.



— 24 —

0.8 - —

©

o
l

'-1*
I

Transmission
=
N
l I

0.2

v[101* Hz]

Fig. 2.— The SDSS transmission curves in the five filter bands.
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Fig. 3.— The fraction of the luminosity in different SDSS filters as a function of the mass
of the black hole, assuming an ADAF model for the spectral energy distribution.
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synthetic spectra. The numbers indicate the power law slope at that point on the curve. We
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frequency mass scaling. The assumed spectrum is a broken power law, changing from +2 to

—3.
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Fig. 6.— A sample of 43708 “stars” from the Early Data Release in a 10 slice in RA.
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Fig. 7.— Colors u — g vs. ¢ — r of the 47 Primary SDSS Farly Data Release and RASS
detected objects. Contours show the density of objects in our color-color diagram area that
do not have RASS detections (i.e., the stellar locus). Magnitudes are PSF and reddening

corrected
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Table 1. SDSS Filter Characteristics

Band Vinin (101 Hz) 7 (1014 Hz) vmax (1014 Hz) limiting magnitude F;’”" (10~1% ergs s~! em™?)
w* 8 8.57 9 22.3 0.68
g* 5.5 6.25 7 23.3 1.28
r* 4.25 4.80 5.25 23.1 1.16
¥ 3.75 3.90 4.25 22.3 1.43
z* 3 3.30 3.5 20.8 1.06
Note. — The average wavelengths, frequencies, limiting magnitudes, and limiting fluxes for the SDSS photometric

filters. The limiting magnitudes are from York et al. (2000).
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