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We show that the Big Bang Observer (BBO), a proposed space-based gravitational-wave (GW)

detector, would provide ultraprecise measurements of cosmological parameters. By detecting �3�
105 compact-star binaries, and utilizing them as standard sirens, BBO would determine the Hubble

constant to �0:1%, and the dark-energy parameters w0 and wa to �0:01 and �0:1, respectively. BBO’s

dark-energy figure-of-merit would be approximately an order of magnitude better than all other proposed,

dedicated dark-energy missions. To date, BBO has been designed with the primary goal of searching for

gravitational waves from inflation, down to the level �GW � 10�17; this requirement determines BBO’s

frequency band (deci-Hz) and its sensitivity requirement (strain measured to �10�24). To observe an

inflationary GW background, BBO would first have to detect and subtract out �3� 105 merging

compact-star binaries, out to a redshift z� 5. It is precisely this carefully measured foreground which

would enable high-precision cosmology. BBO would determine the luminosity distance to each binary to

� percent accuracy. In addition, BBO’s angular resolution would be sufficient to uniquely identify the

host galaxy for the majority of binaries; a coordinated optical/infrared observing campaign could obtain

the redshifts. Combining the GW-derived distances and the electromagnetically-derived redshifts for such

a large sample of objects, out to such high redshift, naturally leads to extraordinarily tight constraints on

cosmological parameters. We emphasize that such ‘‘standard siren’’ measurements of cosmology avoid

many of the systematic errors associated with other techniques: GWs offer a physics-based, absolute

measurement of distance. In addition, we show that BBO would also serve as an exceptionally powerful

gravitational-lensing mission, and we briefly discuss other astronomical uses of BBO, including providing

an early warning system for all short/hard gamma-ray bursts.
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I. INTRODUCTION

Improving our understanding of the dark energy respon-
sible for the observed accelerating expansion of the
Universe is one of the foremost challenges in physics.
Our current theoretical models are exceedingly inadequate.
In addition, given its extremely low energy density, there
are no plausible scenarios for the direct detection of dark
energy. Thus progress on this critical issue must be made
through indirect observations. In this paper we show that
the Big Bang Observer (BBO), a proposed space-based
gravitational-wave (GW) mission designed primarily to
search for inflation-generated stochastic GWs in the band
0.03 Hz–3 Hz [1], would also be an ultraprecise cosmology
mission, measuring the Hubble constant H0 and the dark-
energy parameters w0 and wa far more accurately than
other proposed dark-energy missions.

BBO has been proposed as a follow-on mission to the
Laser Interferometer Space Antenna (LISA), which will be
most sensitive to GWs in the band �10�4:5 � 10�1:5 Hz.
In the LISA band, any primordial GWs from standard
inflation are likely to be buried under the GW foreground
from the short-period white dwarf-white dwarf (WD-WD)
binaries in the universe. TheWD-WD foreground is practi-
cally absent in the BBO band, since the WD-WD contri-
bution falls very rapidly for f > 0:01 Hz, and disappears

entirely for f > 0:25 Hz, where the most massive (and
hence smallest) WDs merge [1–3]. Instead, the dominant
astrophysical foreground in the BBO band is mergers of
compact binaries composed of neutron stars (NSs) or black
holes (BHs); i.e., NS-NS, NS-BH, and BH-BH binaries.
BBO would be sufficiently sensitive to individually detect
and subtract out essentially every merging compact bi-
naries out to high redshift, thereby uncovering any primor-
dial GW background in its band that has energy density
�GW * 10�17 [1,4,5].
As far as the search for primordial GWs is concerned,

merging compact binaries represent a foreground that must
first be removed. In this paper we show that this foreground
is a cosmological gold mine, allowing astronomers to
measure the expansion history of the Universe (out to at
least z� 5) far more accurately than the most ambitious
currently-proposed cosmology missions. The basic argu-
ment is this: GW detectors in general, and LISA and BBO,
in particular, will provide high-accuracy measurements of
the luminosity distances,DL, to detected merging binaries.
However, the GW signals contain (almost) no information
regarding the source redshifts. Thus the situation in GW
astronomy is the exact reverse of optical/electromagnetic
astronomy: accurate distances will be relatively easy to
come by, while determining redshifts will be much more
challenging. For both the ground-based LIGO/VIRGO net-
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work and the space-based LISA, the angular resolution for
detected binaries will typically be several degrees [6,7], so
the error box on the sky would contain �105�6 possible
host galaxies per event. Therefore plans for doing cosmol-
ogy with GW observations have usually hinged on finding
some electromagnetic outburst associated with the GW
events, in order to identify the host galaxy and obtain its
redshift [8] (though see Finn and Chernoff [9], MacLeod
and Hogan [10], and Seto et al. [11] for suggestions on how
to evade this requirement). GW-detected merging binaries
for which one can also determine a redshift have been
dubbed ‘‘gold-plated’’ binaries; Holz and Hughes have
shown that, with LISA, even a handful of such ‘‘gold-
plated’’ detections of massive black hole binaries could
make significant contributions to cosmology [12].

BBO should detect �105 merging NS-NS binaries per
year [4], out to z� 5. BBO’s angular resolution for NS-NS
mergers will typically be a few arcsec: a small enough error
box to uniquely identify the host galaxy in most cases. This
is especially true since one can also use the source’s
luminosity distance, DL (measured to several percent),
and even a crude DL � z relation, to rule out galaxies at
the right position on the sky but with significantly different
redshifts (e.g., differing by >10%). While a unique host
galaxy may not be identifiable in very dense galaxy clus-
ters, in such cases one can substitute the average redshift of
the cluster; this will lead to a typical redshift error of order
�z� 2� 10�3, which is negligible for our purposes.
Thus—in stark contrast with LISA and ground-based
GW detectors—BBO will detect �105 ‘‘gold-plated’’ bi-
naries per year! BBO will measure the luminosity distance
to each NS-NS binary with a relative accuracy of several
percent. For example, for a NS-NS binary at z ¼ 1:5, the
median distance error due to detector noise will be �2%,
while the distance error due to weak lensing (WL) will be
�7%. For a large sample of sources, both of these errors
‘‘average out’’, and the extent to which they do not average
out can be readily modeled and accounted for. By contrast,
the ambitious, space-based dark-energy mission SNAP
would be expected to observe roughly 2000 SNe over the
lifetime of the mission, out to a maximum redshift of z�
1:7 [13]. BBO provides an overwhelmingly larger and
deeper data set, with each individual distance measured
significantly more precisely. It is thus to be expected that
BBO will vastly outperform other proposed dark-energy
missions; in fact, BBO might well provide better con-
straints than all other proposed dark-energy missions com-
bined. As we show below, with the inclusion of an
(expected) Planck prior, BBO data should measure H0 to
�0:1%, w0 to 0.01 and wa to 0.1.

Perhaps even more importantly, we argue that the sys-
tematic errors associated with GW detections are generally
much smaller, and much easier to characterize, than with
any other proposed methods (e.g., weak lensing, super-
novae, or baryon acoustic oscillations). Type Ia supernovae

(SNe) are arguably the state of the art in cosmological
distance measurement. The intrinsic luminosity of a type
Ia SN can be empirically calibrated to roughly 10%. The
physics underlying this calibration is only poorly under-
stood, and possible evolutionary systematic effects are a
grave cause for concern (see, e.g., [14–16]). By contrast,
the compact binaries detectable by BBO are exceptionally
simple sources. At the orbital separations at which BBO
observes them, the compact objects can be treated as point
masses (with spin), whose dynamics are very accurately
described by the post-Newtonian approximation.
Systematic distance errors arising from the detector itself
will also be negligible, since BBO (like LISA) is funda-
mentally self-calibrating [17]. The optical scheme is some-
what complicated in practice, but in essence one is
measuring the spacecraft arm lengths (more precisely,
small time-varying changes in the differences between
spacecraft arm lengths) in units of the laser wavelength.
For LISA, the laser wavelength (or equivalently its fre-
quency) will be known to an accuracy of �10�6 � 10�5;
this small uncertainty is expected to dominate LISA’s
calibration error, which is therefore also at the �10�6 �
10�5 level. (For the same reason, LISA Pathfinder’s cali-
bration is expected to be accurate to better than 10�5 [18].)
One could reduce this small inaccuracy by, say, stabilizing
the laser to a transition line in an iodine gas cell [19], if
there were sufficient motivation. However there is one
caveat concerning BBO’s calibration accuracy, which we
discuss in Sec. III C.
In addition to determining the equation of state of dark

energy, BBO should also be an excellent probe of the
growth of structure. BBO’s measurements of gravitational
lensing will be as sensitive as dedicated weak-lensing
missions. The basic idea is that once a DL � z relation
has been derived from the entire NS-NS sample, the dis-
persion of the �3� 105 NS-NS data points about this
curve is dominated by magnification by gravitational lens-
ing. That is, one has obtained �3� 105 independent mea-
surements of the lensing magnification along different
lines-of-sight, one for each binary. We show below that
the typical SNR for each measurement is �3:4, and there-

fore the SNR for the whole NS-NS population is �3:4�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� 105

p
� 2� 103. Although the NS-NS merger rate

most likely exceeds the BH-BH rate, the lensing SNR
from the BH-BH population may exceed that of NS-NS
mergers. The BH-BH merger rate is poorly constrained by
observation; a reasonable estimate from population syn-
thesis models is that the BH-BH rate is a factor �20
smaller than the NS-NS rate [20]. However, the typical
SNR for each BH-BHmerger is larger by a factor�5:3 (for
our fiducial NS and BH masses). We thus estimate a
lensing SNR for the whole BH-BH population of �2:2�
103, and a total SNR for both populations combined of
�3� 103. This total lensing SNR could be significantly
higher, if the BH-BHmerger rate is near the high end of the
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estimated range. (Of course, advanced ground-based GW
detectors will measure these rates, for z & 0:4, many years
before BBO flies.) In Sec. III B we investigate BBO’s
sensitivity as a gravitational lensing mission, and compare
it with other lensing missions.

While obtaining redshifts for 3� 105 host galaxies
would be a highly ambitious goal at present, we are opti-
mistic that it will be far less daunting by the time BBO
flies. By then LSST may already have determined photo-
metric redshifts (accurate to�2–3%) for a large fraction of
the host galaxies in �1=3 of the sky. In addition, there are
many proposed wide-field spectroscopic surveys; for ex-
ample, BigBOSS would measure�5million spectroscopic
redshifts/yr (4000 at a time) for galaxies in the range 0:2<
z < 3:5, over an area of 14; 000 deg2 [21]. The success of
BBO as a cosmological probe is dependent upon the deter-
mination of host redshifts. It will thus be critical to secure
the necessary optical resources and develop an efficient
strategy for obtaining redshifts for a large sample of binary
host galaxies.

After this work was mostly completed we found some
brief remarks in the literature that partly anticipate our
results. Crowder & Cornish [22] point out (in one sentence)
that BBO should be able to localize the host galaxy for
most observed compact-binary mergers, but the profound
implications of this fact for physical cosmology are not
developed. One slide in a workshop talk on Decigo by Seto
[23] lists in brief bullets that Decigo measurements of NS-
NS mergers could be used to probe dark energy though the
DL � z relation, and that some of these detections will
likely be GW-counterparts to gamma-ray bursts, allowing
one to get a redshift. But these slides give no estimates of
the resulting cosmological constraints, nor any sense of the
potentially revolutionary implications of this observation
(perhaps because the current version of Decigo would
likely have relatively poor calibration accuracy, and so
the cosmological measurements would suffer from large
systematics; see Sec. III C). Seto et al. [11] also proposed
using deci-Hz GW detections of inspiralling NS-NS bi-
naries to measure the universe’s expansion, using a funda-
mentally different approach: observing the small fractional
change in source redshift over the course of the inspiral
(detected as a small time-varying phase shift). Because this
phase shift is such a small effect, the cosmological con-
straints that these authors estimated as obtainable are or-
ders of magnitude less sensitive than the constraints we
find (for comparable mission sensitivities).

In this paper we focus on BBO, although it is to be noted
that the Japanese GW community is proposing a similar
mission called Decigo. Our basic conclusions apply to any
deci-Hz GW mission of roughly BBO-level sensitivity,
including a Decigo-like mission, so long as the design
ensures excellent calibration accuracy. We discuss this
further in Sec. II A.

The rest of this paper is organized as follows. In Sec. II
we give a brief overview of the BBO mission, its design

sensitivity, the foreground produced by NS-NS binaries,
and how accurately BBO can measure the distance and sky
location of inspiralling compact binaries. In Sec. III we
derive the cosmological measurement accuracy obtainable
by BBO from �3� 105 NS-NS binaries. We also inves-
tigate BBO’s performance as a weak-lensing mission, and
discuss some caveats accompanying our conclusions. In
Sec. IV we briefly discuss several other astrophysical uses
of the BBO compact-binary data: as an early warning
system for all short/hard gamma-ray bursts, in searches
for the earliest intermediate-mass black hole mergers, and
in studies of hundreds of strongly lensed GW sources. Our
conclusions and plans for future work are outlined in
Sec. V.
We use units in which G ¼ c ¼ 1; everything can be

measured in the fundamental unit of seconds. However, for
the sake of familiarity, we also sometimes express quanti-
ties in terms of yr, Mpc, or M�, which are related to our
fundamental unit by 1 yr ¼ 3:1556� 107 s, 1 Mpc ¼
1:029� 1014 s, and 1M� ¼ 4:926� 10�6 s. For con-
creteness, in our simulations we adopt the following fidu-
cial values for the cosmological parameters:
H0 ¼ 70 km s�1 Mpc�1, �m ¼ 0:3, and �� ¼ 0:7.

II. OVERVIEW OF BBO, DECIGO, AND THE NS-NS
MERGER FOREGROUND

A.BBO

BBO will be most sensitive in the band �0:03� 3 Hz,
which is dictated by BBO’s main design goal: to detect
primordial GWs generated by inflation. BBO has been
proposed as a follow-on mission to the Laser
Interferometer Space Antenna, which will operate at
�10�4:5 � 10�1:5 Hz. In the BBO band, the dominant
astrophysical foreground will be mergers of NS-NS, NS-
BH, and BH-BH binaries. The BBO mission is designed so
that essentially each and every merging compact binaries
in the observable universe (i.e., on BBO’s past light cone)
can be detected and subtracted out. Cutler & Harms [4]
have presented a detection/subtraction algorithm and
showed by an analytical calculation that it should work;
Harms et al. [5] implemented the algorithm and demon-
strated that it worked well on simulated BBO data, albeit
their demonstration was on a much reduced data set be-
cause of computational limitations. A very different algo-
rithm for detecting and subtracting the binary signals from
BBO data is also being developed by N. Kanda and col-
laborators (unpublished).
The current BBO design calls for four constellations of

three satellites each, all following heliocentric orbits at a
distance of 1 AU from the Sun (see Fig. 1). Each 3-satellite
constellation can be thought of as a highly sensitive ‘‘mini-
LISA’’, since the arm lengths for each constellation are 2
orders of magnitude smaller than LISA’s, and BBO’s sen-
sitivity band is correspondingly 2 orders of magnitude
higher in frequency. Two of the constellations overlap to
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form a ‘‘star of David’’; the other two are ahead and behind
by 2�=3 radians, respectively. Briefly, the idea behind this
orbital geometry is that the energy density of the primor-
dial GW background,�GWðfÞ, will be measured by cross-
correlating the outputs of the two overlapping constella-
tions in the star of David (much as LIGO attempts to
measure �GWðfÞ by cross-correlating the outputs of the
Livingston and Hanford interferometers [24]). The other
two constellations give BBO its angular resolution, which
is useful for characterizing and removing the merging
compact-binary foreground. The source’s angular position
on the sky is mostly determined by triangulation, using the
differences in arrival times of the GWs at the different
constellations.

As explained in Cutler & Harms [4], for compact-binary
mergers the science output of each mini-LISA is in practice
equivalent to the output of two synthetic Michelson detec-
tors, represented by the time-delay interferometry (TDI)

variables X and ðY � ZÞ= ffiffiffi
3

p
. We can therefore regard

BBO, which is made up of 4 mini-LISAs, as formally
equivalent to 8 synthetic Michelson interferometers. To
construct the instrumental noise curve, ShðfÞ, of each of
these synthetic Michelsons, we use Larson’s on-line
‘‘Sensitivity curve generator’’ [25] and plug in BBO’s
instrumental parameters, which are taken from the BBO
Concept Study [1] and also listed in Table I. These pa-
rameters will be subject to change as the mission evolves,
but for now they provide a convenient baseline. The BBO
Concept Study [1] also lists parameters for less and more
ambitious versions of the BBO mission, referred to as
‘‘BBO-lite’’ and ‘‘BBO-grand’’, respectively, but in this
paper we restrict attention to the intermediate version, or
‘‘standard BBO’’. In using the on-line generator, we have
specified that the high-frequency part of Sh is 4 times larger
than the contribution from photon shot noise alone; this
factor 4 accounts for high-frequency noise components
other than shot noise, such as beam pointing jitter and
stray light effects. This is the same choice made in Fig. 1
of the BBO proposal [1], and is consistent with the stan-

dard assumptions made in drawing the LISA noise curve.
This BBO instrumental noise curve is shown in Fig. 2.

B. Decigo

BBO is seen as a follow-on mission to LISA in the U.S.
and Europe, but in the Japanese GW community there is a
strong push to launch a deci-Hz GW mission first. The
current plan is for Decigo to be a factor�2–3 less sensitive
than BBO, but for it to launch earlier, in �2024. A small
Decigo precursor mission, Decigo Pathfinder (DPF), was
recently among the final two missions competing for the
second launch slot (in �2012) in the JAXA (the Japanese
space agency) small satellite science series, but lost that
competition. The DPF will now compete for the third
launch slot.
Our research to date has concentrated on BBO, but it

would be straightforward to generalize our BBO analysis
to a mission with Decigo-level sensitivity. Indeed, we
expect that pursuing a BBO-style mission, but with a
somewhat less ambitious sensitivity goal, might be advis-
able from a cost/benefit standpoint; Decigo may have a
comparable cosmological reach to BBO, if designed to
ensure excellent calibration accuracy. In follow-up work,

TABLE I. BBO parameters.

Symbol Value

Laser power P 300 W

Mirror diameter D 3.5 m

Optical efficiency � 0.3

Arm length L 5 � 107 m
Wavelength of laser light � 0:5 �m
Acceleration noise

ffiffiffiffiffiffiffiffi
Sacc

p
3 � 10�17 m=ðs2 ffiffiffiffiffiffi

Hz
p Þ

FIG. 2. Amplitude of BBO’s instrumental noise,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fShðfÞ

p
,

compared to the amplitude of the (presubtraction) NS binary
foreground (plotted for _n0 ¼ 10�7 Mpc�3 yr�1) and the sought-
for cosmic GW background (plotted for �GWðfÞ ¼ 10�16). To
reveal this cosmic background, the NS foreground must be
subtracted off, with fractional residual of & 10�2:5.

1 AU

FIG. 1. Big-Bang Observer (BBO) consists of four LISA-like
triangular constellations orbiting the Sun at 1 AU. The GW
background is measured by cross-correlating the outputs of the
two overlapping constellations, while time-of-flight across the
Solar System gives BBO its angular resolution. A schematic of
Decigo (a Japanese proposal similar to BBO) would be almost
identical, except that the constellations are 50 times smaller than
BBO’s, and their arms form Fabry-Perot cavities.

CURT CUTLER AND DANIEL E. HOLZ PHYSICAL REVIEW D 80, 104009 (2009)

104009-4



we plan to investigate how the science payoff from a deci-
Hz GW mission varies with its sensitivity.

C. The NS-NS merger rate over time

BBO would be able to observe BH-BH and BH-NS
mergers to significantly higher redshifts than NS-NS merg-
ers, but the rates for BH-BH and BH-NS mergers are more
uncertain (and probably a factor �20 lower) than NS-NS
mergers, so our discussion in this section will focus mostly
on the NS-NS case. The extension of our work to NS-BH
and BH-BH binaries is straightforward.

We denote the NS-NS merger rate (per unit proper time,
per unit comoving volume) at redshift z by _nðzÞ. It is
convenient to regard _nðzÞ as the product of two factors:

_nðzÞ ¼ _n0 � rðzÞ; (1)

where _n0 is the merger rate today and rðzÞ encapsulates the
rate’s time-evolution. For rðzÞ, we adopt the following
piecewise linear fit to the rate evolution estimated in [26]:

rðzÞ ¼
8><
>:
1þ 2z z � 1
3
4 ð5� zÞ 1 � z � 5
0 z � 5

: (2)

The current NS-NS merger rate, _n0, is also usefully re-
garded as the product of two factors: the current merger
rate in the Milky Way, and a factor that extrapolates from
the Milky Way rate to the average rate in the universe. The
NS-NS merger rate in the Milky Way has been estimated
by several authors; it is still highly uncertain, but most
estimates are in the range 10�6–10�4 yr�1 [27–29]. To
extrapolate to the rest of the universe, Kalogera et al.
[28] estimate that one should multiply the Milky Way
rate by 1:1–1:6� 10�2 � h70 Mpc�3. This factor is ob-
tained by extrapolating from the B-band luminosity density
of the universe, and it is only a little larger than the
extrapolation factor derived by Phinney in [30]. For the
estimates in this paper we adopt a rough geometric mean of
these rates: _n0 ¼ 10�7 Mpc�3 yr�1.

How many NS-NS merger events, �Nm, enter the BBO
band during some observation time, ��0? Integrating the
contributions from all redshifts, the rate is given by [4]:

�Nm ¼ 3:0 � 105
�
��0
3 yr

��
_n0

10�7 Mpc�3 yr�1

�
: (3)

Based on our fiducial merger rate _nðzÞ, Fig. 3 plots the
number of observable mergers during three years of ob-
servation that occur closer than (any given) redshift z. We
see that roughly 15% are at z < 1, the median redshift is
z� 1:6, and roughly two-thirds are between z ¼ 1 and 3.
This distribution is well suited for probing the evolution of
dark energy, since it fully samples the evolution history
during the transition from the matter dominated to the
dark-energy dominated era [31].

The time required for a NS-NS inspiral signal to sweep
through the BBO band will typically be comparable to

BBO’s lifetime. More specifically, the time remaining until
merger, from the moment the GW frequency sweeps
through a given frequency, f, is (to lowest post-
Newtonian order)

tðfÞ ¼ 4:64� 105 s

�
Mð1þ zÞ
1:22M�

��5=3
�

f

1 Hz

��8=3
; (4)

whereM � �3=5M2=5 is the so-called ‘‘chirp mass’’ of the
binary (with M the binary’s total mass and � its reduced
mass). For two 1:4M� NSs, f 	 0:205 Hz, 0.136 Hz and
0.112 H2 at one year, three years, and five years before
merger, respectively.

D. BBO’s accuracy of parameter estimation

Although it is straightforward to calculate BBO’s angu-
lar resolution and distance measurement accuracy using
the Fisher matrix approximation, for pedagogical reasons
we begin with some simple, back-of-the-envelope esti-
mates. If the source’s luminosity distance, DL, were the
only unknown parameter, it could be measured to a relative
accuracy of 1=SNR, where SNR is the (amplitude) signal-
to-noise ratio of the detection. For a merging NS-NS binary
at z ¼ 1, the median SNR will be roughly 180, suggesting
�DL=DL � 0:6%. This is a lower limit on the error, since
correlations with other unknown parameters increase the
uncertainty. Experience from similar problems in GW data
analysis suggests an increase by a factor of �2, or �1%
distance uncertainty at z ¼ 1.
The source’s angular position on the sky will be inferred

mostly by triangulation, based on the GW time of flight
between the different mini-LISA constellations. This ideal-
ization suggests the estimate ��� ð1=SNRÞ�
ð1=2�500f0Þ � 1 arcsec, where f0 � 0:3 Hz is BBO’s
most sensitive frequency and we have used 1 AU 	
500 s in geometric units. This estimate neglects both the
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FIG. 3. The total number of NS-NS mergers closer than red-
shift z. The results are normalized to a 3-yr observation period
and _n0 ¼ 10�7 Mpc�3 yr�1.
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information about the source’s sky location that is encoded
in the waveform by the time-varying antenna patterns of
the constellations, as well as the increased uncertainty that
results from correlations with the other unknown
parameters.

These back-of-the-envelope values turn out to be rea-
sonably good estimates of the BBO’s distance and angular
position accuracies. We now turn to a more careful, Fisher
matrix calculation of the BBO’s parameter estimation ac-
curacy. The application of Fisher matrix techniques to
LISA measurements of inspiralling binaries was demon-
strated in detail in Cutler [7]. The generalization to BBO,
which is just four mini-LISAs with higher sensitivity, is
straightforward; our exposition will therefore be brief, and
we refer the reader to [7] for more detail. As mentioned
previously, we can regard the BBO’s output as formally
equivalent to that of 8 independent, synthetic Michelson
interferometers; we represent BBO’s output as s�ðtÞ, for
� ¼ 1 � � � 8. We use s to abstractly represent these 8 time-
series. For simplicity we assume that the detector noise is
stationary, Gaussian, and the same for all four mini-LISA’s
(in practice, we expect that the noise levels will be some-
what different and slowly time-varying, in a manner that
we can fit for). Under these assumptions, we obtain the
following natural inner product on the vector space of
signals. Given two signals g and k we define hgjki by

hgjki ¼ 2
X8
�¼1

Z 1

�1
df

ð3=20Þ~g
�ðfÞ~k�ðfÞ
ShðfÞ ; (5)

where ~g�ðfÞ and ~k�ðfÞ are the Fourier transforms of g�ðtÞ
and k�ðtÞ, respectively. We follow the usual convention of
taking ShðfÞ to be the single-sided, sky-averaged noise
spectrum for each synthetic Michelson interferometer.
The factor 3=20 in Eq. (5) is the product of a factor 1=5
due to the sky-average convention and a factor 3=4 ¼
sin2ð�=3Þ arising from the �=3 angle between the arms
in each constellation; see Sec. V.A of Barack & Cutler [32]
for a fuller explanation.

In this notation, the rms SNR for any waveform h is

SNR ½h� ¼ hhjhi1=2: (6)

For a given incident gravitational wave, different realiza-
tions of the noise will give rise to somewhat different best-
fit parameters. However, for large SNR, the best-fit pa-
rameters will have a Gaussian distribution centered on the

correct values. Specifically, let ~�� be the ‘‘true’’ values of

the physical parameters, and let ~�� þ��� be the best-fit
parameters in the presence of some realization of the noise.
Then for large SNR, the parameter-estimation errors ���

have a nearly Gaussian probability distribution whose
covariance matrix is given by

������ ¼ ð��1Þ��ð1þOðSNRÞ�1Þ; (7)

where the overline ‘‘’’ means ‘‘expectation value’’, and

where ��� is the Fisher matrix, defined by

��� �
�
@h

@��

�������� @h

@��

�
: (8)

Cutler and Harms [4] have shown that the effects of
orbital eccentricity on the NS-NS GW signal will typically
amount to less than 1 rad of phase over the entire �108

radians of observed inspiral, while the precession of the
orbital plane due to the Lense-Thirring effect will typically
be & 10�3 radians in the BBO band. We can therefore
model the binaries as quasicircular, and neglect spin-
precession effects (but we do include spin-orbit effects
on the waveform phase). Our signal waveform, h�ðtÞ,
thus depends on 10 physical parameters describing the

binary: M̂1, M̂2, 	, �S, 
S, �L, 
L, 
c, tc, and DL. Here

M̂1 and M̂2 are the ‘‘redshifted mass’’ (M̂i ¼ ð1þ zÞMi),
	 is a spin-orbit coupling parameter defined in Cutler &
Flanagan [6], (�S,
S) give the direction to the source, (�L,

L) describe the orientation of the orbital plane, DL is the
luminosity distance to the source, tc is the time of merger,
and 
c is a constant of integration in the evolution of the
binary’s orbital phase. Our signal model is given by:

~h �ðfÞ ¼
ffiffiffi
3

p
2

Af�7=6��ðtÞeið�ðfÞ�’p
�ðtÞ�’D

� ðtÞÞðf > 0Þ;
(9)

where M � M1 þM2, � � M1M2=M, M � �3=5M2=5,
and

A � ð5=96Þ1=2��2=3D�1
L ½Mð1þ zÞ�5=6: (10)

The relation between time and frequency, t ¼ tðfÞ, is given
through Oð½v=c�3Þ by [6]

tðfÞ ¼ tc � 5ð8�fÞ�8=3½Mð1þ zÞ��5=3

�
�
1þ 4

3

�
743

336
þ 11�

4M

�
x� 32�

5
x3=2 þOðx2Þ

�
;

(11)

and the waveform phase is given by

�ðfÞ ¼ 2�ftc �
c � �=4þ 3

4
ð8�Mð1þ zÞfÞ�5=3

�
�
1þ 20

9

�
743

336
þ 11�

4M

�
xþ ð4	� 16�Þx3=2

�
;

(12)

where the PN expansion parameter xðfÞ is defined by

xðfÞ � ð�Mð1þ zÞfÞ2=3: (13)

Equations for the modulation factor ��ðtðfÞÞ and ‘‘polar-
ization phase’’ ’p

�ðtðfÞÞ (both arising from the rotation of
each mini-LISA constellation as it orbits the Sun) as well
as for the ‘‘Doppler phase’’ �D

� (due to a time delay
between the passage of a particular wave front over the
Solar System barycenter and its passage over each con-
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stellation) are given explicitly in Secs. III and V of Cutler
[7]. The exact expressions depend on the two angles
ð	0; �0Þ that describe each constellation’s position around
the Sun, and the orientation of each detector-triangle
within its plane at some fiducial time, t0. For definiteness,
for the four mini-LISA’s we choose: ð	0; �0Þ ¼ ð0; 0Þ,
ð0; �Þ, ð2�=3; 2�=3Þ, and ð4�=3; 4�=3Þ.

The uncertainty in the source’s angular position, ��S

(in solid angle), is given by [32]

��S ¼ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð��SÞ2ð�
SÞ2 � ð��S�
SÞ2

q
: (14)

The 2� factor on the right-hand side of Eq. (14) is con-
ventional; with this definition, the probability that the
source lies outside an (appropriately shaped) error ellipse

enclosing solid angle �� is e���=��S . That is, as defined
above, ��S is very good approximation to the size of the
1� error ellipse.

BBO’s median SNR angular resolution and distance
accuracy (both 1�) for NS and BH mergers and a range
of z are shown in Figs. 4 and 5, respectively. These figures
were produced as follows. Each NS was taken to have mass
1:4M�, and each BH to have mass 10M�. For BBO’s (sky-
averaged) noise spectral density, ShðfÞ, we adopted the
fitting function

ShðfÞ ¼ 6:15� 10�51f�4 þ 1:95� 10�48

þ 1:2� 10�48f2; (15)

where f is in units of Hz. For each z, we chose 250 random
angle sets (�S, 
S, �L, 
L), and computed the SNR, the
Fisher matrix, and its inverse. Since the Fisher matrices are
nearly degenerate, we tested robustness by using both
Matlab’s standard matrix inversion function and Matlab’s
Cholesky-factorization inversion routine; these were found
to give essentially identical results. While we argued above
that the spin-spin coupling will have a negligible impact on

NS-NS waveforms for typical cases, as a further test of
robustness we added an additional spin-spin parameter
(usually denoted ‘‘�’’ in the literature), and recomputed
parameter-estimation accuracies. The results shown in
Figs. 4 and 5 turn out to be essentially independent of the
presence/absence of a spin-spin term in the waveform
model. Note that the results in Figs. 4 and 5 are in reason-
ably good agreement with the z ¼ 3 results in Table 5 of
Cornish & Crowder [22] (considering that we model the
high-frequency part of BBO’s noise curve somewhat
differently).
Let us suppose that BBO identifies a binary system

somewhere in the universe. We now determine the number
of potential host galaxies for the binary to be found in the
BBO error volume. We closely follow the approach of
Holz & Hughes [12], updating their value for the projected
number density to the Hubble Ultra Deep Field number:
dN=d� ¼ 1; 000 galaxies=arcmin2 [33]. Since BBO mea-
sures distances at the percent level, the depth of the BBO
error box is dominated by the distance uncertainty due to
gravitational lensing. Following Eqs. (6)–(8) and Fig. 8 of
[12], we calculate the total number of galaxies in the BBO
error box, per arcmin2. We then multiply this by the size of
the BBO error box (shown in Fig. 4), to arrive at the total
number of galaxies in the BBO error box, as a function of
redshift. This result is shown in Fig. 6. The largest number
of galaxies in a BBO error box is in the case of NS-NS
binaries at z� 1:5, but even in this case there is less than
‘‘half’’ of a galaxy present. Thus even at the ‘‘worst’’
redshift, the median occupation fraction is less than
one—it will be possible to identify the unique host for
the majority of BBO sources, and hence associate the
appropriate redshift for the majority of distance measure-
ments. This is in contrast to the case of LIGO or LISA,
where the error boxes are large enough that associated
electromagnetic activity (such as a gamma-ray burst, or
activity associated with a supermassive binary black hole

FIG. 5 (color online). BBO’s median 1� distance accuracy as
a function of redshift, z, for merging BH-BH, BH-NS, and NS-
NS binaries.

FIG. 4 (color online). BBO’s angular resolution as a function
of redshift, z. The three curves show BBO’s median 1� angular
resolution for three fiducial types of merging compact binaries:
BH-BH, BH-NS, and NS-NS.
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merger) is required to uniquely identify the counterpart
[12,34,35]. Obviating the need for an independent identi-
fication of the counterpart sharply increases the expected
number of usable standard sirens, and hence significantly
improves the accuracy of the cosmological measurements.
Galaxy misidentifications will generally be seen as large
outliers, and thus their influence can be mitigated by the
use of robust statistics, such as the Hough Transform (see,
e.g., Storkey et al. [36])

III. ULTRAHIGH-PRECISION COSMOLOGICAL
PARAMETERS FROM BBO

A. The DL � z relation

We begin by considering BBO’s measurements of the
luminosity distance-redshift relation (see Fig. 7). This
relation is a direct measure of the evolution history of the
Universe: redshift provides the size of the Universe at
emission, and luminosity distance provides the time since
emission. Thus a precise measurement of this relation is
sensitive to dark energy; indeed, it is this method that
enabled the initial discovery of the accelerating expansion
of the Universe now associated with dark energy.

We consider a fiducial population of 2:5� 105 NS/NS
binaries distributed according to Eq. (2), out to z ¼ 3. We
assume that the distance measurement errors due to detec-
tor noise for each individual binary are those shown in
Fig. 4. Because BBO does such an exquisite measurement
of distance, the errors on the true distance to a given binary
will be dominated by the effects of gravitational-lensing
magnification [37,38]. We incorporate the lensing errors
following the approach of [39], which is entirely appro-
priate given the very high-number statistics we are consid-
ering. For each individual binary we take the dispersion in
flux due to lensing to be given by �lensing ¼ 0:088z (see

Eq. 9 of [39]). We have explicitly checked that this ap-
proach is equivalent to drawing magnification values from
the full, non-Gaussian lensing probability distribution
functions derived in [38]. We assume that the sky localiza-
tion is sufficient for the identification of a unique host
galaxy (and hence redshift) for each binary (as in Fig. 4).
The redshift determination will need to be done indepen-
dently of BBO, in the electromagnetic band. While in
practice there will be some host galaxy misidentifications,
for simplicity in this study we assume that perfect redshifts
have been obtained for all of our sources. (This simplifi-
cation is partly based on our belief that a robust cosmo-
logical parameter-estimation method will substantially
mitigate the effects of a fractionally small set of misiden-
tifications—enough so that in estimating BBO’s perform-
ance, to a first approximation it is reasonable to neglect
them.) We Monte Carlo generate populations of observed
binaries, and then for each population we determine the
best-fit cosmological parameters (varying the number of
free parameters of interest). We repeat this procedure for a
large (> 105) number of runs, and plot the resulting error
contours. In what follows, the 1� contours contain 68.3%
of the best-fit values, and the 2� contours contain 95.5% of
the models.
We follow the common convention of parametrizing the

dark-energy equation of state in the two-parameter form
[40]

wðzÞ ¼ w0 þ wa

z

ð1þ zÞ : (16)

We fit each data set to five cosmological parameters: the
Hubble constant H0 ¼ h� 100 km=s=Mpc, the dark-
matter density �m, the dark-energy density �x, and the

FIG. 7 (color online). Distance versus redshift for a sample
BBO binary population. Distance is shown as distance modulus,
and includes both BBO errors and gravitational lensing. The red
curve is the true luminosity distance-redshift relation. Notice that
lensing causes a small number of binaries to become tremen-
dously magnified (to lower distance modulus), but there is a
lower limit to the amount of demagnification.

FIG. 6 (color online). Number of galaxies in the BBO error
cube, as a function of redshift. Even in the worst case, there is
less than one galaxy within 1� of a given binary on the sky, and
therefore it should be possible to robustly identify the unique
host galaxy.
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dark-energy phenomenological parameters w0 and wa. As
is standard in assessing the power of proposed cosmology
missions, we include a forecasted Planck CMB prior,
which constrains the angular diameter distance at z ¼
1080 to 0.01%, and constrains �mh

2 to 1% [41,42].
Figure 8 shows the resulting constraints on h and �m,

assuming our fiducial population of binaries, and a 5-
parameter fit to the data. We find that BBO will measure
the Hubble constant to �0:1%, even when marginalizing
over two dark-energy parameters. For comparison, the best
current estimate of H0 is 74:2� 3:6 km= sec =Mpc (so
�5% uncertainty) [43,44]. It is to be noted that, if we fit
the data to a �CDM model (e.g., setting w0 ¼ �1 and
wa ¼ 0), we determine the Hubble constant to �0:025%.
As emphasized in [44], precision measurements of the
Hubble constant can be a key component of dark-energy
studies; BBOwould provide the most precise measurement
of H0 that has ever been contemplated.

In addition to the Hubble constant, BBO will directly
constrain the dark-energy equation of state. Figure 8 shows
the BBO constraint on w0 and wa, for our fiducial binary
sample, with the inclusion of Planck CMB priors. We find a
�0:01 constraint on w0 and a �0:1 constraint on wa. We
note that we have not assumed a flat Universe in these fits,
nor do we incorporate any other cosmological measure-
ments (beyond Planck). For comparison, we consider the
stage IV dark-energy missions (supernovae, baryon acous-
tic oscillations, and weak lensing), as listed by the dark-
energy task force [45], representing the state of the art in
future dark-energy missions. The combination of all stage
IV missions improves the task-force figure-of-merit by a
factor 8 to 15 with respect to stage II missions (see pp. 18–
20 and pp. 77–78 of [45]). For comparison, BBO finds an
equivalent figure-of-merit enhancement of �100, roughly
an order of magnitude better than all of the stage IV
missions, combined. It is also to be emphasized that there
are still fundamental concerns regarding possible system-

atic errors in all of the stage IV missions, and thus their
combined figure-of-merit is undoubtedly optimistic. As
discussed above, we expect the systematic errors associ-
ated with BBO measurements to be negligible, as it should
be possible to build BBO such that calibration errors are
much smaller than �10�4.

B. Weak gravitational lensing and growth of structure

In addition to providing precision measurements of the
fundamental cosmological parameters (H0, �m, �k, w0,
and wa), BBO will also directly measure the effects of
gravitational lensing, and thus place strong constraints on
the primordial dark matter power spectrum, PðkÞ, and the
growth of structure. The growth of inhomogeneities is
particularly sensitive to gravity, and thus is a powerful
way to constrain theories that modify gravity as an alter-
native to assuming a dark-energy component [46–48].
One of the most powerful ways to measure the growth of

density perturbations is through gravitational-lensing shear
maps. This is done by observing the shapes of large num-
bers (� 109) of background galaxies, and measuring the
subtle correlations in the shapes of these galaxies due to the
shear from gravitational lensing. The shear power spec-
trum at any redshift is sensitive not only to the distances
between observer, lens, and source (and thus, to the dark-
energy component), but also to the distribution of lenses.
This lens distribution is a direct measure of the dark-matter
power spectrum as a function of redshift, which is in turn
sensitive to the growth function of perturbations, and thus
the gravitational force [49,50].
BBO would provide definitive measurements of the

gravitational-lensing convergence power spectrum, com-
parable to state-of-the-art proposed measurements of the
lensing shear power spectrum. BBO measures an absolute
luminosity distance to each of the�105 binaries. The error
on this measurement is almost entirely dominated by the
effects of gravitational-lensing magnification. Once the

FIG. 8 (color online). Top: Measurement accuracy of the Hubble constant, h, and the dark-matter density,�m. The solid and dashed
curves map the 1� and 2� contours, respectively. The red star denotes the true underlying model. Bottom: Measurement accuracy of
the dark-energy equation-of-state parameters w0 and wa.
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average luminosity distance–redshift relation is deter-
mined (as discussed in the previous section), it is possible
to measure the deviations from the background relation.
Because the intrinsic uncertainty in the distance measured
by BBO is negligible when compared with lensing (see
Fig. 5), each individual binary thus becomes a direct
measure of the gravitational-lensing magnification along
the given line of sight. The population of binaries thus
provides a few times 105 individual measurements of the
magnification out to z� 3. By evaluating the two-point
correlation function of these magnification measurements,
it is possible to directly measure the convergence power
spectrum (which is equivalent to the shear power spectrum;
convergence, �, is related to magnification, �, by � ¼
1þ 2� in the weak-lensing limit [e.g. [51]]. This approach
has been discussed, for the case of Type Ia supernova
distance measurements, in [52]. Here we follow an identi-
cal approach, using binary standard sirens instead of su-
pernova standard candles. In our case each individual
distance measurement is at least an order of magnitude
better, and we have an order of magnitude more sources,
even compared to the very ambitious supernova sample
considered in [52]. We note that in what follows we focus
on the weak-lensing power spectrum, and for simplicity
neglect strong lensing. The latter will be discussed in more
detail in Sec. IVC.

In the Introduction we provided a rough estimate that
BBO could measure weak lensing (WL) with SNR of
�2� 103 for its NS-NS data set and also �2� 103 for
its BH-BH data set, for a total SNR of �3� 103. The
JDEM design has not yet been determined, and the WL
capability of the mission varies quite significantly over the
range of possibilities. The designs that are best-suited for
WL measurements contain �5–6� 108 pixels in the focal
plane and would have a goal of measuring galaxy elliptic-
ities to �0:1%, and thus would require ellipticity correla-
tion measurements on �100 galaxies to measure the WL
effect to SNR of order 1. (This is because galaxies typically
have intrinsic ellipticities �� 0:3, while the correlated
ellipticity due to WL is a factor �10 smaller, and SNR
builds up as the square root of the number of galaxies
observed.) Ideally, JDEM would measure shear for �109

galaxies, covering�104 deg2 on the sky, leading to a total
SNR of 
SNe � 3000. We note that LSST is expected to
measure weak lensing for�2� 109 galaxies, out to z ¼ 3,
over �2� 104 deg2, and is thus comparable to the most
optimistic space-based lensing missions. These estimates
of the power of weak-lensing shear measurements assume
that systematic errors (including telescope distortion, shear
calibration, point-spread-function correction, and redshift
calibration) can be beaten down to the �0:1%, which is
quite optimistic (and far better than is currently possible)
[53].

The two methods of measuring WL are rather differ-
ent—individual magnification measurements versus corre-

lated ellipticity measurements—and a proper Fisher-
matrix calculation is required to accurately compare the
science yield from either method. Such a calculation for
BBO is now underway and will be published in a follow-up
paper. But, crudely, we expect the ratio of cosmological
parameter-estimation errors to be comparable to the ratio
of SNRs for the two methods, which is of order one, when
BBO is compared to JDEMmissions designed to maximize
the WL science.
We next calculate how accurately BBO could measure

the convergence power spectrum. We following closely the
approach of [52]. The weak-lensing angular power spec-
trum for magnification can be written as

C
���
l ¼

Z
dr

W2ðrÞ
d2A

Pdm

�
k ¼ l

dA
; r

�
; (17)

where

WðrÞ ¼ 3
Z

dr0nðr0Þ�m

H2
0

c2aðrÞ
dAðrÞdAðr0 � rÞ

daðr0Þ : (18)

Here r is the comoving distance, dA is the angular diameter
distance, nðrÞ is the number density of binary systems
(normalized so that

R
drnðrÞ ¼ 1), and Pdm is the three-

dimension dark-matter power spectrum (calculated follow-
ing the approach of [54]). The error on the measurement of
the magnification power spectrum is given by

�C
���
l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ð2lþ 1Þfsky�l
s �

C
���
l þ �2

�

Nbinaries

�
; (19)

where fsky is the fraction of the sky covered by the survey,

�l is the binning width in multipole space, �� is the RMS

uncertainty of the magnification measurement from each
binary, and Nbinaries is the surface density of the binaries.
The first term represents the error from cosmic variance,
while the second term represents the error from shot-noise.
Since the BH-BH merger rate is poorly known, to be

conservative in the remainder of this section we shall
consider WL measurements of the NS-NS population
only. (Similar calculations for the BH-BH case, for a range
of rates, will be published in later work.) In Fig. 9 we show
the BBO’s projected measurement of the weak-lensing
magnification map for NS-NS mergers. We note that the
error bars are for each individual l mode; no binning has
been performed in this figure. Defining the signal-to-noise
ratio for this measurement as

S

N
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
l

�
Ci
l

�Ci
l

�
2

vuut (20)

we find S=N 	 120, over an order of magnitude improve-
ment over the equivalent measurement using 10 000 SNe
over 10 deg2 [52].
We emphasize that our technique for measuring WL

through the magnification of GW sources is entirely inde-
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pendent from the more traditional WL shear measure-
ments, which observe the correlations in galaxy shapes.
Since the systematics are a major source of concern for
shear measurements, an equally powerful but fundamen-
tally independent technique for measuring WL would be
highly desirable. It will also be of interest to cross-correlate
the two independent measures of WL (amplification and
shear). This will enable interesting consistency tests, and
directly test for the presence of systematics [55]. In addi-
tion, fundamental tests may be possible, since the relation
between shear and amplification is a robust, and thus far
untested, prediction of general relativity.

C. Calibration issues and galaxy misidentifications

We have argued that BBO has revolutionary potential as
both a dark energy and a gravitational-lensing mission.
There are a number of potentially important systematics
which must be addressed, foremost of which are ensuring
calibration accuracy and the potential misidentification of
host galaxies (and hence redshift of the binaries). We
comment on these in turn.

The analysis in this paper is based on the basic BBO
design put forth in the BBOConcept Study [1]. That design
was extremely ‘‘LISA-like’’ in that the test masses are
freely floating, with no forces applied along the arm direc-
tions. In a later paper, Harry et al. [56] pointed out a flaw in
the Concept Study design—the laser power arriving at the
photodiodes would saturate them—and proposed a shift to
a more ‘‘LIGO-like’’ design, with forces applied to the test
masses parallel to the arm axes, to keep the photodiode

operating near a dark fringe. Because it is difficult to
measure this applied force accurately, this redesign would
compromise the self-calibrating quality that is one of
LISA’s strong points. LIGO’s strain calibration is accurate
to within �8% [57], which is well below the desired level
for the standard siren measurements considered here. An
author of [56] has indicated that calibration issues were not
a major consideration during the redesign; until the work
described in this paper, the motivation for a highly accurate
BBO calibration has not been recognized [58]. We have
consulted with interferometry experts, and they suggested
several plausible solutions to the saturation problem that
would preserve the LISA-like calibration accuracy [59].
One possibility is to use optics to widen the beam, spread-
ing the interfered light over an array of photodiodes.
Another possibility is to keep the latest LIGO-like design,
but introduce an additional small cavity behind the test
mass to calibrate the force applied [59]. Our confidence
that a good technical solution can be found is enhanced by
the fact that LISA-level calibration accuracy is actually
overkill for BBO; relative errors of 10�4, and perhaps
larger, are acceptable for the cosmological applications
described here.
We also note that the current Decigo design is decidedly

‘‘LIGO-like’’ (or ‘‘TAMA-like’’), with far greater laser
power in the arms than for BBO, and so would have to
be modified to achieve the calibration accuracy required
for doing ultra-high-precision cosmology. We hope that the
prospect of precision cosmology will spur instrumentalists
to publish improved designs for BBO and Decigo that have
(or approach) LISA-level calibration accuracy.
Another possible source of error arises from the mis-

identifications of the galaxies hosting the compact-binary
mergers. Misidentifications could arise for several reasons:
the field is particularly crowded; the position error is
several � (for 3� 105 sources, one expects position errors
to range up to �4:5�); or the host galaxy is very dim, and
so the binary is incorrectly ascribed to a brighter galaxy
within the error box [e.g. [60]]. There are strategies for
mitigating some of these effects. For instance, misidentifi-
cations would naively seem to be most troublesome when
they lead to large outliers, but, for estimating cosmological
parameters like H0, w0, and wa, one could clearly employ
robust statistics that diminish the effect of such outliers.
Also, since for each detection one will know the size and
shape of the error box and the density of galaxies within it,
one should be able to reweight the data based upon the
confidence of the identification. This reweighting would
enhance the importance of BH-BH mergers and gamma-
ray bursts, since in those cases the error volumes will be
extremely small. Of course, misidentifications will lead to
some degradation of BBO’s WL results as well, but the
impact here is probably less, since a good fraction of the
WL SNR will likely come from BH-BH mergers, and
BBO’s angular resolution for these is �25 times better
(in solid angle) than for the NS-NS case.

FIG. 9 (color online). BBO’s measurement of the
gravitational-lensing convergence power spectrum, based just
on NS-NS mergers. The red curves show the error bars, for
each individual l mode. Each binary is a measure of the
gravitational-lensing magnification (convolved with the intrinsic
error) along that given line of sight. By observing many binaries,
BBO produces a ‘‘magnification map’’ of the sky. This plot
shows the power spectrum of this magnification map, which is
sensitive to the growth of inhomogeneities in the Universe, as
well as potential modifications to gravity.
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The ‘‘dim-galaxy’’ problem is potentially more trouble-
some, since one is more likely to miss a galaxy on the ‘‘far
side’’ rather than the near side of the error volume, which
could lead to bias. One could attempt to quantify this effect
by comparing results for varying exposure times (since in
the limit of infinite exposure time, the dim-galaxy problem
goes away). We suspect that this bias is quite small, and it
is to be emphasized that this is a bias on the host identi-
fication (and hence redshift determination), not on the
primary observation of the GW binary. Addressing this
potential bias requires the development of a fairly detailed
plan for searching for optical counterparts, plus a detailed,
robust data analysis algorithm that mitigates misidentifica-
tions, which are beyond the scope of this paper.

IV. FURTHER ASTRONOMY FROM BBO

Although BBO has been primarily conceived as a de-
tector of inflation-generated GWs, in this paper we argue
that BBO would also be an unrivaled dark-energy mission.
In this section we briefly discuss some other unique astro-
nomical opportunities that would be afforded by BBO.

A. Gamma-ray bursts

Short/hard gamma-ray bursts are widely believed to
result from (some subset of) NS-NS or BH-NS mergers
[61,62]. If this is the case, then BBOwill serve as an ‘‘early
warning system’’ for short/hard bursts, predicting the pre-
cise time and sky location of every burst, months in ad-
vance. This advance warning allows the bursts to be
monitored with a full panoply of telescopes before they
burst, and will permit searches for any ‘‘preburst’’ electro-
magnetic activity. BBO will also tell us very precisely the
masses of the two bodies and the geometry of the system,
which one will be able to correlate with the electromag-
netic signals. This should fully resolve the question of
short/hard gamma-ray burst progenitors, as well as eluci-
date other important issues (such as the nature and amount
of beaming). In fact, BBO may potentially overpredict the
short/hard bursts, since not all mergers will necessarily
lead to observable bursts. Our knowledge of the orbital
geometry of the inspiralling binary should help predict
which mergers will be observable (e.g., if the gamma-ray
beaming is perpendicular to the orbital plane). BBO would
allow us to completely characterize the properties of or-
phan afterglows, resulting from GRB events beamed such
that they are not visible to us. In addition, BBO would tell
us which compact-binary mergers do not lead to observ-
able bursts and/or afterglows.

It is to be noted that gamma-ray bursts will also serve as
‘‘verification sources’’ that confirm that BBO is working as
expected: short/hard bursts should all ‘‘go off’’ with
merger times and sky-locations that are consistent with
BBO’s very precise predictions.

B. IMBHs to high redshift

Another interesting (but more speculative) BBO source
is the merger of intermediate-mass black holes (IMBHs) at
high redshift. It is predicted that the death of Population III
stars could result in BHs weighing a few hundred solar
masses [63,64]. Some of these IMBHs may have grown
(presumably mostly by gas accretion) into the very massive
BHs that now exist in the nuclei of nearly all large galaxies.
In the early buildup of galaxies from smaller subhalos,
when the subhalos merge the IMBHs they contain may
be expected to merge as well. BBO would detect these BH
mergers with very high SNR, out to z ¼ 20 and beyond. In
Table II we list BBO’s SNR for IMBH mergers at z ¼ 20,
for several mass combinations.
Note that for binaries with GW frequency at the last

stable orbit satisfying fLSO * 0:5 mHz (i.e., lying right-
wards of the minimum in the BBO noise curve), one
expects the SNR of the inspiral waveform to scale like

M5=6. However, requiring fLSO * 0:5 mHz requires
Mð1þ zÞ & 2:2� 103M�, which is satisfied only by the
first column in the table. That is, the tabulated SNRs are the
results of two competing effects: as the masses increase, so
does the signal amplitude, but simultaneously less and less
of the inspiral waveform lies in the sensitive portion of the
BBO band.
M. Volonteri has supplied us with the results of her

merger-tree model, based on two assumptions: 1) today’s
massive and supermassive BHs began as initial seed BHs
of a few hundredM�, and 2) these seeds formed at z * 20,
and the seed BHs grew efficiently from accretion. Using
Volonteri’s model, we estimate that the BBO’s detection
rate for IMBH mergers in the mass range M1 þM2 < 1,
000M� would be �30=yr, of which �25=yr would be at
z > 10. By comparison, Sesana et al [65] calculate that a
network of three third-generation ground-based interfer-
ometers would detect IMBH mergers at a rate of �2=yr
(based on a very similar merger-tree model of Volonteri),
and almost all of these detected IMBHs would be at z < 8.
Thus BBO offers a unique opportunity to directly observer
the very first seed black holes in the universe.

C. Strong lensing

In addition to a direct measurement of the convergence
power spectrum, BBO will measure the full magnification
probability distribution function as a function of redshift,

TABLE II. Median matched-filtering SNRs for inspiralling
intermediate-mass black hole binaries (IMBHs) at redshift z ¼
20. The masses are the locally measured ones (i.e., not redshifted
masses), given in units of M�.

M1 1e2 3e2 3e2 1e3 1e3 1e3

M2 1e2 1e2 3e2 1e2 3e2 1e3

med SNR 1.4e3 1.9e3 2.7e3 1.6e3 2.2e3 2.2e3
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including resolving the high-magnification tail. These
high-magnification effects can be very sensitive to the
dark-matter (and baryon) profiles in galaxies (see, e.g.,
[66] for an optical version of this). For example, galaxies
with more concentrated, cuspy profiles may be more likely
to engender strong lensing than those with more flattened
cores.

The fraction of multiply-imaged quasars is �2� 10�3

[67]. One expects a comparable fraction of multiply-lensed
NS-NS binaries: i.e., �600 multiply-imaged binaries. In
the BBO data set, these will appear as pairs of binaries
having nearly identical sky locations and essentially iden-
tical masses, spins, and orientations (i.e., identical to
within the error bars), but with different apparent distances
(according to the magnification of each image), and with
arrival times differences of order months [68]. The ob-
served rate of multiple-imaging is an important probe of
dark-matter density profiles, as well as the overall dark-
matter distribution (e.g., �8), and BBO will provide an
extremely clean measurement. BBO’s determination of the
time-delays between the multiple images should be accu-
rate to & 0:1 sec, a fractional accuracy of better than one
part in �108. Thus independent estimates of the Hubble
constant from time delays will be possible for �300
multiply-imaged mergers, modulo the standard difficulty
of accurately modeling the density profiles of the lensing
galaxies. In addition, the relative magnifications should
help constrain the dark-matter density profiles, as well as
directly break the mass-sheet degeneracy [69].

V. SUMMARY, CONCLUSIONS AND FUTURE
WORK

Studies of the dark energy generally take one of two
approaches: The first approach is to measure the luminos-
ity distance-redshift relation (or angular diameter dis-
tance–redshift) to high accuracy. Type Ia supernovae and
baryon-acoustic-oscillation measurements fall into this
category. The second approach to exploring the dark en-
ergy is to measure the weak-lensing shear power spectrum,
and infer values for the growth of structure and cosmologi-
cal distance ratios. In this paper we have shown that BBO
will provide unprecedented measurements of both the
luminosity distance-redshift curve as well as the weak-
lensing power spectrum.

As discussed in Sec. I, the success of BBO as a cosmo-
logical probe is dependent upon obtaining redshifts for a
large number of the host galaxies to the binary sources. It is
to be emphasized that any subsample of galaxies is suffi-
cient (e.g., LRGs), since there are no standard siren sys-
tematics expected to be associated with the nature of the
host galaxy. Although obtaining redshifts for 3� 105 host
galaxies is certainly a demanding requirement, as men-
tioned in Sec. I, we expect that surveys such as LSST or
BigBoss may provide the required data set in due course.
Future work will be required to refine the estimates of

BBO’s performance given here, and to consider ways
that the mission design might be modified to improve its
price/performance ratio from a cosmological perspective.
We hope that this work will encourage GW instrumental-
ists to develop workable designs with calibration accuracy
comparable to LISA’s. We plan on improving the analyses
presented here in several ways. First, in this paper we made
simplifying approximations in calculating BBO’s
parameter-estimation accuracy. Although we expect that
these simplifications will have little impact on the results,
we will explicitly check this by 1) including the effects of
nonzero eccentricity and Lense-Thirring precession in our
waveform model, 2) going beyond the Fisher matrix ap-
proximation in calculating the expected sizes of the errors
[70], and 3) calculating how cross-correlations between
different binaries affects parameter estimation for each.
Regarding the cosmological constraints derivable from
BBO’s data set, we intend to 1) explore BBO’s perform-
ance as measured by other dark-energy figures of merit,
2) improve the sophistication of our method for incorpo-
rating priors (and, in particular, Planck CMB priors) into
the BBO analysis, 3) incorporate robust parameter-
estimation methods that mitigate the effects of host galaxy
misidentifications, and 4) generalize our approach to a
model-independent, multiparameter description of the
dark energy [71–73], instead of the arbitrary two-
parameter form (w0 and wa) considered here. In addition,
we will investigate whether there are special synergies in
cross-correlating BBO’s gravitational-lensing magnifica-
tion measurements with the weak-lensing shear measure-
ments made by a JDEM-like mission. We also plan to
further explore BBO’s potential impact upon other areas
of astronomy (some of which were sketched out in
Sec. IV). Lastly, we will investigate how various figures
of merit vary with BBO’s sensitivity and other mission
design parameters. There are simple variants to the current
design which may retain many of the high-precision cos-
mology applications while considerably reducing the price
or risk of the mission. For instance, having four constella-
tions of mini-LISAs is overkill for high-precision cosmol-
ogy; three constellations are certainly sufficient, and two
may be sufficient, if combined with measurements from
planned, third-generation ground-based GW detectors
(such as the Einstein Telescope [74]). In the latter case,
the mission would require six satellites instead of twelve.
And while a noise curve at the level shown in Fig. 2 is
probably necessary for detecting a stochastic GW back-
ground, it is somewhat overqualified for the task of doing
ultra-high-precision cosmology: as currently conceived
BBO could detect all NS-NS mergers out to z ¼ 5, while
for doing high-precision cosmology it is probably suffi-
cient to detect and localize a reasonable fraction of mergers
out to z� 2 [75]. Since BBO would surely be a multi-
billion dollar mission, it is important to look for ways of
significantly reducing mission cost while retaining a large
fraction of the science.
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In this paper we have shown that BBO is a particularly
powerful mission, as it will provide revolutionary mea-
surements of both the luminosity distance-redshift relation
and the growth of structure (through gravitational-lensing
measurements). Unfortunately, a deci-Hz GWmission like
BBO is, optimistically, at least 15 years from being built.
Nevertheless, the power of a BBO-like mission for preci-
sion cosmology—stemming from very precise, unbiased
distance measurements of �3� 105 NS-NS binaries to
z� 5—is so revolutionary that BBO could represent the
future of high-precision cosmology.
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