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Figure 10. LEFT PANEL: Redshift distribution of the SMBH coalescences resolved by eLISA. The distribution peaks between redshift
z ⇠ 2 and z ⇠ 1 for both the inspiral and the merger phases for both eagle simulation. MIDDLE PANEL: Mass distribution of the more
massive member of the binary, M1, for the SMBH coalescences resolved by eLISA. For both models, the mass function peaks at M1 ⇠ mseed
for both the inspiral and the merger phases. RIGHT PANEL: Distribution of the mass ratio M1/M2 of the SMBH coalescences resolved
by eLISA. The distribution peaks for equal mass SMBH binaries for both eagle simulation models.

models for BH seeding and growth via accretion and merg-
ers. In particular, in the eagle simulations BH seeds are
placed into haloes of mass mhalo,th = 1010 M�, which corre-
sponds to a very small galaxy of stellar mass m⇤ ⇠ 107 M�.
From observational constraints such galaxies are thought to
be the smallest galaxies to host SMBHs (Reines et al. 2013;
Seth et al. 2014). If BH seeds form e�ciently in even lower-
mass galaxies, the SMBH mergers would be more common
and therefore increase our predicted GW event rate. Our
predicted rates are therefore conservative. Addressing this
issue in more depth would require a simulation of consid-
erably higher resolution (and yet comparable cosmological
volume) coupled to a physical model of BH seed formation.
Such a simulation is currently beyond the scope of cosmolog-
ical simulation codes. Fortunately, since our models predict
that eLISA should be very sensitive to the initial mass dis-
tribution of BH seeds, it will probe precisely these issues and
directly compliment theoretical developments. Further work
using the eagle simulations, coupled to physical models of
BH seed formation could be used to predict the GW signals
from SMBH mergers that could be detected by future GW
detectors.
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among the di↵erent BH seed formation models (e.g. Volon-
teri 2010; Amaro-Seoane et al. 2012). The gravitational ra-
diation emitted during the merging of the SMBHs in the
centres of colliding galaxies will produce some of the ‘loud-
est ’ events in the Universe, which can provide us with unique
information about the nature of BHs and also provides a test
of our understanding of gravity and galaxy evolution.

In the last decade major e↵orts have been made to pre-
dict the event rate of GWs in the frequency band of a space-
based GW detector such as the Evolved Laser Interferometer
Space Antenna (eLISA, Amaro-Seoane et al. 2012, 2013).
These predictions range from a few, up to a few hundred
events per year, depending on the assumptions underpin-
ning the calculation of the SMBHs coalescence rate. Early
works derived the SMBH coalescence rate from observational
constraints such as the observed quasar luminosity function
(Haehnelt 1994), whilst more recent studies have utilised
Monte Carlo realisations and semi-analytical models of the
hierarchical assembly of dark matter haloes (e.g. Wyithe &
Loeb 2003; Enoki et al. 2004; Koushiappas & Zentner 2006;
Sesana et al. 2007). In contrast to semi-analytic models, hy-
drodynamical simulations follow the dynamics of the cosmic
gas by direct numerical integration of the equations of hy-
drodynamics. Hence a more complete and consistent picture
of the evolution of SMBHs and their host galaxies can be
obtained, since the emergent predictions for SMBH merg-
ers are not dictated by the assumptions of a semi-analytic
model.

The Evolution and Assembly of GaLaxies and their En-

vironment (eagle) project (Schaye et al. 2015; Crain et al.
2015) consists of a suite of hydrodynamical simulations of a
⇤CDM cosmogony. Using state-of-the-art subgrid models for
radiative cooling, star formation, stellar mass loss, and feed-
back from stars and accreting BHs, the simulations repro-
duce the observed galaxy population with unprecedented fi-
delity. Key observations, such as the present-day stellar mass
function of galaxies, the dependence of galaxy sizes on stel-
lar mass, and the amplitude of the central BH mass-stellar
mass relation, as well as many other properties of observed
galaxies and the intergalactic medium (both at the present
day and at earlier epochs) are reproduced by the simulations
(e.g. Bahé et al. 2016; Furlong et al. 2015a,b; Trayford et al.
2015; Schaller et al. 2015a; Lagos et al. 2015; Segers et al.
2015; Rahmati et al. 2015b,a). In this study we introduce
the first estimate of the event rate of GWs expected from
SMBH mergers utilising hydrodynamical cosmological sim-
ulations, the eagle simulations. We compute that the event
rate of GW signals is low enough to produce a set of events
that are resolvable by a space-based interferometer, such as
eLISA.

The layout of this paper is as follows: In Section 2 we
provide a brief summary of the basic equations of the GW
signals produced by the SMBH coalescence process. Sec-
tion 3 presents a brief overview of the eagle simulation
suite, including the list of simulations used in this study,
a discussion of the BH seeding mechanism and growth, as
well as the calculated SMBH merger rates from the simu-
lations. In Section 4 we present the predicted GW signals
from the simulations and discuss our main results. We dis-
cuss the limitations of our analysis, making some remarks
on the simulations and the SMBH seeding model adopted in
eagle and conclude in Section 5.

Inspiral
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M1 M 2

LSCO
M1 M 2

Merger Ringdown
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Figure 1. Schematic diagram of the phase evolution (inspiral,
merger, and ringdown) of a non-spinning SMBH binary coales-
cence process. The Last Stable Circular Orbit (LSCO) of the bi-
nary is shown as the red curve. The resulting SMBH may be
rapidly rotating even if the progenitor BHs had very small or no
spin (Flanagan & Hughes 1998). Below each phase an example
of the strain amplitude, h, as a function of time is shown for the
dominant spherical harmonic mode of the GW signal from the
non spinning SMBH binary. This specifies the fractional change
in the relative displacement between freely falling test masses in
a detector due to the GW.

2 GRAVITATIONAL WAVE EMISSION FROM
SMBH MERGERS

We begin by providing a brief summary of the basic equa-
tions of the GW signals produced by the SMBH coalescence
process. We refer the reader to Flanagan & Hughes (1998)
for a full description of the equations that are presented here.
For a general discussion of GW science we refer the reader
to Misner et al. (1973) and Schutz & Ricci (2010, Part VIII).

When galaxies merge central SMBHs are brought near
the centre of the main halo due to dynamical friction against
the dark matter, background stars, and gas. The e�ciency of
dynamical friction decreases when the SMBHs become close
and form a bound binary. In gas rich haloes the orbital evo-
lution is then dominated by the dynamical friction with the
surrounding medium, which can e↵ectively dissipate energy
and angular momentum from the binary, leading to a short
coalescence time-scale (⇠ 107 yrs). In gas poor systems, the
evolution of the binary is largely determined by three-body
interactions with the background stars, leading to a long co-
alescence time-scale (⇠ 108 yrs). At milliparsec separations
GW emission drives the final coalescence process (Sesana
2012).

The BH binary merging process can be divided in three
distinct phases which are illustrated by Fig. 1:

(i) The inspiral phase, during which the distance
between the bound SMBH binary is larger than the Last
Stable Circular Orbit (RLSCO) and the mutual gravitational
field strength is weak. Since the location of the LSCO is
very di�cult to calculate for a binary BH system, here
RLSCO is approximated by the limiting case of a test particle
orbiting a non-rotating BH, RLSCO = 6GM1/c2 = 3RS , where
RS is the Schwarzschild radius of the most massive BH in
the binary. Post-Newtonian equations provide an accurate
representation of the dynamical evolution of the binary in
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EAGLE	simulaJon	predicted	eLISA	(2034	launch)		
will	detect	GW	from	high-z	BHs	(Salcido+16)	
Angular	resoluJon	of	eLISA	is	10	deg2	
Can	ULTIMATE	monitor	10	deg2	field?		

See	Tanaka-san’s	talk	tomorrow	
(Jme-domain	science)		
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Figure 11. Sky distributions of the Lyα emitters detected in the SSA22 fields.
(A color version of this figure is available in the online journal.)
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100	cMpc-scale	
large-scale	structure	of	LAEs	at	z=3.09	(Yamada+12a)	

SSA22	protocluster	(δLAE~3)	

WFC	FoV	
	(14’x14’)	

Scam	B/NB497/V		
1”	seeing,	7	poinJngs	
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Table 3
Number Counts of the Characteristic K-selected Galaxies at 2.6 < zbest < 3.6

Classification Criterion Nobj
a Number Density Ratiob

(arcmin−2) (SSA22/field)

All the K-selected galaxies K < 24 433(49) 3.87 ± 0.19 1.7 ± 0.1
Mstar > 1011 M⊙ 43(11) 0.38 ± 0.06 1.8 ± 0.5

1010.5 M⊙ < Mstar < 1011 M⊙ 116(7) 1.03 ± 0.10 1.6 ± 0.2
Mstar < 1010.5 M⊙ 274(31) 2.45 ± 0.15 1.7 ± 0.2

Quiescent galaxies i′ − K > 3 & K − [4.5 µm] & K < 23 11(1) 0.10 ± 0.03 . . .c

All of the 24 µm detected f24 µm > 40 µJy 31(5) 0.29 ± 0.05 . . .

24 µm detected f24 µm > 100 µJy 22(3) 0.20 ± 0.04 1.9 ± 0.7
Chandra full-band detected f0.5–8 keV > 6 × 10−16 erg cm−2 s−1 19(10) 0.19 ± 0.04 2.5 ± 1.0
Chandra soft-band detected f0.5–2 keV > 2 × 10−16 erg cm−2 s−1 14(8) 0.14 ± 0.04 2.4 ± 1.2
Chandra hard-band detected f2–8 keV > 1 × 10−15 erg cm−2 s−1 13(8) 0.13 ± 0.04 3.4 ± 1.9
LAEs BV − NB497 > 1.2 & NB497 < 25.5 9(5) 0.08 ± 0.03 6.8 ± 2.3d

Notes.
a Number of the K-selected galaxies at 2.6 < zbest < 3.6 (2.6 < zspec < 3.6).
b Ratio of the surface number density in the SSA22 protocluster compared with that in the general field. All the samples except for the LAEs are compared
with those in the MODS in the GOODS-N field (Kajisawa et al. 2011). The LAEs are compared with those in the SXDS field (Ouchi et al. 2008; Ono et al.
2010).
c None of the K-selected galaxies at 2.6 < zbest < 3.6 in the GOODS-N field satisfy the color criterion of the quiescent galaxies.
d Ratio of the K-band detection rate of the LAEs in the SSA22 field and in the SXDS field.
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K<24 and at 2.6<zbest<3.6
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quiescent galaxies with K>23

Figure 6. Sky distribution of the quiescent galaxies. The red filled pentagons
are the quiescent galaxies selected as i′ − K > 3.0, K − [4.5 µm] < 0.5,
and K < 23 at 2.6 < zbest < 3.6. The open red pentagons are the
K-selected galaxies at 2.6 < zbest < 3.6 that satisfy the color criterion of the
quiescent galaxies but with K > 23. The gray filled circles are the galaxies
with K < 24 at 2.6 < zbest < 3.6. The size of the symbols indicates
the stellar masses of the galaxies, classified as Mstar < 1010.5 M⊙ (small),
1010.5 M⊙ < Mstar < 1011 M⊙ (medium), and Mstar > 1011 M⊙ (large). The
green contours are the 1σ , 1.5σ , and 2σ density levels of LAEs (Hayashino et al.
2004). The cross shows the density peak of LAEs from Yamada et al. (2012) and
the “X” shows the density peak of the K-selected galaxies at 2.6 < zbest < 3.6
estimated in Section 3.3.
(A color version of this figure is available in the online journal.)

density peak of protocluster LAEs and K-selected galaxies at
2.6 < zbest < 3.6. Such significant clustering of quiescent
galaxies at z ! 3 has not been clearly shown before.

One of the quiescent galaxies in our sample was identified
as a z = 3.1 LAE detected in the Chandra X-ray catalog, CX-
OSSA22 J221725.4+001717 (Hayashino et al. 2004; Lehmer
et al. 2009b), at zspec = 3.12. The quoted redshift indicates that

it is located in the outskirts of the protocluster or may belong
to the field. The observed SED for this galaxy is well fit by
an exponentially decaying SFR model with τ = 0.1, an age of
0.72 Gyr, and E(B − V ) = 0.1. We measured a stellar mass of
1.6 ± 0.2 × 1011 M⊙, a SFRUV < 9.8 ± 0.7 M⊙ yr−1, a dust-
corrected SFRUV,corr < 18.3 ± 9.2 M⊙ yr−1, and a specific SFR
of "10−10 Gyr−1. The SED therefore indicates that the galaxy is
quiescent. There are no significant AGN features based on rest-
frame UV to optical indicators, as is often the case with massive
galaxies at high redshift (Yamada et al. 2009). However, an
AGN component may be responsible for its Lyα emission.

It is also interesting to study the structural properties of the
quiescent galaxies. Although a detailed morphological study
of z ∼ 3 galaxies is beyond the capabilities of MOIRCS,
we found that two of the quiescent galaxies were observed
in existing archival HST data. Figure 7 shows the HST ACS-
WFC3 and the MOIRCS images of these two quiescent galaxies.
The top panels of the figure are the images of CXOSSA22
J221725.4+001717 discussed above. The object shown in the
bottom panels is not spectroscopically confirmed but does
show a 3σ excess in the NB497 narrowband Lyα emission.
CXOSSA22 J221725.4+001717 is well resolved in the F160W
observations. We fit the image with a Sérsic model (Sersic
1968) using the GALFIT software (Peng et al. 2002). We
obtained Sérsic profile parameters of re = 0.91 ± 0.03 kpc
and n = 4.51 ± 0.51. Such a profile is “de Vaucouleurs-like”
and significantly compact, resembling the red compact massive
galaxies observed at z > 2 in other recent papers (e.g., van
Dokkum et al. 2008; Kriek et al. 2009; Gobat et al. 2012).

Papovich et al. (2012) and Zirm et al. (2012) reported
the enhanced structural evolution of early-type galaxies in
protoclusters at z = 1.62 and z = 2.16, respectively. Due to
small-number statistics, confirming similar enhancements for
the SSA22 protocluster would require additional high-resolution
images, which are currently not available.

It is interesting to note that some of the quiescent galaxies are
likely to be members of “multiple merging” systems (U12). U12
reported that about 40% of the LABs in the SSA22 field have
multiple components in their extended Lyα emission. These
components are therefore likely to be physically associated and
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Figure 11. Sky distributions of the Lyα emitters detected in the SSA22 fields.
(A color version of this figure is available in the online journal.)
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MOIRCS	J/H/K	6	poinJngs	
0.5”	seeing,	K=24.3	AB	(5-sigma)	
(Uchimoto+12,	Kubo+13,	15,	16)	
ULTIMATE/WFC	can	observe	the	protocluster	with	0.2”	in	1	poinJng	

WFC	FoV	
	(14’x14’)	

δgal~20	
10	cMpc-scale	



Wide-field	imager	(WFC)	
•  HSC	surveys	will	map	z=2-4	large-scale	structure,	
protoclusters	and	Lya	filaments	on	1-100	Mpc	scales.	

•  I	prefer	WFC	and	survey	design	A	(BBs+NBs)	or	B	(K
+NBs).	WFC	K	and	[OIII]/Ha	mapping	can	reveal	
spaJal	distribuJon	and	morphologies	of	high-z	
massive	galaxies	including	dusty	starbursts	along	the	
cosmic	filaments	(see	also	Suzuki+15,	Tadaki+11,	14,	
15,	Koyama+10,	11,	13,	14,	15)	

•  SensiJve	NB	survey	([OIII]/Ha	mapping)	can	be	
started	with	GLAO+MOIRCS	



Requirements	for	WFC	

•  Many	NB	filters	will	be	a	strong	point	for	WFC	
(cf.	Subaru/Scam	&	HST/WFC3)	

•  Tunable	filter	sounds	ajracJve.			
•  But	sensiJve	NB	observaJons	would	be	
essenJal	for	high-z	galaxy	studies…	



Summary	

•  HSC	surveys	will	map	z=2-4	large-scale	
structure,	protocluster	and	Lya	filaments	on	
1-100	Mpc	scales.		

•  ULTIMATE/WFC	K-band	and	[OIII]/Ha	will	
reveal	spaJal	distribuJon	and	morphology	of	
high-z	massive	galaxies	including	dusty	
starbursts	along	the	cosmic	filaments.	

•  WFC	is	the	1st	prioriJzed	instrument.	


