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Motivation
• eLISA will fly some day.

• Most stellar mass object sources have been 
considered to be limited to the Galaxy

• Higher mass black holes may be detectable at 
extragalactic distances.

• What can we learn from gravitational wave 
observations of these objects?
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Quick Summary of eLISA
• Three spacecraft in solar orbit 
• Laser links between two pairs 
• 106 km armlengths

ESA L3 Mission

Scheduled launch: 
2034
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The measured gravitational wave strain:
Determining Distances

is proportional to the square root of the "apparent 
magnitude" in gravitational waves, while the chirp:

Is proportional to the power lost by the binary, or the 
"absolute magnitude" in gravitational waves. Thus we 
can find the distance through:



Stellar Mass Black Holes
• Brightest (in GW) sources from stellar evolution. 

• Likely to be chirping 

• Hard to make in large numbers in the field 

• Not so hard to make dynamically in dense stellar 
systems 

• Likely to be more massive if formed at low metallicity 

• Globular clusters!



IAU Symposium 312 Beijing

Making BBH in Globular Clusters



IAU Symposium 312 Beijing

Making BBH in Globular Clusters

Birth



IAU Symposium 312 Beijing

Making BBH in Globular Clusters

Birth Mass Segregation



IAU Symposium 312 Beijing

Making BBH in Globular Clusters

Birth Mass Segregation

Exchange Interactions



IAU Symposium 312 Beijing

Making BBH in Globular Clusters

Birth Mass Segregation

Exchange Interactions Dynamical Ejection



So, how distant can the 
detectable binaries be?



orbital period, and distance. The black hole masses cover the range from M 2 (6, 80) M�, the
orbital periods cover the range Porb 2 (0, 2000) s, and the distances are less than 30 Mpc. The
orbital inclinations and sky locations were randomly chosen. All of these binaries were then run
through an eLISA simulator to determine the expected signal to noise ratio. We include the
gravitational chirp in the evolution of this sample of binaries. Only those binaries that remain
within the eLISA band for a full year are included in the signal to noise ratio calculations. Using
the initial pool from the Monte Carlo study and the pool of binaries with a signal to noise ratio
above the threshold, we can determine the likelihood of detection for any binary with a given
chirp mass, orbital period, and distance. Projections of the likelihood are shown in Figure 1.

Figure 1. Likelihood of detection for binary black holes obtained from the Monte Carlo study.
The likelihoods have been marginalized over frequency on the left, chirp mass in the center, and
distance on the right. The abrupt cuto↵ in the likelihoods on the right is due to systems that
evolve out of the eLISA band in one year.

Using the known locations of the populated galaxies in the catalogue along with the binary
properties to the potential eLISA sources, we can then estimate the likelihood of detection for
each binary in the population. We obtain a first order estimate of the number of observable
extragalactic binaries through this approach, which averages over orbital inclinations and does
not take into account the sky location of each host galaxy. There were no observable binaries
within the elliptical galaxy population, five potentially observable binaries in the spiral galaxy
population, and five in the irregular galaxy population. Out of the ten, two of these binaries
had a greater than 50% probability of detection. The results are shown in Table 2

Table 2. Probability for detection from the 10 binary black holes.

Galaxy type Detection Probability (%)

Spiral 89.6 2.2 2.2 1.7 0.3
Irregular 51.1 17.2 9.7 2.1 2.1

4. Conclusions
We have used a very simple population synthesis technique to perform an initial investigation
into the possibility of observing stellar mass binary black holes at extragalactic distances. For
one realization of the population, using simple prescriptions for the population as a function

• Population of 107 BH binaries 
• Uniform distribution in a 30 Mpc sphere 
• Uniform distribution in masses from 10-80 Msun 
• Uniform distribution in orbital periods below 2000 s 
• Uniform distribution in orientation 
• Run through LISA simulator and determine detection 
• SNR > 8
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• Next, look to see if there is a population with these 
properties. Focus on field binaries to start. 
(Undergrad project: Jesus Hinojosa) 

• Use the gravitational wave galaxy catalog (White, 
Daw & Dillon 11, 12) to determine galaxy type and 
position out to 30 Mpc. 

• Use SyntheticUniverse.org to produce field 
binaries.

10

http://SyntheticUniverse.org


• Populate the galaxies in the catalog.
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Conclusion
We have considered the field population of double black hole
systems forming dynamically and explored the possibility that
higher mass binaries forming in these low-metallicity environ-
ments would be detectable by SBGWOLLs at greater distances.
Here we have populated galaxies by randomly drawing from a
distribution of synthetic binary systems that depends on the galaxy
type (spherical, elliptical, or irregular). For each galaxy in the
GWGC we have randomly pulled 100 binary systems from the
Synthetic Universe and evolved their period throughout time to
determine the expected population of such binaries. We have
demonstrated this distribution for Elliptical, Spherical, and Irreg-
ular galaxies and have found that none of the evolved periods are
detectable by SBGWOLLs. Furthermore, from our results we de-
duce detecting a black hole binary with a SBGWOLL is highly
unlikely even when considering binaries formed in low metallic-
ity environments. Although our results might not support the idea
of detecting binary black holes in nearby galaxies, they do agree
with previous studies. (Belczynski et. al. 2010a).

Table 1: Probability of Detection from Galaxy Type Results

Galaxy Type Galaxies BBH Probability of Detection (%)
Elliptical 689 708 0

Spiral 7137 22128 95.93
Irregular 1121 22276 82.12

Table 2: Probability of Detection from BBH systems Results

Elliptical Spiral Irregular
Probability of Detection (%) 0 89.58 51.11

1.70 2.05
0.30 2.05
2.17 17.22
2.17 9.69

Total 0 95.93 82.12

In Con-

clusion, our results show that 10 extragalactic BBH systems were
potentially detectable within 30 MPc. However, because we only
ran the code that populated the universe once, this is not a statisti-
cally significant result. Generating the pool of evolved BBH took
us about 13 days using a mulithreading 8 core server with 2 2.6
GHz Quad-Core Intel Xeon chips. After the three different pools
were generated, we then ran a python code that would randomly
assign BBHs to each galaxy and save only those whose orbital
period was less than 2000 sec as described earlier. The generated
pool of BBH systems started with the initial distribution from the
Synthetic Universe. Future work for this project would be to run
several more simulations to create statistical significant results.
Also, a plot of the location in the sky of galaxies with detectable
BBH systems with color coded percentages of detection could be
produced for furthering this project.

Period Evolution
The period distribution of this population can be determined by
assuming a constant merger rate. The evolution of the period, P ,
of a binary after an arbitrary time T from birth due to gravitational
radiation losses is given by:

P = [�k0T ]3/8 (1)

k0 =
96

5
(2⇡)8/3G

5/3

c5 m1m2(m1 + m2)
�1/3 (2)

We assume that a binary is detectable if it has an evolved pe-
riod under a threshold of 1000 (P < 2000). Then, depending on
the galaxy type, we use the Synthetic Universe to create a syn-
thetic distribution of about 10,000 binary lack holes. Next, for
every galaxy we randomly draw 100 binary black holes from this
synthetic distribution of binary black holes generated by the Syn-
thetic Universe and evolve their periods forward in time keeping
T within 10 Gyr. For spherical galaxies 0  T  10 Gyr., for
elliptical galaxies 9  T  10 Gyr, and for irregular galaxies
0  T  3 Gyr. A time within these ranges is randomly gener-
ated and assigned to a synthetic binary black hole. We calculate
k0 from equation 2 using the appropriate parameters we calculate
the evolved period for each randomly selected binary black hole.

Figure 5. Histogram of galaxy type (in de Vaucouleurs Nu-
merical Morphological Classification system) of irregular
galaxies in the GWGC within 30Mpc

Theory
Our approach to predicting the number of Binary Black Holes detected by
SBGWOLLs begins by identifying nearby galaxies, sorting them by Hub-
ble galaxy type, populating them with a synthetic Universe of Binary Black
Holes, then evolving the binaries’ periods forward in time to determine if it
is detectable by SBWOLLs. To identify nearby galaxies, we used the Gravi-
tational Wave Galaxy Catalog with all galaxies under 30Mpc. Then, we can
use the galaxy type to predict the number of globular clusters within those
galaxies respectively (Downing et. al. 2011) , and then relate the number
of globular cluster to both the metallicity environment of the galaxy, and the
number of binary black holes in the galaxy ( Belczynski et. al. 2006). Next,
we use a synthetic distribution of binary black holes generated by the Syn-
thetic Universe database online to populate each nearby galaxy according to
galaxy type. Lastly, we randomly pull binary black holes from the synthetic
distribution, and evolve their period respectively forward in time.

Figure 4. Histogram of galaxy type (in de Vau-
couleurs Numerical Morphological classification
system) of spherical galaxies in the GWGC within
30Mpc

Figure 3. Percentage range increases and stays high
along a band centered at 10 mHz when the chirp mass
increases. The width of this band also increases with
increasing chirp mass.

Figure 2. Percentage range increases and stays high
along a band centered at 10 mHz when the chirp mass
increases. The width of this band also increases with
increasing chirp mass.

Initial Set-up
To ensure we have a realistic galaxy type distribution from the
GWGC, we visualize the data by producing a histogram of galaxy
(de Vaucouleurs Numerical Morphological) type as seen in Figure
2, and compare our data to theoretical expectations to find that
indeed we have a distribution of galaxy types that agrees with
theory. Next, to relate galaxy type to the number of expected
binary black holes, we group spherical, elliptical, and irregular
galaxies separately. To ensure we have correctly separated galaxy
types, we visualize our data by producing a histogram of each
respective galaxy type as seen in Figures 3, 4 and 5.

About the GWGC
The Gravitational Wave Galaxy Catalogue, put together by Dar-
ren J. White, E. J. Daw, and V. S. Dhillon from the University of
Sheffield, is one of the most complete galaxy catalogues within
100Mpc (White et. al. 2011). It contains sky position, distance,
blue magnitude, major and minor diameters, position angle and
galaxy type for 53, 225 galaxies.

Galaxies within 30Mpc

Figure 1. GWGC galaxies within 30Mpc plot-
ted using Paraview with each point correspond-
ing to one galaxy.

Introduction
Space-Based Gravitational Wave Observatories Like LISA (SBG-
WOLLs), will be sensitive to frequencies in the mHz range. Po-
tential sources of gravitational waves at frequencies resolvable by
SBGWOLLS include white dwarf, black hole, and neutron star
binaries. Population synthesis of such compact object binaries in-
dicate that the number of binary black holes within this frequency
range in the Galaxy is on the order of 1 or less (Belczynski et.
al.2010a). We consider only the field population of double black
hole systems. However, these binaries may be formed dynam-
ically and may have higher masses in low-metallicity environ-
ments. If high-mass binary black holes are detectable at greater
distances, then the potential for detection increases with the in-
creased number of host galaxies. Here, we explore the likelihood
of detection based on the galaxy type as related to the number of
binaries predicted in the galaxies documented by the Gravitational
Wave Galaxy Catalog (GWGC) out to 30 Mpc.

Abstract
Stellar mass black hole binaries have individual masses between 10-80 so-
lar masses. These systems may emit gravitational waves at frequencies de-
tectable at Megaparsec distances by space-based gravitational wave obser-
vatories. In a previous study, we determined the selection effects of observ-
ing these systems with detectors similar to the Laser Interferometer Space
Antenna by using a generated population of binary black holes that covered
a reasonable parameter space and calculating their signal-to-noise ratio. We
further our study by populating the galaxies in our nearby (less than 30 Mpc)
universe with binary black hole systems drawn from a distribution found in
the Synthetic Universe to ultimately investigate the likely event rate of de-
tectable binaries from galaxies in the nearby universe

Jesus Hinojosa, Albert Mata, Matthew Benacquista
Dept. of Physics, University of Texas at Brownsville

Prospects for Detection of Extragalactic Stellar
Mass Black Hole Binaries in the Nearby

Universe

• Field binaries were from solar metallicity 
• Lower chirp masses 
• Elliptical galaxies produce their binaries early
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• There have been many studies of black hole binary 
production in globular clusters.  

• Expected aLIGO sources. 

• Downing + 2011 found that the more massive BH 
ejected binaries could be detected by LISA at Mpc 
distances. 

• Confirmed with a parameter study.

Black Hole Binary Production in Globular Clusters

Portegies Zwart & McMillan 2000 
Miller & Hamilton 2002 
MB 2002 
O’Leary + 2006 
O’Leary, O’Shaughnessy, & Rasio 2007 
Sadowski + 2008 
Moody & Sigurdsson 2009 
Downing, MB, Giersz, & Spurzem 2010 
Downing, MB, Giersz, & Spurzem 2011 
Morscher, Umbreit, Farr, Rasio 2013 
Bae, Kim, & Lee 2014
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Black hole binaries 141

Figure 5. Mchirp for BH–BH binaries at the time of escape from the cluster (red open squares), BH–BH mergers (black open triangles) and BH–BH mergers
with initial eccentricities drawn from a thermal distribution (blue crosses). Each panel shows all binaries from all 10 independent realizations of one set of
initial conditions.

From our simulations, we have Mchirp for each of our mergers
and the time of the merger relative to the start of the simulation.
By assuming a formation time, T form, for each simulation relative to
the age of the Universe, we can calculate a look-back time, redshift
and proper distance to the merger and use equation (7) to determine
if the merger can be detected. To convert this to a merger rate
per year for ground-based detectors, we must make assumptions
about the formation history and density of globular clusters in the
Universe. For simplicity, we assume that all globular clusters form
in a single burst at some time T form in the past. Again for simplicity
we assume a constant number density of n0 ≈ 8.4h3 clusters Mpc−3.
This estimate comes from Portegies Zwart & McMillan (2000) and
is based on observations of the local Universe taking into account
the different specific frequencies of clusters in galaxies of different
Hubble types. We then bin the detections in uniform bins in look-

back time, calculate the proper distance, Dprop,i, to the edge of each
bin, and use the equation (O’Leary et al. 2006)

Rdet =
100!

i=1

Ni

!t

4π

3
n0

"
D3

prop,i − D3
prop,i−1

#
(1 + zi)−1 (11)

to calculate the detection rate. Ni is the number of detections cal-
culated from our simulation in bin i, !t is the bin width and the
factor (1 + zi)−1 comes from the cosmological time dilation of the
detection rate. We use the cosmological parameters h = 0.72, "m =
0.27 and "Lambda = 0.73. We note that it would be possible in prin-
ciple to perform a more careful estimate of the density of globular
clusters in the Universe by using Press–Schechter formalism and
making assumptions about the baryon fraction per halo, the frac-
tion of baryons that become globular clusters, the evolution of the
globular cluster mass function and globular cluster formation rate.

C⃝ 2011 The Authors, MNRAS 416, 133–147
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Downing + 11

• Low metallicity 
leads to larger 
chirp masses 

• Higher chirp 
mass gives 
larger search 
volume

14



– 21 –

Fig. 9.— Properties of ejected BH binaries at time of ejection from all simulations combined. Each point represents one BH
binary, and the color indicates the initial N for the cluster from which the binary originated (black for N = 1.6⇥ 106, cyan for
N = 8⇥ 105, and red for for N = 2⇥ 105. The first two panels show properties of the ⇡ 5600 ejected BH–BH binaries: on the
left, m2 versus m1, and in the middle the semi-major axis versus the eccentricity. The masses of the BHs in the ejected BH–BH
binaries are similar across all N , while their orbital properties depend strongly on N , with more massive clusters forming and
ejecting much tighter BH–BH binaries. On the right we show the semi-major axis and the companion mass for the 227 ejected
binaries containing a BH with a non-compact stellar companion. Note that the points are plotted on top of each other (from
bottom to top: black, then cyan, then red), so some points are hidden, especially in the left and center panels. The trends are
visible, nonetheless.

BHs will also be more likely to interact with normal low-mass stars over time, which explains why

this model ejects more BH–non-BH binaries through dynamics than in some other models.

The virial radius has the greatest e↵ect of the ejection rate of BH–BH binaries. The smaller

Rv, the higher the density and therefore also the binary interaction rate. We find that for a given

N , models with Rv = 1 pc eject more than twice the number of BH–BH binaries as models with

Rv = 4. This trend does not hold for ejected BH–non-BH binaries. In fact, for N = 2 ⇥ 105 and

N = 8 ⇥ 105, the models with smaller virial radii actually eject fewer BH–non-BH binaries than

those with larger virial radii. Since most of the BH–non-BH binaries are ejected at the time of

BH formation rather than through dynamics, we should not expect the rate of these ejections to

increase with the higher interaction rates occurring in more compact clusters.

In Figure 9 we show the binary properties for the ejected BH binaries at time of formation,

color-coded by the initial N of the model from which it originated. On the first panel we show

the masses of the components (m1 and m2) of BH–BH binaries ejected from all models. Since all

clusters with a given metallicity form the same spectrum of BH masses, and the more massive BHs

are ejected before the less massive ones, it is not surprising that the masses of the BHs in ejected

BH–BH binaries is nearly independent of N . In the orbital properties of ejected BH–BH binaries

(center panel), however, we see a very obvious correlation with N . The least massive clusters

eject binaries with significantly larger semi-major axes (typically ⇠ 1 AU) than the most massive

clusters (typically ⇠ 0.1 AU). This follows from the fact that it is easier to eject a binary from a

less massive cluster due to its lower escape speed, therefore most of these binaries get ejected before

they have a chance to tighten to sub-AU separations. On the right panel we show the semi-major

axis and the companion mass for the 227 ejected binaries containing a BH with a non-compact

• Recent work shows black hole binaries are 
produced (and ejected) over a longer 
timescale.

Morscher + 1515
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Monte Carlo Models–Work in Progress 
(Dongming Jin)
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eLISA error 
box 
superimposed 
on a chart of 
the Virgo 
cluster, 
centered on 
NGC 4365 for 
a typical BBH 
signal.
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Fig. 7.— A three color (gri) Suprime-Cam image of NGC 4365, with its globular cluster (GC) candidates marked by small circles. This
image is a zoom-in at ⇠ 180 ⇥ 170 (⇠ 120⇥ 110 kpc) of the original, which is three times the area. An HST/Advanced Camera for Surveys
image mosaic was also used to select GCs out to ⇠ 40 from the galactic center. Blom et al. (2012a) determined that NGC 4365 has
6450±110 GCs and that its GC system extends beyond 9.5 galaxy e↵ective radii.

of GCs (NGC) around each galaxy and are vital ingredi-
ents in models that use GCs as kinematic tracers.

The GC systems of massive ETGs typically extend
to projected radii greater than 100 kpc, and require
wide-field imaging covering tens of arcminutes on a side
in order to obtain reasonably complete spatial cover-
age. Therefore the early photographic surveys of nearby
galaxies (e.g., Harris & Racine 1979) remained the state
of the art for decades until modern CCD cameras reached
the requisite field sizes (e.g., Rhode & Zepf 2001; Dirsch
et al. 2003; Peng et al. 2004a).

Some of this work emphasized the use of three-band
(two-color) photometry in order to reduce the contami-
nation of the GC samples by foreground stars and back-
ground galaxies – a problem which can otherwise become
severe at large radii and for the less luminous galaxies.
This issue can be addressed even further by subarcsec-
ond image quality, which resolves out many of the back-
ground contaminants. Deep exposures are also impor-
tant to reach beyond the peak of the GC luminosity func-
tion and thereby to allow for proper GC number counts.

This critical combination of imaging attributes – wide-
field, deep, good seeing, multi-color – has never before

been carried out in a homogeneous survey of galaxies,
but is now an integral part of both NGVS and SLUGGS.
The main imaging source for SLUGGS is Suprime-Cam:
the best instrument in the world for producing spatially-
complete GC system catalogs, owing to the telescope’s
8 m aperture, the large areal coverage (340 ⇥ 270), and
the typically excellent seeing on Mauna Kea. Most of the
data are taken explicitly for our survey, although some
of the images are found in the SMOKA archive (Baba
et al. 2002). For a few of the galaxies, we make use
of archival data from CFHT/MegaCam (Boulade et al.
2003). In almost all cases these wide-field data are sup-
plemented with HST imaging of the galaxy centers (see
Section 3.1.3).

3.1.2. Imaging Acquisition and Reduction

Imaging is carried out in three filters for each galaxy: g,
r and i (except for a few galaxies with adequate archival
data available). Our nominal target for each filter is
S/N ⇠ 20 at one magnitude fainter than the turnover
of the GC luminosity function (occurring at Mi ⇠ �8).
The total exposure times depend on the band, galaxy
distance, and observing conditions, ranging from ⇠ 300 s

19
Brodie + 14
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2 D E T E C TO R S

For a gravitational wave observatory, the limiting sensitivity as a
function of frequency is dominated at low frequencies by accelera-
tion noise Sa, while the ‘floor’, where the detector is most sensitive,
is dominated by position measurement noise Sx. Table 1 contains
the parameters used for the detector configurations in this study.
These parameters can be used to compute the noise power spectral
density

Sn(f ) = Sgal(f ) + (4/3) sin2 u [(2 + cos u)Sx

+ 2(3 + 2 cos u + cos 2u)Sa/(2πf )4! , (1)

where u = 2πf ℓ/c and Sgal is the contribution to the instrument
noise from the unresolved UCB foreground (Timpano et al. 2006).

The configurations we will highlight correspond to the classic
LISA design (ℓ = 5 Gm), as well as two shorter arm-length config-
urations (ℓ = 2 and 1 Gm) in order to cover a variety of plausible
mission configurations. The 1 Gm configuration is similar to the
evolved Laser Interferometer Space Antenna (eLISA) mission be-
ing considered by the European Space Agency (Amaro-Seoane et al.
2012). We use an observation time of 2 yr for each configuration.

This suite of detectors provides a broad palette to illustrate the
observational capabilities of these instruments with regards to the
UCBs. A classic depiction of the performance for these interfer-
ometers is a plot of the average sensitivity curve in strain spectral
density versus frequency (Larson, Hiscock & Hellings 2000), as
shown in Fig. 1. The eLISA concept is the only one which uses a
4-link configuration. The Doppler ranging between each spacecraft

Table 1. Gravitational wave detector configurations used in this
study. Configuration 1 corresponds to eLISA. Configuration 5 is
the classic LISA design. All simulations were for 2 yr mission
lifetimes.

Config. ℓ
√

Sa

√
Sx Links

(m) (m s−2 Hz−1/2) (m Hz−1/2)

1 1 × 109 4.5 × 10−15 11 × 10−12 4
2 2 × 109 3.0 × 10−15 10 × 10−12 6
3 5 × 109 3.0 × 10−15 18 × 10−12 6

Figure 1. Sensitivity curve for each of the detector configurations in Table 1.
The solid lines show the sensitivity set by the measurement noise while the
dashed curves include an estimate of the UCB confusion-limited foreground.
Overplotted are the brightest UCBs in our simulated catalogue (grey circles),
and the known verification binaries (black triangles).

in the constellation is accomplished using two laser links. Thus,
the 4-link design is a single-vertex interferometer, while the 6-link
designs allow for three (coupled) interferometers. This difference
accounts for an additional improvement in the 6-link sensitivity
curves by a factor of ∼

√
2 at frequencies where the UCBs are

found.

3 D I S C OV E R I N G N E W V E R I F I C ATI O N
BI NARIES

The focus of this work is to study the population of detectable UCBs
in the context of multimessenger astronomy. We will focus on the
sources detected via GWs which could potentially be identified elec-
tromagnetically. There is a separate class of UCBs, the ‘verification
binaries’, which are known low-frequency GW sources with AM
CVn serving as the archetype. There are ∼30 known verification
binaries, ∼5–10 of which could be identified by the GW detectors
considered here, with sources still being discovered (Roelofs et al.
2007; Brown et al. 2011; Nelemans 2011). This study does not
include the known verification binaries in the galaxy catalogues.
Furthermore, many of the AM CVn systems would not be local-
ized well enough by the GW measurement alone to warrant simple
electromagnetic follow-up observations.

3.1 Binary selection

The UCB population model is essentially identical to that found in
Nelemans et al. (2004), so the positions and ages of the systems are
based on the Boissier & Prantzos (1999) Galactic model. We use
the white dwarf cooling tracks based on Hansen (1999) as shown in
the appendix of Nelemans et al. (2004). We convert the luminosities
to V-band magnitudes using zero-temperature white dwarf radii and
simple bolometric corrections based on the effective temperature.
This should suffice for this initial estimate of the potentially de-
tectable population, but can be improved using detailed WD cooling
models in the future. We determine the absorption as in Nelemans
et al. (2004) based on the Sandage (1972) model, but correcting for
the fact that the dust is more concentrated than the stars, so we use
120 pc as scaleheight for the absorption.

To construct the magnitude-limited catalogue, we begin with the
entire binary population in the synthesized galaxy. The limiting ap-
parent magnitude of a telescope is a function of the aperture D, the
exposure time t and the properties of the detector used for imag-
ing and photometry (Howell 1989; Schaeffer 1990). A rudimen-
tary fit to the limiting magnitude m using a telescope of aperture D
(in m) and for exposure time t (in s) is given by m = 19.6 D0.073 t0.025.
Using commercial CCD detectors, a D = 0.5 m telescope will reach
a photometric magnitude m ≃ 21 in t ∼ 75 s, where as a D =
1.0 m telescope will reach the same magnitude in t ∼ 20 s. This
paper examines the role of small to large aperture telescopes by
examining a broad range of limiting magnitudes; lower bounds of
m = 18–24 were chosen as the electromagnetic cutoff. All-sky sur-
vey instruments such as Large Synoptic Survey Telescope (LSST)
could further improve the number of candidates. The single expo-
sure limit for LSST is expected to be m ≃ 24, whereas the magnitude
limit of the final stacked image is expected to be around m ≃ 27
(Ivezik et al. 2011).

3.2 Gravitational wave detector response

From the magnitude-limited catalogue, we determine the number
of ‘bright’ UCBs that will be well measured by the GW detec-
tor. To do so, we must first estimate the confusion noise for each
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At the low frequency end, the Galactic population of 
compact object binaries will provide a confusion-
limited noise above instrument noise

Littenberg + 1320
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Choose the orientation of eLISA to reduce the foreground
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• Possibly identify host galaxies (not host globular 
clusters) 

• Identify possible globular cluster properties that 
enhance binary production 

• Identify mass distributions 

• Get distances to individual cluster member 
galaxies

Science Payoff
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