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There are many talks on potential sources of gravitational 
radiation in globular clusters:

• Rasio!
• Strader!
• Giersz!
• van den Berg!

• Aarseth!
• Knigge!
• Ivanova!
• Lanzoni!

• Mapelli!
• Tauris

… so I will give a tutorial on gravitational wave 
observations and provide some examples of their use in 
understanding clusters.



We are entering the age of 
gravitational wave astronomy

2014: BICEP2 results indicate primordial gravitational wave 
background from inflation.

BICEP2 Collaboration: arXiv:1403.3985v2 
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sensitivity

NANOGrav 2010 upper 
limit (Demorest et al 2013)

PPTA upper limit 
(Shannon et al 2013)

The transformational advance

NANOGrav PRELIMINARY 
2014 sensitivity from current data

We are already in 
astrophysically 

interesting territory!

St
ra
in

“It is important to remember that this is a decisive time in the gravitational wave detection effort...”

The NANOGrav PFC will open a new observational window onto the nano-Hz band of the GW 
spectrum. 

Expected amplitude range 
for SMBBH background
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eLISA: Sensitive to mHz!
!

• SMBH mergers!
• Extreme Mass Ratio Inspirals!
• Compact Object Binaries !

ESA L3 Mission!
!

Scheduled launch: 
2034
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of at least five interferometers is expected 
to be operating in 2022. The paper empha-
sizes that during the first Advanced LIGO 
observing run in 2015, which is expected to 
last roughly 3 months, the interferometers 
are not expected to operate at design sensi-
tivity. The US-based LIGO instruments are 
expected to reach full design sensitivity in 
2019. Advanced Virgo is anticipated to reach 
design sensitivity circa 2021 and the pro-
posed India-based LIGO instrument is not 
expected to be operating at design sensitiv-
ity until 2022. 

Even though none of the instruments will be 
operating at design sensitivity before 2019, 
we can still do a lot of useful science, and 
hopefully make the first gravitational-wave 
detections. As construction and commis-
sioning progresses, the document will be 
updated to better reflect the reality of the 
evolution of detector sensitivities and op-
eration.

The second paper is entitled “Parameter 
estimation for compact binary coalescence 
signals with the first generation gravitation-
al-wave network” and is available at http://
arxiv.org/abs/1304.1775. This paper de-
scribes and presents results of parameter es-
timation algorithms which ran on hardware 

and software injections during LIGO’s sixth, 
and Virgo’s second and third, science runs. 
Hardware injections are signals that directly 
actuate the mirrors at the end of the long in-
terferometer arms to simulate the passage of 
a gravitational wave. Software injections are 
simulated signals that are added to the strain 
data before analysis takes place. The analy-
ses presented in this paper rely on a Bayesian 
framework to calculate confidence intervals 
for each of the parameters. The difficulty 
arises from the fact that as many as fifteen 
independent parameters must be determined

requiring a vast amount of computing re-
sources to sample all possible values. 

To mitigate this, sampling algorithms based 
on Markov Chain Monte Carlo and Nested 
Sampling techniques are used.

The examples shown in this work cover the 
range of expected observation classes in 
Advanced LIGO for compact binary coales-
cences. A combination of the two masses, 
called the chirp mass, is recovered with very 
good accuracy, typically less than 2%. How-
ever, accurate determination of the com-
ponent masses requires a reliable determi-
nation of both the chirp mass and another 
combination of the masses, the symmetric 

mass ratio. In the cases shown, this second 
parameter is often not well determined be-
cause of strong degeneracies between it and 
the angular momenta of the binary’s com-
ponents. Additionally, the precision with 
which the distance can be measured is limit-
ed by the correlation between the inclination 
of the source to the line of sight. However, 
when the signal is observed in three detec-
tors its origin is often restricted to a single 
patch on the sky. 

Compiled by Ian Harry
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These are appropriate for globular cluster 
sources
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• Perturbation in the 
metric of space-
time.!

• Quadrupolar!

• Affects measured 
distances between 
objects.!

• Two polarizations

What is a gravitational 
wave?
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Interferometry
• These detectors all rely on a 

form of interferometry to 
detect the changing 
distance.!

!

!

!

• Instantaneously detects a 
single polarization.
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Binary Waveforms
• Power and polarization depend 

on orientation of orbital plane.!
• Low frequency sources (eLISA) 

have very small power 
radiated, can approximate by 
monochromatic waves.
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h+ hx

e = 0

e = 0.999
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12

Figure 4. Examples of waveforms from eccentric and spinning binaries. In the top
panel we show a zoom-in of three wave cycles highlighting the peculiar amplitude-phase
relation of a mildly eccentric binary (e = 0.5); h+ is in red and h× is in blue. In the
bottom panel we show the last several thousand cycles of a spinning precessing system,
the amplitude modulation given by the orbital plane precession is evident (courtesy of
A. Petiteau).

where we used J ≈ L, and we assumed equal mass binaries in the last equality. It is

clear that at, say, f = 10−3fISCO, Tp is of the order of several tens of years, making

precession effects negligible. An example of waveform modulated by plane precession in
the late inspiral is shown in the lower panel of figure 4.

The most general detectable signal from a spinning eccentric binary is a function of

17 parameters (some describing the intrinsic properties of the binary and some others

related to the relative binary-detector position and orientation): two combination of the

redshifted masses, M and µ¶; six parameters defining the individual spin vectors, two

magnitudes a1 and a2 and four angles; two parameters related to the eccentricity of the
orbit, initial eccentricity e0 and an additional angle defining the line of nodes; source

inclination with respect to the line of sight, ι; polarization angle, ψ; sky location, two

angle usually labeled θ and φ+; luminosity distance DL; initial orbital phase Φ0; and,

¶ As discussed in Section 2, for sources at cosmological distances, the GW depends on the redshifted
masses, the intrinsic ones can be extracted by measuring DL and then measuring z according to a
cosmological model, or by obtaining an independent measurement of z through, e.g., the identification
of an electromagnetic counterpart to the GW signal.
+ Of particular interest is the source sky localization errorbox ∆Ω, defined, following [64], in terms of
θ and φ as: ∆Ω = 2π

√

(sinθ∆θ∆φ)2 − (sinθcθφ)2 (according to the notation used in Section 4).

• High frequency sources 
will include inspiral and 
merger (and ringdown if 
final object is a black hole).!

• Need NR or PN expansion!

• Spins and frame dragging 
will precess the orbital 
plane.
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• Detection through ‘Matched Filtering’!

• Model the waveform with parameters for relevant 
physical properties!

• All the usual orientation angles!

!

• Spins, sky location, distance!

• Parameters may be degenerate

Mchirp, ⌘ = M1M2/M
2, f, ḟ

13
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Fig. 6.— The uncertainties on the sky of 160 BNS systems in the HLV detector configuration. Each region represents a single injection,
with the colored central region representing the 68% uncertainty region on the sphere, and the gray shade representing the 95% uncertainty
region. The color scheme indicates the total solid angle size of the 68% region. Note the similar shape of the uncertainty regions at
particular points; this is due to the specific pattern of sensitivity over the sky for the three-detector network.

Fig. 7.— The same as Fig 6, except for the HLVI detector configuration. Note the substaintally lower average uncertainties on the skies
for the majority of the injections. Also note the lack of large, “banana-shaped” uncertainties that were recovered by the HLV configuration.
The two improvements are due to the breaking of the plane degeneracy that is facilitated by the transition to a four-detector network.

both network configurations. This essentially quantifies
the widths of the posteriors plotted throughout Section 3.
The purpose of Tables 1 and 2 is to provide a quantita-
tive and quotable source for studies seeking to determine

how well a physical question about BNS systems can be
answered with the Advanced LIGO/Virgo network.
Given the previous reliance of parameter estimation

studies on the Fisher Information Matrix, it is informa-
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Dependence on spin

Parameters:

H1 & L1
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dL⇡16� 21 Mpc

a
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0.5

✓
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⌃SNR ⇡ 17.0

Dashed lines
show true
values

PDFs scaled to
surface area

M. van der Sluys et al.  APS presentation 2008 (LIGO-G080185-00-Z)
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MJB, De Goes, Lunder  2004

Amplitude Modulation



NGC 7808 NGC 6397

NGC 6752

NGC 5139 47 Tuc



Detections with LIGO/Virgo are expected in ~2016-2018. 
!

After the first detection …
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!

After the first detection …

… but then what?

SCIENCE !
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Galactic Globulars
• Most likely to be LISA sources. 

• Angular resolution ~ 1 square degree. 

• Can use targeted searches. 

• Will identify all sources within a given globular. 

• More detail on sources in today’s talks.

21



Some comments …
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Some comments …
• 2034 is very far into the future

• Improved observations with traditional telescopes 
may answer several questions

• Of course they may also raise new questions

• Improved simulations may answer several 
questions

• Of course they may also raise new questions

Some examples of questions that may be answered by eLISA 
observations:
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Close white dwarf binaries in globular clusters

Hurley & Shara, 2003

Modeling the 
population with 
standard assumptions 
shows an 
enhancement of short 
period systems over 
the field population 

Varying these 
assumptions produces 
significant variations in 
the population. 

eLISA would provide a 
census of the shortest 
period systems.
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eLISA Sources
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570 N. Ivanova et al.

Figure 6. Binary MSPs in 47 Tucanae. Observed and modelled populations:

circles – observed, stars – formed via TC, squares – formed via DCE, tri-

angles – formed via binary encounters and diamonds – ‘primordial’ binary

MSPs. The filled symbols represent binary MSPs with non-WD compan-

ions; in the case of observed systems, the filled symbols represent eclipsing

bMSPs. The crosses mark eccentric bMSPs (e > 0.05), and the adjacent

small rotated diamonds mark bMSPs in the halo. The modelled population

represents accumulated results from five models and corresponds to a stellar

population twice as large as 47 Tucanae.

Figure 7. Binary MSPs in Terzan 5. Observed (circles) and modelled pop-

ulations, symbols as in Fig. 6. The modelled population represents accumu-

lated results from five models and corresponds to a stellar population five

times bigger than Terzan 5.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 386, 553–576

564 N. Ivanova et al.

Table 5. NS binaries formed in scattering experiments.

Z σ DCE TC

km s−1 Tot MT Tot MT

Standard 0.005 10 3.68 per cent 1.75 per cent 2.35 per cent 1.20 per cent

Metal poor 0.0005 10 3.25 per cent 1.30 per cent 1.93 per cent 0.95 per cent

Low σ 0.05 5 6.80 per cent 3.61 per cent 9.24 per cent 4.37 per cent

The table shows the fraction of NSs that successfully formed a binary via physical collision with RGs (DCE) or tidal capture (TC). Tot is the

total number and MT is the fraction of NSs that not only formed a binary, but also started MT before 11 Gyr.

during single–single star collisions, although it may occur during a

binary-single encounter as well. As we showed above, the number

of NSs that can be retained in GCs is about a couple hundred for

a typical GC. The cross-section for two stars that have a relative

velocity at infinity v∞ to pass within a distance rmax is

σ = πr 2
min

[

1 +
2G(m1 + m2)

rmaxv2
∞

]

(9)

where the second term is gravitational focussing and in, stellar sys-

tems with low velocity dispersion like GCs, it exceeds the first term.

The time-scale for a NS to undergo an encounter with a RG can be

estimated as τ coll = 1/f RGnσv∞, where fRG is the relative fraction

of RGs in the stellar population:

τcoll = 1.6 × 1011 yr v10n−1
5 (MNS + MRG)−1 R−1

max f −1
RG (10)

where MNS and MRG are the masses of the NS and RG in M⊙,

and Rmax = rmax/R⊙ is the maximum distance between the stars

during the encounter that leads to the binary formation. Lombardi

et al. (2006) shown that rmax ≈ 1.5RRG, where RRG is the radius

of the RG. Averaged over time, RRG is a few solar radii (Ivanova

et al. 2005c), and f RG ≈ 5 per cent. Using equation (10) we estimate

that during 11 Gyr about 5 per cent of NSs can participate in the

formation of binaries through physical collisions.

As the estimate shows, having about 200 NSs in our models of

GCs (and about 400 for the models with the highest resolution, 2 ×

106 stars), we can form a maximum of 10 binary systems through the

whole cluster simulation. To study statistically the characteristics of

post-encounter binaries, we performed a scattering experiment; we

considered a population of 106 single stars, with an IMF from 0.2 to

3.0 M⊙ and 10 000 NSs of 1.4 N⊙. All stars are initially placed in

the core with nc = 105 pc−3. We considered three different models -

standard, low metallicity, and with low velocity dispersion (see also

Table 5). In these simulations only single–single encounters were

allowed.

The scattering experiment shows that 3.7 per cent of all NSs

successfully formed a binary via physical collision with a RG or

an AGB star. This fraction slightly decreases when the metal-poor

population is considered and increases by a factor of about 2 (in ac-

cordance with equation 10) in the case of lower velocity dispersion.

The fraction of NS–WD systems that started MT before 11 Gyr is

high, ∼50 per cent (see Table 5).

In Fig. 3, we show the masses of companions in post-collision

binaries versus orbital periods. We form about the same number

of systems with WD companions and stripped He star companions

(from collisions with AGB stars). Systems with He star companions

are mainly formed within the first 2 Gyr and start MT mostly within

3 Gyr. After 3 Gyr both the formation rate and the appearance rate are

slightly higher for systems with WD companions. The evolution of

mass-transferring systems with He star companions is a bit different

from those with WD companions. They are a few times wider (for

Figure 3. Companions in binary systems formed via physical collision with

a RG during the scattering experiment (Z = 0.001). The triangles are WDs,

the circles are He stars; the solid symbols denote the systems that started the

MT before 11 Gyr.

the same companion mass) and do not live as long in the mass-

transferring phase at high luminosities.

In our numerical simulation of different models of GCs, the actual

rates are smaller. For instance, not all NSs are immediately present

in the core at the time of their formation, and about half of them

are still in the halo at the age of 11 Gyr. As a result, our ‘standard’

model shows about 2 per cent formation rate per NS present in the

core (or 1 per cent per all NSs in the cluster), producing only two

systems. The scatter between several realizations is big. In some

simulations, we formed only half as many binaries via this chan-

nel and, in one simulation, three times more binary systems were

formed. For our standard model, no simulations failed to produce

binaries. We note that the low-σ cluster model, unlike the scatter-

ing results, does not produce twice as many NS–WD binaries as

the standard model – as the low-σ cluster retains less NSs than the

standard.

6.3 Tidal captures

In our previous study, devoted to the formation of cataclysmic vari-

ables (CVs) in GCs (Paper I), we found that tidal capture plays a

relatively small role in the formation of dynamical binaries, only

∼1–2 per cent of the total formation rate. Two main reasons were

responsible: (i) a significant fraction of CVs have been formed di-

rectly from primordial binaries and (ii) both physical collisions and

exchange encounters occurring with WDs form tighter binaries,
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Neutron star binaries (progenitors of LMXBs, MSPs) 
!
• Observable objects are current and post MT. 
• Pre-MT inspiral phase are best GW sources.
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Figure 6. Binary MSPs in 47 Tucanae. Observed and modelled populations:

circles – observed, stars – formed via TC, squares – formed via DCE, tri-

angles – formed via binary encounters and diamonds – ‘primordial’ binary

MSPs. The filled symbols represent binary MSPs with non-WD compan-

ions; in the case of observed systems, the filled symbols represent eclipsing

bMSPs. The crosses mark eccentric bMSPs (e > 0.05), and the adjacent

small rotated diamonds mark bMSPs in the halo. The modelled population

represents accumulated results from five models and corresponds to a stellar

population twice as large as 47 Tucanae.

Figure 7. Binary MSPs in Terzan 5. Observed (circles) and modelled pop-

ulations, symbols as in Fig. 6. The modelled population represents accumu-

lated results from five models and corresponds to a stellar population five

times bigger than Terzan 5.
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Table 5. NS binaries formed in scattering experiments.

Z σ DCE TC

km s−1 Tot MT Tot MT

Standard 0.005 10 3.68 per cent 1.75 per cent 2.35 per cent 1.20 per cent

Metal poor 0.0005 10 3.25 per cent 1.30 per cent 1.93 per cent 0.95 per cent

Low σ 0.05 5 6.80 per cent 3.61 per cent 9.24 per cent 4.37 per cent

The table shows the fraction of NSs that successfully formed a binary via physical collision with RGs (DCE) or tidal capture (TC). Tot is the

total number and MT is the fraction of NSs that not only formed a binary, but also started MT before 11 Gyr.

during single–single star collisions, although it may occur during a

binary-single encounter as well. As we showed above, the number

of NSs that can be retained in GCs is about a couple hundred for

a typical GC. The cross-section for two stars that have a relative

velocity at infinity v∞ to pass within a distance rmax is

σ = πr 2
min

[

1 +
2G(m1 + m2)

rmaxv2
∞

]

(9)

where the second term is gravitational focussing and in, stellar sys-

tems with low velocity dispersion like GCs, it exceeds the first term.

The time-scale for a NS to undergo an encounter with a RG can be

estimated as τ coll = 1/f RGnσv∞, where fRG is the relative fraction

of RGs in the stellar population:

τcoll = 1.6 × 1011 yr v10n−1
5 (MNS + MRG)−1 R−1

max f −1
RG (10)

where MNS and MRG are the masses of the NS and RG in M⊙,

and Rmax = rmax/R⊙ is the maximum distance between the stars

during the encounter that leads to the binary formation. Lombardi

et al. (2006) shown that rmax ≈ 1.5RRG, where RRG is the radius

of the RG. Averaged over time, RRG is a few solar radii (Ivanova

et al. 2005c), and f RG ≈ 5 per cent. Using equation (10) we estimate

that during 11 Gyr about 5 per cent of NSs can participate in the

formation of binaries through physical collisions.

As the estimate shows, having about 200 NSs in our models of

GCs (and about 400 for the models with the highest resolution, 2 ×

106 stars), we can form a maximum of 10 binary systems through the

whole cluster simulation. To study statistically the characteristics of

post-encounter binaries, we performed a scattering experiment; we

considered a population of 106 single stars, with an IMF from 0.2 to

3.0 M⊙ and 10 000 NSs of 1.4 N⊙. All stars are initially placed in

the core with nc = 105 pc−3. We considered three different models -

standard, low metallicity, and with low velocity dispersion (see also

Table 5). In these simulations only single–single encounters were

allowed.

The scattering experiment shows that 3.7 per cent of all NSs

successfully formed a binary via physical collision with a RG or

an AGB star. This fraction slightly decreases when the metal-poor

population is considered and increases by a factor of about 2 (in ac-

cordance with equation 10) in the case of lower velocity dispersion.

The fraction of NS–WD systems that started MT before 11 Gyr is

high, ∼50 per cent (see Table 5).

In Fig. 3, we show the masses of companions in post-collision

binaries versus orbital periods. We form about the same number

of systems with WD companions and stripped He star companions

(from collisions with AGB stars). Systems with He star companions

are mainly formed within the first 2 Gyr and start MT mostly within

3 Gyr. After 3 Gyr both the formation rate and the appearance rate are

slightly higher for systems with WD companions. The evolution of

mass-transferring systems with He star companions is a bit different

from those with WD companions. They are a few times wider (for

Figure 3. Companions in binary systems formed via physical collision with

a RG during the scattering experiment (Z = 0.001). The triangles are WDs,

the circles are He stars; the solid symbols denote the systems that started the

MT before 11 Gyr.

the same companion mass) and do not live as long in the mass-

transferring phase at high luminosities.

In our numerical simulation of different models of GCs, the actual

rates are smaller. For instance, not all NSs are immediately present

in the core at the time of their formation, and about half of them

are still in the halo at the age of 11 Gyr. As a result, our ‘standard’

model shows about 2 per cent formation rate per NS present in the

core (or 1 per cent per all NSs in the cluster), producing only two

systems. The scatter between several realizations is big. In some

simulations, we formed only half as many binaries via this chan-

nel and, in one simulation, three times more binary systems were

formed. For our standard model, no simulations failed to produce

binaries. We note that the low-σ cluster model, unlike the scatter-

ing results, does not produce twice as many NS–WD binaries as

the standard model – as the low-σ cluster retains less NSs than the

standard.

6.3 Tidal captures

In our previous study, devoted to the formation of cataclysmic vari-

ables (CVs) in GCs (Paper I), we found that tidal capture plays a

relatively small role in the formation of dynamical binaries, only

∼1–2 per cent of the total formation rate. Two main reasons were

responsible: (i) a significant fraction of CVs have been formed di-

rectly from primordial binaries and (ii) both physical collisions and

exchange encounters occurring with WDs form tighter binaries,
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Neutron star binaries (progenitors of LMXBs, MSPs) 
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• Observable objects are current and post MT. 
• Pre-MT inspiral phase are best GW sources.

eLISA sources
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Figure 8. The eccentricity as a function of period for all BH–BH binaries at all times in all simulations. From top to bottom: f b = 0.1 and Z = 0.02, f b = 0.5
and Z = 0.02, f b = 0.1 and Z = 0.001 and f b = 0.5 and Z = 0.001. Form left to right: rt/rh = 21, 37, 75 and 180.

The long-period binary from realization nine of simulation 50low37
is only visible from a few orientations in the nearby GC NGC 6121,
while the binaries in the other realizations of simulations 50low37
and 50sol75 are visible in all of the GCs chosen. The spectra of
the binaries in realizations nine and four for simulation 50low37
from NGC 6121 are shown in Fig. 12 along with an estimate of the
combined instrument and Galactic WD binary confusion noise. It is
also interesting to note that there is a preference for high primordial
binary fractions, but otherwise there is no clear dependence on
cluster parameters for these sources. It must again be noted that
these eccentricities are not self-consistently produced by few-body
calculations and must be interpreted with caution. Furthermore, the
simulations indicate at most two binaries per GC with the potential
for detection by LISA and the bulk of the simulations result in no

detectable systems. Consequently it is difficult to make any firm
predictions about the likelihood of detection of BH–BH systems in
the Galactic GC system with LISA. None the less, if we assume
that high binary fractions are common in GCs and that the initial
concentrations are rt/rh = 37, then roughly 30 per cent of nearby
GCs may house a detectable binary.

6 D ISCUSSION

Although we produce no compact binary mergers within our simu-
lations, we can still compare our dynamics to O’Leary et al. (2006)
and Sadowski et al. (2008). As described in Section 1, O’Leary
et al. (2006) assume that the BHs are sufficiently mass segregated

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 407, 1946–1962

Binary Black Holes

• Binary black holes 
retained by globular 
clusters will have a 
spread in eccentricity 
due to continued 
interactions. 

• BBH ejected by 
clusters will have lower 
eccentricities due to 
circularization through 
emission of GW. 

• Unlikely to be seen in 
Galactic Globulars

Downing +, 2010, 2011
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Extragalactic BBH may be detectable to ~20 Mpc 
Hinojosa, MB, in prep 
!
BBH from globulars will be more massive due to low 
metallicity and dynamical interactions.
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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
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LIGO/Virgo Sources
LIGO/Virgo frequency range of 10 Hz - 2 kHz	



Coalescences of NS, BH binaries are in this range.	



Rare events — extragalactic clusters.

Binary Type NS-NS NS-BH BH-BH

Range (Mpc) 300 650 1000

Rates (yr 40 10 20
Advanced LIGO website	


N.B. rates paper [CQG, 27, 173001 (2010)] gives horizon distances, 
which are ~2.26 times larger than the average distance (which we 
call the range).	


Rates paper ignores dynamically formed binaries.
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• Field binaries may have aligned spins	



• Evidence from mass transferring systems. (XTE 
J1550-564)    Steiner & McClintock, ApJ, 745:136, 2012. 	



• Kicks may disrupt the alignment	



• Resonant alignments Gerosa + 2013, 2014	



• Star formation rate/delay times	



• Cluster binaries should have unaligned spins	



• Early epoch of cluster formation plus rapid mass 
segregation

How to distinguish cluster binaries?
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Conclusion/Summary
• Gravitational waves provide a complementary view 

of compact binaries compared with e+m waves. 

• eLISA will explore ultra-compact binaries 
throughout the Galactic globular cluster system. 

• eLISA may observe high-mass black hole binaries 
within ~15 Mpc. These are most likely globular 
cluster sources. 

• LIGO/Virgo will observe NS/BH binary 
coalescences within 300 Mpc → 1 Gpc. Many of 
these will be dynamically formed.
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Commentary
• If dynamical evolution models produce detached 

compact object binaries with mHz orbital 
frequencies, consider gravitational waves as 
additional discriminators. 

• Much of LIGO/Virgo event rates do not include 
dynamically formed systems. 

• Additional eLISA sources (e.g.: compact object + 
smbh/mbhb) are present in galactic nuclei, but are 
not part of this talk.
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