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1 Beyond X-ray binaries

Most of galactic black holes have been found thanks to their X-ray activity, usually when the X-ray
luminosity increases drastically during an outburst. However, these bright X-ray sources represent only
a small fraction of the galactic population, as many are expected to be in a low state of accretion or not
accreting at all. Population studies show that there could be between 103 and 105 black holes in binaries
[1], and the small number of known black-hole X-ray binaries (∼60) is due to the small duty cycle of
outbursts (∼0.02 [2]) and to the fact that many are expected to be detached. Spectroscopy in the optical,
with the detection of radial velocities from a companion, could uncover a population of quiescent black
holes that live in binaries. A few black holes candidate have been found with this method, both in the
field [3, 4] and in globular clusters [5, 6, 7].

2 Method

If a star is orbiting a dark companion, its radial orbital velocity can be measured through spectroscopy: the
absorption lines in the star’s spectrum are blueshifted (redshifted) as the star travels toward (away from)
the observer during its orbit. The left panel of Figure 1 shows an example for a white dwarf orbiting a
dark companion (only the white dwarf contributes to the spectrum): the two spectra are taken at different
phases in the orbital period and we can see the redshift of the Balmer lines as the white dwarf moves away
from us (red line). In the case of a main sequence companion, the shift is easier to detect also for small
velocities because the absorption lines are intrinsically narrow.

If multiple spectra are taken that cover most of the orbital phase of the binary, the full radial velocity
curve can be measured, as shown in the right panel of Figure 1. From the radial velocity curve one can infer
the period (P ) of the binary and the radial velocity of the bright component, given by the semi-amplitude
of the curve: K = v sin i, where v = ωa2 = 2πa2/P is the orbital velocity of the star, a2 is its distance to
the binary’s center of mass, and i is the inclination of the binary. If the dark companion is a black hole,
the radial velocities can be quite large, of the order of 50-100 km/s.

If we indicate with 1 the black hole primary and with 2 the bright secondary, for a circular orbit we

Figure 1: Left: Orbital phase-resolved spectra of a white dwarf orbiting a dark companion showing radial
velocity shifts (courtesy of Kevin Burdge). Right: radial velocity curve of a binary with a candidate black
hole (from [4]) the circular and elliptical fits to the data are shown in red and purple respectively.
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can write Kepler’s third law as:
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By substituting a2 with the definition of K, we obtain:
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The quantity f can be derived from the RV observations and gives an estimate of the minimum mass of
the primary in the case i = 90◦. In the case of an eccentric binary, the mass function takes the form:
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The eccentricity can also be inferred by fitting the RV curve (see Fig. 1). In order to determine the mass
and therefore the nature of the primary, the mass of the secondary and the inclination angle need to be
known. The mass of the secondary can be inferred from optical and infrared photometry and spectroscopy.
The inclination angle can be constrained if additional information is known; for example, if the star is
distorted by the gravity of the black hole and shows ellipsoidal modulations, constraints on the inclination
angle can be inferred from the photometric lightcurve. Even if the secondary mass and the inclination
angle are not known, if f > 3 the mass of the dark companion is considered consistent with a stellar mass
black hole.

3 Future searches: the era of highly multiplexed spectrographs

With current and upcoming spectroscopic surveys like LAMOST, DESI and SDSSV, multi-epoch spec-
troscopy will be available for a gargantuesque number of objects. Systematic searches for large radial
velocities will become possible. It will be crucial to focus on stars with strong and narrow lines, i.e main
sequence stars of spectral type B or later, and combine spectroscopic observations with parallax measure-
ments (Gaia), UV optical and infrared photometry (Galex, PS1, WISE), and photometric variability (to
look for ellipsoidal modulations, ZTF, ASAS-SN, TESS).
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