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Some open questions

• How many black holes exist and merge through cosmic time?


• Which sort of mergers (in terms of mass and redshift) will LISA see?


• How should we interpret the gravitational wave background seen by LISA?


• What about the electromagnetic counterparts for black hole mergers?
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Volonteri 2007; Shields and Bonning 2008; Holley-Bockelmann et al. 2008; Blecha
and Loeb 2008; Blecha et al. 2011; Dunn et al. 2020; Sayeb et al. 2021). In the LISA
context, the occurrence of kicks might have important consequences for the MBHB
event rate, although the assessment of their impact depends very sensitively on the
assumed spin directions that can be strongly affected by the interaction with the
surrounding environment (Schnittman 2007; Bogdanović et al. 2007; Kesden et al.
2010a, b; Berti et al. 2012; Miller and Krolik 2013; Gerosa et al. 2015b, 2020; Dotti
et al. 2010). Furthermore, recoiling MBHs would produce a post-merger EM
signature that can aid in the identification of the merged MBH (Milosavljević and
Phinney 2005; Schnittman and Buonanno 2007; Schnittman and Krolik 2008; Lippai
et al. 2008; Corrales et al. 2010; Rossi et al. 2010).

Potential EM signatures of GW recoils are reviewed by Komossa (2012). If the
recoiling MBHs carry the bound gas as they recoil, they would shine as off-nuclear
AGN (Blecha and Loeb 2008; Volonteri and Madau 2008). The most characteristic
signature is a set of broad emission lines, which led to the identification of several
observational candidates (Komossa et al. 2008; Civano et al. 2012; Tsalmantza et al.
2011; Koss et al. 2014; Chiaberge et al. 2017; Kim et al. 2017; Kalfountzou et al.
2017) and the development of various detection strategies (Lena et al. 2014; Raffai
et al. 2016; Blecha et al. 2016). Identification of such candidates is a particularly

Fig. 22 Pathways towards the formation of MBHs are numerous, and include the collapse of first-
generation stars (Pop III BHs, MBH.103M!), the collapse and/or coalescence of massive stars formed in
compact stellar clusters (nuclear clusters, 102M!.MBH.104M!), the collapse of SMS formed in
primordial environment (direct collapse, MBHJ103M!), and the collapse of cosmological density
perturbations (primordial BHs, 1M!.MBH.1010M!). The shaded orange region shows the redshift and
MBH mass ranges of LISA, and the orange starburst symbols the LISA detections. LISAwill significantly
extend the current MBH EM detections, shown below the curved solid black line (from the local Universe
at z" 0 to the high-redshift quasars at z > 6). Image credit: Melanie Habouzit
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Black hole masses correlate with galaxy mass at all z
Local MBH −M! Relations 11
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Figure 10. Left: The BH-to-total stellar mass relation for local AGNs (dark red line; equations 4 and 5). The light gray shaded region
accounts for the errors in the slope and intercept of the relation and the dark red dotted lines indicate the rms scatter of points around the
relation (0.55 dex). The gray error bar indicates uncertainties in stellar masses for all points, and single-epoch spectroscopic BH masses.
BH mass errors for the reverberation-mapped AGN are shown on the (purple) data points. Right: Same as the left panel, but for the
inactive sample of elliptical galaxies and sprial/S0 galaxies with classical bulges (equations 4 and 6). The dark blue line indicates our
relation derived using total stellar mass (§3.3).

is roughly an order of magnitude larger than that of the
AGN host galaxies. We thus urge extreme caution when
using the canonical BH-to-bulge mass scaling relations
as a proxy for BH-to-total stellar masses since this may
lead to a biased interpretation.

4.3. Systematic Uncertainties

Based on the z ∼ 0 samples presented in this work,
we have shown that AGNs occupy a region in the
log Mstellar − log MBH plane below that populated by
ellipticals and classical bulges. Here we consider sys-
tematic uncertainties in stellar and BH masses that may
affect this empirical result. We note that differences in
distance scales are negligible. The range of assumed H0
across all samples represented in Figure 8 varies from 70
to 71 km s−1 Mpc−1.
We do not expect that systematic uncertainties in stel-

lar masses between the samples shown in Figure 10 can
account for the two different relations. First, all stellar
masses have been estimated in the most consistent man-
ner feasible. That is, we use color dependent mass-to-
light ratios provided by Zibetti et al. (2009) with either
a combination of g and i-band SDSS data (all AGN ex-
cept Pox 52), or B, V , and K-band data (galaxies with
dynamical BH masses and Pox 52). As described in §2.4,
we have accounted for any AGN contribution when calcu-
lating stellar masses so we do not think AGN host galaxy
masses are significantly overestimated. Moreover, in or-
der to bring the sample of AGNs onto the upper relation
by shifting their stellar masses, the stellar masses would
need to be reduced by more than an order of magnitude
(see Figure 8).
The virial BH masses estimated for our sample of

broad-line AGNs are quite indirect and subject to vari-
ous uncertainties. For example, the broad-line region ge-
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Figure 11. BH mass fractions (given as a percentage of the stellar
mass) as a function of stellar mass. Our local AGN relation, where
Mstellar = Mtotal is shown as a dark red line. Our total stellar
mass relation for quiescent BHs in early-type galaxies is shown as
a dark blue line. Bulge mass relations from the literature are shown
as gray lines.

ometry and orientation certainly varies between objects
(Kollatschny 2003; Bentz et al. 2009; Denney et al. 2010;
Barth et al. 2011), yet we apply a single geometric scal-
ing factor since we do not have this information for the
individual broad-line AGNs in our sample. There is also
the possibility that there are nongravitational contribu-
tions to the measured gas velocities (e.g., Krolik 2001),
although this would lead to systematically overestimated
BH masses.

A. Pensabene et al.: The ALMA view of the BH-galaxy relation at high-z

of random motions to the dynamical mass and find that, in our
sample, the mass supported by non-rotational motions is negli-
gible, meaning it is included within the dynamical mass uncer-
tainties. Therefore, we conclude that the rotating gas disc model
provides an overall good description for the gas kinematics of
our QSO host galaxies.

7.4. Potential observational biases in excluding the
unresolved objects

In Sect. 3.3, we investigated whether the observed kinematics
are spatially resolved. Out to 32 objects with a line detection, 14
(&40%) were rejected from the final sample (see also Sect. 6).
Excluding those objects that are spatially unresolved could result
in an observational bias. In fact, if these sources were signifi-
cantly less massive than the others, the final results might there-
fore be biased towards more massive host galaxies.

The observed size of the line emitting region may depend on
both the achieved sensitivity and the angular resolution. There-
fore, in the case of spatially unresolved emission, it is di�cult to
asses if this is due to the intrinsic compact size of the galaxy or
to the low sensitivity level of the observations. For this purpose,
deeper observations of these objects with similar observational
setups could help us to make a fair comparison of the observed
size. However, we do not observe a strong correlation between
the spatial size of the FIR line emission and the dynamical mass
of the galaxy (see Table 2). Therefore, we conclude that we can-
not safely argue that a possible bias is introduced in rejecting the
spatially unresolved objects.

8. The MBH-Mdyn relation at high redshift

In order to trace the relation between black hole mass and
dynamical mass for the final high-z QSOs sample, we compared
the Mdyn measurements obtained through kinematical modelling
illustrated in Sect. 4 (see Table 2), with the black hole masses
obtained from literature as we explained in Sect. 5 (see Table 3).
The relation is shown in the plot of Fig. 9. We also report
two reference relations obtained with samples of local quies-
cent galaxies (Kormendy & Ho 2013; de Nicola et al. 2019)
and AGN (Reines & Volonteri 2015). In order to infer the aver-
age redshift evolution of the MBH�Mdyn, we adopted the relation
log MBH = ↵ + �(log Mdyn � 10.8), and we performed the fit
assuming fixed slope � = 1.01 ± 0.07 as found by de Nicola
et al. (2019), and the normalisation ↵ as the only free parameter.
Furthermore, to reduce the impact of any possible outliers, we
executed the fit adopting the bootstrap method on the standard
�2 minimisation.

Using 104 bootstrap iterations, we obtained the best value of
↵ and its uncertainties by computing the 16th, 50th, and 84th
percentiles, respectively:

↵ = 9.4 ± 0.3. (6)

Our result is in agreement with those reported by other high-
z works (e.g. Decarli et al. 2010, 2018; Trakhtenbrot et al.
2015, 2017; Venemans et al. 2016, 2017a) suggesting that the
MBH�Mdyn relation evolves with redshift. It should be noted
that the local reference relation (e.g. Kormendy & Ho 2013;
de Nicola et al. 2019) is obtained using bulge stellar mass in
spiral and elliptical galaxies (where, in the latter case, bulge
stellar mass corresponds to the total stellar mass). As a result,
the galaxy dynamical masses estimated in this work should be
treated as an upper limit of the total stellar mass. By comparing

Fig. 9. High-redshift relation between the black hole mass (MBH) and
the dynamical mass of the host galaxy (Mdyn). The dashed black line and
the dotted red line represent the reference local relation inferred using
samples of local galaxies (E= ellipticals, S/S0/Sb= spirals) shown as
black dots (Kormendy & Ho 2013, also indicated as KH+13) and red
triangles (de Nicola et al. 2019, or DN+19). The green line is the rela-
tion found by Reines & Volonteri (2015, or RV+15) by measuring the
total stellar mass in a sample of the local AGN (green crosses). The solid
blue line is the best fit to our data. The shadowed areas show the 1�
uncertainty. In the case of SDSS J0129�0035 and ULAS J1319+0950,
we inferred a lower limit on the dynamical mass. We do not take these
data into account in the fit. The circles of our data points indicate the
sources for which the BH masses are estimated from bolometric lumi-
nosity assuming Eddington accretion.

our results with the relation by Reines & Volonteri (2015), who
adopted the total stellar mass of the AGN host galaxy (green line
in Fig. 9), we find an even stronger evolution with redshift.

The evolution of the ratio � = MBH/Mdyn as a function of
redshift provides key information about the relative time scale
between black hole growth and galaxy mass assembly. For this
purpose, we show the MBH/Mdyn ratios as a function of z esti-
mates obtained from the integrated spectra of the lines provided in
Table 2. The final result is shown in Fig. 10, where we also over-
plot the relation found by Decarli et al. (2010) using galaxy stellar
masses of a sample of quasars at z . 3, extrapolated up to z = 7:

log�(z) = (0.28 ± 0.06) z �(2.91 ± 0.06) . (7)

We conclude that the trend of � that we inferred at high redshift
is roughly consistent with that of Eq. (7), and therefore this result
confirms the evidence that MBH�Mdyn appears to evolve with the
redshift, as has been highlighted in previous works (Walter et al.
2004; Decarli et al. 2010, 2018; Merloni et al. 2010; Venemans
et al. 2012, 2017a). The ratio � appears to be ⇠10⇥ the local
value log�(z = 0) = 0.28 at z ⇠ 4�6. However, from Fig. 10,
we can infer that for SDSS J0923+0247, SDSS J0129�0035,
ULAS J1319+0950, and PSO J167�13 at redshift 4.6 . z . 6.6,
the MBH/Mdyn is consistent with the value observed in galaxies
in the local Universe. Although a very preliminary result, this
possibly suggests a decreasing of � at z & 6.

The discussions reported in Sects. 7.1 and 7.2 point out
that at least some of the galaxy masses estimated in this work
could su↵er from large uncertainties associated with the simple

A84, page 13 of 31
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Pensabene et al., 2020, A&A, 637, 84
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Growth and mergers of black holes are intricately tied to the 
hierarchical assembly of their host galaxies

• DM assembly

• Gas/stellar mass from accretion & mergers

• Star formation

• Impact of supernovae in ejecting gas


• BH seeding

• BH growth

• Impact of BH feedback in ejecting gas

• Impact of reionization feedback

SFHs in the EoR 5

Figure 2. The merger trees for a low-mass galaxy ("¢ = 108 M� , "h = 1010.3 M� , top panel), an intermediate-mass galaxy ("¢ = 109 M� , "h = 1011.2 M� ,
middle panel) and a massive galaxy ("¢ = 1010 M� , "h = 1011.8 M� , bottom panel) at I = 5. Each progenitor is represented by a filled circle with the color
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per
the indicative sizes shown. Progenitors encircled by a black line indicate the major branch with the black arrow indicating the starting leaf of the major branch.

MNRAS 000, 1–19 (2021)



A complication: impact of reionization feedback on galaxy formation
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light, the total stellar mass of the Galaxy can be estimated from the number of LISA
events. Using a simplified example of Milky Way satellites, Korol et al. (2021)
showed that based on BPS models of LISA sources satellite masses can be recovered
within (1) a factor two if the SFH of the satellite is known and (2) within an order of
magnitude even when marginalising over alternative SFHs. When also accounting
for the unresolved Galactic foreground, this method could be extended for measuring
the total stellar mass of the Milky Way.

Post-LISA-launch objective The power of constraining the overall properties of
the Galactic potential will be significantly enhanced by using LISA detections in
combination with EM observations of binaries motions. BPS studies forecast up to
150 detached and interacting WD?WDs detectable through both EM and GW
radiation (e.g. Korol et al. 2017; Breivik et al. 2018, see also Sect. 1.4). For these
multi-messenger binaries 3D positions provided by LISA can be combined with
proper motions—for example, provided by Gaia or Vera Rubin Observatory—into
the rotation curve, which allows the derivation of the stellar masses of the Galactic
baryonic components (Korol et al. 2019).

The unresolved Galactic foreground will provide complementary constraints on
the Galactic structure. For example, the Galactic foreground will show whether the
WD?WD population traces the spatial distribution of young, bright stars (and thus
do experience significant kicks), or traces a vertically heated spatial distribution
associated with Galaxy’s oldest stellar populations. This can be understood from the
shape of Galactic power spectral density that depends on the characteristic scale
height of the WD?WD population (Benacquista and Holley-Bockelmann 2006).
Post-LISA-launch objective In addition, using the spherical harmonic decompo-
sition of the LISA data streams, the structure of the disc population of Galactic WD?
WDs can be constrained with an accuracy of 300 pc (Breivik et al. 2020b). The

Fig. 16 A schematic view of the complex and multi-scale processes affecting the formation of a hard MBH
binary system. Image credit: Silvia Bonoli and Alessandro Lupi
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Complexity necessitates multitude of modelling techniques

Semi-analytics Semi-numerics Hydrodynamics

SFHs in the EoR 5

Figure 2. The merger trees for a low-mass galaxy ("¢ = 108 M� , "h = 1010.3 M� , top panel), an intermediate-mass galaxy ("¢ = 109 M� , "h = 1011.2 M� ,
middle panel) and a massive galaxy ("¢ = 1010 M� , "h = 1011.8 M� , bottom panel) at I = 5. Each progenitor is represented by a filled circle with the color
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per
the indicative sizes shown. Progenitors encircled by a black line indicate the major branch with the black arrow indicating the starting leaf of the major branch.

MNRAS 000, 1–19 (2021)
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Dusty galaxies in the EoR 7

Figure 3. Face-on map of physical characteristics of Althæa when the galaxy has SFR = 78 M�/yr (see Tab. 1). We show the metallicity
map (Z, left), the metal surface density (⌃Z = Z⌃g , center) and the molecular hydrogen surface density (⌃H2, right).

Figure 4. Face-on map of Althaea showing UV (left) and total IR (TIR, right) emission for our fiducial run. With respect to Fig. 3,
the maps are centered/zoomed on the peak of UV emission, but have the same orientation.

Figure 5. Map of the optical depth ⌧V evaluated at � = 0.551µm.
The field of view is the same as in Fig. 4.

entails a higher luminosity; thus it is important to distin-
guish between the mass-weighted and luminosity-weighted
temperature PDF, i.e. assuming for simplicity a grey body

radiation with L / MDT4+�d
D for each cell, with �d = 1.7 as

obtained from the SED. In general, both weighting schemes
lead to single-peaked PDFs, with a similar spread of ⇠ 20 K.
Weighting by luminosity suppresses the low-temperature tail
and shifts the peak to higher temperatures, while the mass-
weighted is more symmetric. The two weighting schemes
yield significantly di↵erent average dust temperatures, be-
cause a relatively small mass fraction of high TD dust dom-
inates the total dust emission. More precisely, we find that
only 25% of the dust mass has TD > 60 K, but that frac-
tion contributes 80% of the total luminosity. Since what
is typically observed is a measure of the IR luminosity,
the luminosity-weighted scheme should be more comparable
with observations. In this case, we find an average tempera-
ture of 91 ± 23 K, which is relatively warm compared to e.g.
L17, i.e. ' 50 K (see Tab. 2). While our mass-weighted mean
(50 ± 19 K) is closer to the value reported by L17, we stress
that the correct comparison is the one with the luminosity-

MNRAS 000, 1–15 (2017)

Large-scale

Small-scale



Enormous ongoing theoretical effort to model galaxy formation

PD & Ferrara, 2018, Physics Reports,780, 1

P. Dayal, A. Ferrara / Physics Reports 780–782 (2018) 1–64 19

Table 1
An illustrative list of models for the first billion years. For eachmodel we list the key aim (column 2), the simulation technique (column 3), box size (column
4), DMmass resolution (column5), the key physics implementedwith the footnote explaining the letters used (column6) and themodel name and reference
(column 7). The explanations of the letters used in columns 1 and 6 follow on the next page.
No. Main aim Technique box size [cMpc] MDM [M�] Key Physics Code [reference]

Small-scale models

1 SF in GMC Resimulated 1–10 Rvir ⇠102–106 AIKO FIRE [136]
2 SF, GF, EoR AMR 1 1840 DIKO [137]
3 GF, EoR AMR+RT 4 h�1 4 ⇥ 106 EO EMMA [138]
4 UV fb SPH+RT 5 2.5 ⇥ 105 EIO [139]
5 UV fb, GF SPH+RT 3-6 h�1 0.18–1.4 ⇥ 106 GIKO [140]
6 ISM,CGM AMR 9.7 h�1 kpc 9.5 ⇥ 104 AIKL [141]
7 UV fb, GF SPH+RT 10 h�1 4.3 ⇥ 107 GIO [142]
8 GF, EoR Eulerian+RT 20 4.8 ⇥ 105 EIKO [143]
9 GF, EoR AMR 40 3 ⇥ 104 diko Renaissance [144,145]
10 GF, EoR AMR+RT 20–40 h�1 7 ⇥ 106 AIO CROC [146]

Intermediate-scale models

1 GF, EoR N-body+semi-numerical RT 100 3.9 ⇥ 106 DIKO DRAGONS [147]
2 GF SAM – Mmin = 108 CIP DELPHI [148]
3 EoR (LG) Eulerian+RT 91 3.5 ⇥ 105 EIO CoDA [149]
4 GF, EoR SPH+ RT 12.5–100 h�1 106–8 ⇥ 107 EIKO Aurora [150]
5 fesc SPH 10–100 h�1 6 ⇥ 106–9 ⇥ 108 GIKLM [151]
6 GF SPH 25–100 h�1 1.2–9.7 ⇥ 106 FIJKM EAGLE [133]
7 GF Unstructured mesh 106 6.2 ⇥ 106 GIJK Illustrus [152]

Large-scale models

1 EoR N-body+RT 114–425 h�1 0.55–5 ⇥ 107 HO [134]
2 GF SPH 400 h�1 1.7 ⇥ 107 GIJKM BlueTides [153]
3 GF SAM 500 h�1 1.3 ⇥ 109 BIJKP GALFORM [154]

4.2.3. Semi-numerical models
As detailed in Section 7.3, the past years have seen an increasing realization of the necessity of coupling galaxy

formation – on kiloparsecs scales – with the impact of the radiative feedback generated during reionization — on tens of
Megaparsec scales. Indeed, Iliev et al. [134] have shown that, while (100h�1 cMpc)3 boxes are sufficiently large for deriving
convergent reionization histories, the morphology of the ionized bubbles remains poorly described for box sizes smaller
than (200h�1cMpc)3. The rise of 21 cm cosmology, and associated statistics including the r.m.s, skewness and kurtosis of
the differential 21 cm brightness temperature (the temperature of the redshifted 21 cm emission with respect to the CMB),
have therefore led to the development of a new class of ‘‘semi-numerical’’ models (for a review see [135]). The key idea is to
couple semi-analytic models of galaxy formation, run on large (&100cMpc)3 N-body simulations, with analytic/numerical
models of radiative transfer. This is the only computationally tractable approach of consistently describing the complexity
of the galaxy formation-reionization interplay as will be discussed in more detail in Section 7.

The explanations of the letters used in column 6 of Table 1.

A: SFR / ⇢H2

B: SFR / massH2

C: SFR / massgas
D: SFR / masscold gas

E: SFR / ⇢gas

F: SFR / Pressuregas
G: Multi-phase SF using Springel and Hernquist [155] prescription
H: SFR / Mh

I: SN feedback
J: SMBH feedback
K: Metal enrichment
L: Dust enrichment
M: Feedback from homogeneous UVB (e.g. [156,157])
N: Feedback from self-consistently calculated homogeneous UV fields
O: Feedback from self-consistently calculated inhomogeneous UVB
P: SFR = 0 (forMh < Mcr or Vvir < Vcr halos at z < zre)

Further, in Table 1, GF stands for galaxy formation, UV fb stands for UV feedback and LG stands for Local group.

11

+Atraeus, Thesan, Obelisk, Sphinx, Astrid, Romulus, Horizon-AGN..
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A continually expanding frontier for black hole detection

16 Publications of the Astronomical Society of Japan, (2017), Vol. 00, No. 0

Fig. 8. Same as Figure 7, but for z ∼ 6 and z ∼ 7. For comparison, we also show previous results for galaxies taken from McLure et al. (2013; open purple

pendagons) at z ∼ 7, Schenker et al. (2013; open cyan circles) at z ∼ 7, Bouwens et al. (2015; open magenta squares) at z ∼ 6− 7, Finkelstein et al. (2015;

open green hexagons) at z ∼ 6− 7, Bowler et al. (2015; open blue triangles) at z ∼ 6, Bowler et al. (2017; open blue triangles) at z ∼ 7, and Ishigaki et al.

(2017; open orange diamonds) at z ∼ 7. In addition, we plot previous results for quasars taken from Giallongo et al. (2015; black crosses) at z ∼ 6, Parsa

et al. (2017; open black hexagons) at z ∼ 6, Willott et al. (2010b; open black triangles) at z ∼ 6, Kashikawa et al. (2015; open black squares) at z ∼ 6, and

Jiang et al. (2016; open black diamonds) at z ∼ 6.

Ono et al., 2018, PASJ, 70, 10
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Figure 1

Masses and redshifts of quasars known at z � 6 to date. Of the 203 quasars shown, 79 sources
were adopted from the compilation by Bañados et al. (2016) complete as of March 2016.
Subsequently discovered quasars were added from Pan-STARRS (8 quasars; Mazzucchelli et al.
2017, Tang et al. 2017, Koptelova et al. 2017, Bañados et al. 2018), VIKING (3 quasars; Decarli
et al. 2018, Venemans et al. 2019), DES/SDSS combined with data from surveys in the IR by
UKIRT, VISTA, and WISE (37 quasars; Wang et al. 2016a, Reed et al. 2017, Wang et al. 2017,
Reed et al. 2019, Wang et al. 2019, Fan et al. 2019b, Yang et al. 2019), from the SHELLQs and
other Subaru surveys (72 quasars; Kashikawa et al. 2015, Matsuoka et al. 2018a,b, 2019b,a) and
from VST-ATLAS combined with WISE (4 quasars; Carnall et al. 2015, Chehade et al. 2018).
Masses were estimated from the rest-frame UV luminosity (M1450), and assuming a constant
bolometric correction and Eddington ratio (fEdd = 1), except for the strongly lensed z = 6.51
quasar (Fan et al. 2019b) for which we adopted the published virial mass, including a
magnification factor of 51.3. Many of the least luminous quasars, discovered predominantly in the
SHELLQs survey (shown in yellow), have Eddington ratios below unity; the masses for these least
luminous sources are underestimated by the assumption of fEdd = 1 (see text). The pair of black
curves show the mass of a BH, for reference, which grows continuously at the Eddington rate,
with a radiative e�ciency of ✏ = 0.1, starting from a stellar-mass seed BH of M• = 10 M� (lower
curve) or 100 M� (upper curve) at z = 35, in a flat concordance cosmology with ⌦⇤ = 0.69,
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rapid merger history; delaying H2 cooling due to unusually high baryon-matter streaming

velocities (Tanaka & Li 2014, Hirano et al. 2017); high-velocity collisions of two halos near

the atomic-cooling threshold (Inayoshi et al. 2015), or some combination of these e↵ects.

An idea related to the above scenario is that some Pop III remnant BHs find themselves

at the center of an ACH without prior star formation, because of the above peculiar mech-

anisms/environments. Some of these BHs would then accrete at super/hyper-Eddington

rates and grow to ⇠ 105�6 M� (Pacucci et al. 2015b, Inayoshi et al. 2016, Ryu et al. 2016).

A di↵erent possibility is that a M• ⇡ 103�4 M� intermediate-mass BH (IMBH) forms

promptly through stellar mergers in the core of an ultra-dense stellar cluster in a metal-poor

protogalaxy (Omukai et al. 2008, Devecchi & Volonteri 2009). Direct collisions can occur on

a timescale shorter than the lifetime of massive stars (Katz et al. 2015, Yajima & Khochfar
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Figure 6: A SAM jointly tracking the (merger and accretion driven) buildup of dark matter halos as well as their

baryonic component. SAMs present a powerful tool for capturing the key physics involved in galaxy formation

including: the stellar mass growth due to star formation, the merger and accretion driven gas mass growth, the

role of SN (and possibly black holes) in ejecting gas from low-mass halos and tracking the resulting impact on the

subsequent growth of more massive systems via halo mergers and gas accretion. As shown, galaxies assemble as a

result of both wet mergers of “e�cient star formers” that do not lose all their gas mass after star formation/black

hole accretion and dry mergers of supernova/black hole “feedback limited” systems that lose all their gas resulting

in dry mergers. This naturally leads to a variety of galaxy assembly histories and properties for a given halo mass.

space around particles. Based on polyhedral cells, this mesh continually de-forms and re-forms as

particles move. Despite its obvious advantage in simultaneously tracking both dark matter and

gas particles, the enormous computational e↵ort required for hydrodynamic simulations naturally

places a limit on the physical volume that can be simulated and the physical parameter space that

can be explored for a given mass resolution.

4.2.3. Semi-numerical models

As detailed in Sec. 7.3, the past years have seen an increasing realisation of the necessity

of coupling galaxy formation - on kiloparsecs scales - with the impact of the radiative feedback

generated during reionization - on tens of Megaparsec scales. Indeed, Iliev et al. [134] have shown

that, while (100h�1 cMpc)3 boxes are su�ciently large for deriving convergent reionization histo-

ries, the morphology of the ionized bubbles remains poorly described for box sizes smaller than
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Figure 2. The UV LF from z ' 5� 10 as marked in the panels. In each panel, the violet points show the available LBG data collected
both using space- and ground-based observatories at: (a) z ' 5 (Bouwens et al. 2007; McLure et al. 2009); (b) z ' 6 (McLure et al. 2009;
Bouwens et al. 2015; Livermore et al. 2017); (c) z ' 7 (Bouwens et al. 2010; McLure et al. 2010; Castellano et al. 2010; McLure et al.
2013; Bowler et al. 2014; Livermore et al. 2017; Atek et al. 2015); (d) z ' 8 (Bouwens et al. 2010; McLure et al. 2010; Bradley et al.
2012; McLure et al. 2013; Livermore et al. 2017; Atek et al. 2015); (e) z ' 9 (McLure et al. 2013; Oesch et al. 2013); and (e) z ' 10
(Bouwens et al. 2014; Oesch et al. 2014). In each panel, the yellow points show the AGN data collected at: z ⇠ 5 (McGreer et al. 2013;
Parsa et al. 2018) and z ⇠ 6 (Willott et al. 2010; Kashikawa et al. 2015; Parsa et al. 2018; Jiang et al. 2016). In each panel, lines show
model UV LFs for galaxies and black holes for the following models summarised in Table 1, that bracket the range of UV LFs allowed
in the presence/absence of a UVB and for both instantaneous and delayed (by a merging timescale) merger: ins1 (galaxies solid black
line; BH solid gray line), ins4 (galaxies short dashed red line; BH short dashed light-red line), tdf1 (galaxies long dashed green line; BH
long-dashed light green line) and tdf4 (galaxies dot-dashed blue line; it BH dot-dashed purple line).

seen an enormous increase in LBG data due to a combina-
tion of state-of-the-art instruments such as (the Wide Field
Came 3 onboard) the Hubble Space Telescope (HST) as well
as refined selection techniques (e.g. Steidel et al. 1999). As
for AGN, a number of surveys, including the Sloan Digital
Sky Survey (SDSS) and the Canadian-French high-z quasar
surveys, and observations with the Subaru telescope, have
yielded a statistical sample of AGN/QSO candidates at red-
shifts as high as z ' 6. In what follows we compare 4 models
that bracket the physically plausible range explored in this
work (ins1, ins4, tdf1 and tdf4), detailed in Table 1, with
a number of data-sets, including the UV LFs, the stellar
mass density, the black hole mass function and the black
hole-stellar mass relation.

We note that, given their low number densities, both the
“light” and “heavy” DCBH seeding cases yield very similar
results for all the observational data-sets discussed. For this
reason, we limit our results to the “light DCBH seed” case
in this section.

3.1 The observed UV LF for star formation and
black holes

The observed UV LF (number density of galaxies as a func-
tion of the absolute magnitude) and its redshift evolution
o↵er one of the most robust tests of theoretical models of
galaxy formation. We start by calculating the UV magni-
tudes, separately for star formation and AGN activity, for
each theoretical galaxy and computing the associated UV
LFs, as shown in Fig. 2. We start by discussing the LBG
UV LF: firstly, matching to the bright end of the evolving
UV LF requires a maximum star formation e�ciency value
of f⇤ ' 2%. Secondly, we find that the fiducial model (ins1)
is in excellent agreement with available LBG observations,
ranging between �22 <⇠ MUV

<⇠ � 13, at all z ⇠ 5 � 10 as
already shown in our previous works (e.g. Dayal et al. 2014).
The inclusion of a delay in galaxy mergers (tdf1) has no sen-
sible impact on the faint-end of the UV LF - this is due to
the fact that the progenitors of these low-mass halos are SN
feedback limited and hence do not bring in any gas whilst
merging (dry mergers) as already pointed out previously
(Dayal et al. 2014). On the other hand, the delay in galaxy
mergers leads to an increasing reduction in the gas masses
of higher-mass halos whose progenitors are not SN feedback
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Came 3 onboard) the Hubble Space Telescope (HST) as well
as refined selection techniques (e.g. Steidel et al. 1999). As
for AGN, a number of surveys, including the Sloan Digital
Sky Survey (SDSS) and the Canadian-French high-z quasar
surveys, and observations with the Subaru telescope, have
yielded a statistical sample of AGN/QSO candidates at red-
shifts as high as z ' 6. In what follows we compare 4 models
that bracket the physically plausible range explored in this
work (ins1, ins4, tdf1 and tdf4), detailed in Table 1, with
a number of data-sets, including the UV LFs, the stellar
mass density, the black hole mass function and the black
hole-stellar mass relation.

We note that, given their low number densities, both the
“light” and “heavy” DCBH seeding cases yield very similar
results for all the observational data-sets discussed. For this
reason, we limit our results to the “light DCBH seed” case
in this section.

3.1 The observed UV LF for star formation and
black holes

The observed UV LF (number density of galaxies as a func-
tion of the absolute magnitude) and its redshift evolution
o↵er one of the most robust tests of theoretical models of
galaxy formation. We start by calculating the UV magni-
tudes, separately for star formation and AGN activity, for
each theoretical galaxy and computing the associated UV
LFs, as shown in Fig. 2. We start by discussing the LBG
UV LF: firstly, matching to the bright end of the evolving
UV LF requires a maximum star formation e�ciency value
of f⇤ ' 2%. Secondly, we find that the fiducial model (ins1)
is in excellent agreement with available LBG observations,
ranging between �22 <⇠ MUV

<⇠ � 13, at all z ⇠ 5 � 10 as
already shown in our previous works (e.g. Dayal et al. 2014).
The inclusion of a delay in galaxy mergers (tdf1) has no sen-
sible impact on the faint-end of the UV LF - this is due to
the fact that the progenitors of these low-mass halos are SN
feedback limited and hence do not bring in any gas whilst
merging (dry mergers) as already pointed out previously
(Dayal et al. 2014). On the other hand, the delay in galaxy
mergers leads to an increasing reduction in the gas masses
of higher-mass halos whose progenitors are not SN feedback
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a number of data-sets, including the UV LFs, the stellar
mass density, the black hole mass function and the black
hole-stellar mass relation.

We note that, given their low number densities, both the
“light” and “heavy” DCBH seeding cases yield very similar
results for all the observational data-sets discussed. For this
reason, we limit our results to the “light DCBH seed” case
in this section.

3.1 The observed UV LF for star formation and
black holes

The observed UV LF (number density of galaxies as a func-
tion of the absolute magnitude) and its redshift evolution
o↵er one of the most robust tests of theoretical models of
galaxy formation. We start by calculating the UV magni-
tudes, separately for star formation and AGN activity, for
each theoretical galaxy and computing the associated UV
LFs, as shown in Fig. 2. We start by discussing the LBG
UV LF: firstly, matching to the bright end of the evolving
UV LF requires a maximum star formation e�ciency value
of f⇤ ' 2%. Secondly, we find that the fiducial model (ins1)
is in excellent agreement with available LBG observations,
ranging between �22 <⇠ MUV

<⇠ � 13, at all z ⇠ 5 � 10 as
already shown in our previous works (e.g. Dayal et al. 2014).
The inclusion of a delay in galaxy mergers (tdf1) has no sen-
sible impact on the faint-end of the UV LF - this is due to
the fact that the progenitors of these low-mass halos are SN
feedback limited and hence do not bring in any gas whilst
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(Dayal et al. 2014). On the other hand, the delay in galaxy
mergers leads to an increasing reduction in the gas masses
of higher-mass halos whose progenitors are not SN feedback
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limited and bring in gas in mergers (wet mergers), leading
to a slightly steeper bright end. Finally, including the (max-
imal) impact of reionization feedback (ins4 and tdf4), that
photo-evaporates the baryonic content of all galaxies with
Vvir

<⇠ 40 km s�1, only a↵ects the faint-end of the UV LF
and leads to a cut-o↵ at brighter magnitudes (MUV ⇠ �14
to �15) as compared to the continued rise excluding this
e↵ect (e.g. in models ins1 and tdf1). In this work, models
ins1 and tdf4, therefore, bracket the plausible UV LF range.
However, it must be cautioned that the theoretical LBG UV
LF has, so far, ignored the impact of dust enrichment which
is expected to have a relevant e↵ect in decreasing the lumi-
nosities at the bright end.

Focusing on the AGN UV LF, the black hole powered
UV LFs for all four models discussed above are found to
be in excellent agreement with all available AGN data at
z ⇠ 5 and 6 as shown in Fig. 2. We start by noting that
given the large masses (Mh

>⇠ 1011.5 M�) associated with
AGN/QSO host halos, the black hole UV LF is only rel-
evant at MUV

<⇠ � 21, corresponding to number densities
<⇠ 10�5[dex�1Mpc�3] at z ⇠ 5 and 6. These results are in
qualitative agreement with those of Ono et al. (2018) who
find 100% of the UV luminosity to come solely from stars for
galaxies with MUV

>⇠ � 23 to �24. However, given that the
AGN number densities are suppressed due to obscuration
(see Sec. 2.3), calculating the fraction of galaxies dominated
by AGN requires a more thorough examination which we
defer to a future work. Finally, we note that the contribu-
tion of BH-powered luminosity could be one explanation for
observed UV LFs that are shallower than the exponentially
declining Schechter function at these high-z (e.g. Ono et al.
2018).

We find that the AGN UV LF is extremely similar for
heavy black hole seeds with ↵ varying over an order of mag-
nitude (for 30 to 300) for the four models discussed above.
This is probably to be expected given the extremely low
number of heavy black hole seeds as compared to the number
of light black hole seeds as pointed out in Sec. 2.1; the latter
therefore clearly dominate the UV LF. As for the merger
timescales, including a delay in the mergers of galaxies (and
black holes) results in a smaller black hole growth. This is
reflected in a lower final black hole mass in a given halo (also
see Sec. 3.3 that follows). However, this only leads to minor
changes in the UV LF which are indistinguishable within the
scatter shown by the four models considered here. Further,
given the large masses of AGN hosts, reionization feedback
has no relevant e↵ect on the AGN UV LF. Finally, looking
at the redshift evolution of the AGN UV LF, we find that
it shows a sharper redshift evolution compared to the star-
formation powered UV LF given the increasing paucity of
their high-mass hosts. To quantify this e↵ect, let us focus on
a magnitude of MUV = �20: while the star formation driven
UV LF only evolves by a factor of 3 between z ⇠ 5 and 7, the
AGN UV LF (negatively) evolves by roughly three orders of
magnitude over the same redshift range.

Figure 3. The LBG stellar mass density (SMD) as a func-
tion of redshift. Points show the observational data collected by:
González et al. (2011, red empty circles), Labbé et al. (2013, blue
empty triangles), Stark et al. (2013, purple empty squares), Oesch
et al. (2014, yellow empty circles), Duncan et al. (2014, red filled
squares), Grazian et al. (2015, purple filled circles) and Song et al.
(2016, yellow filled triangles). We show results for galaxies with
MUV < �17.7 which can be directly compared to observational
data points for the following models shown in Table 1: ins1 (solid
black line), ins4 (dot-dashed red line), tdf1 (long dashed green
line) and tdf4 (dot-dashed blue line). We also show results for the
total SMD obtained by summing over all galaxies at a specific z
for the same models noted above: ins1 (solid gray line), ins4 (dot-
dashed light red line), tdf1 (long dashed light green line) and tdf4
(dot-dashed purple line).

3.2 The LBG stellar mass density (SMD)

We now compare the theoretical SMD to that observation-
ally inferred for LBGs. We start by comparing to observed
LBGs with MUV

<⇠ � 17.7 as shown in Fig. 3. As seen,
while all four models (ins1, ins4, tdf1, tdf4) are in excel-
lent agreement with the data they are o↵set in normali-
sation from each-other whilst following very similar slopes
such that SMD / (1+ z)0.42. As might be expected, model
ins1 provides the upper limit to the SMD results for ob-
served galaxies. Including the e↵ects of delayed galaxy merg-
ers (tdf1) results in a small decrease in the SMD values by
about 0.1 dex. However, assuming instantaneous mergers
whilst including maximal UVB suppression (ins4) only re-
sults in a SMD that is di↵erent from the fiducial case by a
negligible 0.03 dex. These results clearly imply that a delay
in the merger timescales is more important than the e↵ect
of a UVB for these high mass systems. Finally, the lower
limit to the SMD results is provided by model tdf4 that is
about 0.13 dex lower than the fiducial results. These slight
changes in the SMD normalisation shows that most of the
stellar mass is assembled in massive progenitors (see also
Dayal et al. 2013) with low-mass progenitors - that either
merge after a dynamical timescale (tdf1), are reionization
suppressed (ins4) or include both these e↵ects (tdf4) - con-
tributing only a few percent to the stellar mass for observed
galaxies.
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Figure 4. The black hole mass function (BHMF) at z ' 6. We
compare observational results (gray line with error bars) from
Willott et al. (2010) to those from our models bracketing the plau-
sible physical range: ins1 (solid black line), ins4 (short-dashed
red line), tdf1 (long-dashed green line) and tdf4 (dot-dashed blue
line). As shown, the shape of the BHMF is independent of the in-
clusion of UV feedback and the merger timescales used. However,
the final BH masses are naturally lower when including a delay
in the merger timescales as opposed to instantaneous mergers.

On the other hand, the impact of reionization feedback
and a delay in the merging timescale are much more dra-
matic when considering the entire galaxy population (with-
out any limiting magnitudes used). In this case, the fidu-
cial model, ins1, shows a slope that evolves with redshift
as SMD / (1 + z)0.24. Given that in this case the SMD is
dominated by the contribution from low-mass halos, the sit-
uation flips as compared to that discussed above: the merger
timescale has a negligible e↵ect on the SMD of all galaxies
and shows essentially the same amplitude and slope as the
fiducial case. However, the UVB suppression of the gas mass
of low-mass halos results in both a decrease in the ampli-
tude (by about 0.23 dex) and a, more dramatic, steepening
of the SMD slope such that SMD / (1 + z)0.31 for models
ins4 and tdf4.

3.3 The black hole mass function and occupation
fraction

We now discuss the black hole mass function (BHMF) which
expresses the number density of black holes as a function of
their mass, the results of which at z ' 6 are shown in Fig.
4. As expected, the number density of black holes increase
with decreasing BH mass as shown in the Figure. The ob-
served BHMF at z ⇠ 6 extends from Mbh ⇠ 107�10M�. Our
theoretical results for all four models discussed above are in
good agreement with the data within error bars as seen in
the same figure. Naturally, the fiducial model (ins1), extend-
ing from Mbh ⇠ 104.8�8.8M�, yields the upper limit to the
BHMF. Including a delay in the merger times for black holes
(tdf1) leads to a decrease in the maximum mass attained by
the black holes (Mmax ⇠ 108M�) showing that gas brought

Figure 5. The black hole occupation fraction as a function of halo
mass for z ⇠ 6 (black lines), z ⇠ 9 (blue lines) and z ⇠ 12 (red
lines) as marked. The solid lines show the occupation fraction
for all black holes; the short-dashed and dot-dashed lines show
results for Type 1 (stellar black holes) and Type 2+3 (DCBHs),
respectively.

in by merging progenitors halos has a significant contribu-
tion to the growth of these high-mass systems. On the other
hand, reionization feedback alone (ins4) has a negligible ef-
fect on the growth of high-mass halos (as discussed in Sec.
3.2 above), yielding a BHMF in close agreement with the
fiducial one. Finally, the model tdf4, including both the im-
pact of delayed mergers and the UVB, yields results quite
similar to tdf1 and, provides the lower limit to the BHMF.
We recall that our model is not aimed at (re)producing rare
luminous quasars powered by very massive BH (see Valiante
et al. 2016; Pezzulli et al. 2016, and references therein for
models focused on the most massive halos and BHs) but at
the bulk of the population of massive BHs. It should there-
fore not be surprising that the BH mass function does not
extend to the highest BH masses observed.

We also show the BH occupation fraction in Fig. 5. As
shown, galaxies with a halo mass Mh

>⇠ 1010.2 have an oc-
cupation fraction of 1 by z ⇠ 6. As expected, most of these
are stellar black holes except DCBHs that dominate for the
most massive halos. The black hole occupation fraction also
shifts to progressively lower masses with increasing redshift.
This is because of two reasons: first in our model, only start-
ing leaves above z = 13 are seeded with black holes; the in-
creasing number of starting leaves forming at lower redshifts
are devoid of any black holes. Secondly, low mass halos con-
tinually increase in mass with decreasing redshift. We note
that our results are qualitatively in good agreement with
those obtained from previous works (e.g. Tanaka & Haiman
2009). Finally we stress that the enhancement of the LW
seen by any halos only depends on its bias at that redshift
and we have ignored the impact of clustered sources that
could enhance the LW intensity seen by halos in over-dense
environments. Our results must therefore be treated as a
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Figure 6. The black hole mass-stellar mass relation for z ' 5 for two models that bracket the expected range: Instantaneous merg-
ers with/without UV feedback (ins1 using black points and ins4 using red points; left panel) and mergers after a merging timescale
with/without UV feedback (tdf1 using green points and tdf4 using blue points; right panel). In both panels we show two relations derived
using galaxies in the nearby Universe: Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipticals and bulges and Mbh = 1.05M⇤ � 4.1
for moderate luminosity AGN in low-mass halos (Volonteri & Reines 2016), as marked. In each panel we also show the best-fit relation
from our model for high stellar mass galaxies: LogMbh = 1.25M⇤ � 4.8. As seen, our theoretical model yields a non-linear scaling such
that black holes in low-mass galaxies are “stuck” at their initial mass; the BH masses of high-mass hosts, on the other hand, are strongly
correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.

lower limit on the DCBH number density and, hence, the
Type 2+3 occupation fraction.

3.4 The black hole-stellar mass relation

Constraints on the relation between BHs and galaxies at
high redshift are scant. In general, since the only confirmed
BHs at these redshifts are those powering powerful quasars,
the stellar mass of the host cannot be measured (not to
mention the stellar velocity dispersion or bulge mass) be-
cause the light from the quasar over-shines the host galaxy.
The best estimates of the host properties for these powerful
quasars are obtained through measures of the cold (molec-
ular) gas properties in sub-mm observations, where a dy-
namical mass, based on the velocity dispersion of the gas
and the radius of the emitting region can be measured (e.g.,
Venemans et al. 2016; Shao et al. 2017; Decarli et al. 2018,
and references therein). For these quasars, the BH to dy-
namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
discussed in Volonteri & Stark (2011) there are reasons to
believe that such high mass ratios should not characterize
the whole BH population. Beyond the Malmquist bias caus-
ing a more frequent selection of over-massive BHs in low-
mass hosts (Lauer et al. 2007; Salviander et al. 2007), only
under-massive and low-accretion BHs can explain the lack of
widespread AGN detections in LBGs. That BHs in low-mass
galaxies are indeed expected to grow slowly and lag behind
the host has now been confirmed in many numerical inves-
tigations (Dubois et al. 2015; Habouzit et al. 2017; Bower
et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass

galaxies and we obtain a black hole-stellar mass relation in
agreement with numerical investigations, a non-linear scal-
ing where black holes in low-mass galaxies are “stuck” at
their initial mass (Habouzit et al. 2017; Bower et al. 2017).
BHs in high-mass hosts, on the other hand, can be above
the z = 0 scaling, as shown in Fig. 6.

Quantitatively, we find that the BH mass-stellar
mass relation is strongly correlated for high stellar mass
(M⇤

>⇠ 199.5 M�) galaxies and is best expressed by the re-
lation Mbh = 1.25M⇤ � 4.8 at z ' 5; the relation flattens
below such masses. Including the impact of the UVB (ins4)
has no impact on this relation at the bright end. However,
the suppression of gas mass in low-mass halos naturally re-
sults in lower black hole masses by as much as two orders of
magnitude for a given stellar mass. As noted above in Sec.
3.3, the inclusion of a delay in galaxy merging timescales
results in a decrease in the mass of the most massive black
holes (by about 0.8 dex) as seen from the right-hand panel of
the same figure although it has no impact on the high-mass
slope. Further, the results from ins4 and tdf4 are quite sim-
ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
2016).
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correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.
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Figure 1. The cumulative redshift distribution of the number
density of light (stellar black hole; solid black line) and heavy
(DCBH) seeds in our model. For the latter we show the distribu-
tion of DCBH seeds using a value of ↵ = 30 (short-dashed blue
line) and ↵ = 300 (long-dashed light-blue line).

2.1 Seeding halos with black holes

We explore the two formation channels that yield the lightest
(Pop III) and the most massive (DCBH) black hole seeds.
At variance with previous models for gravitational waves
from BH seeds that included only one type of BH seeds (ex-
cept for the post-processed“mixed models” in Sesana et al.
2011) here we consider the possibility of more than one BH
formation mechanism operating in the (early) Universe, as
generally expected (e.g., Valiante et al. 2016). These BH
seeds are planted in the starting leaves of any halo as now
detailed:

(i) Heavy seeds: First postulated as massive (103�5M�)
black hole seeds to explain the presence of SMBHs at early
cosmic epochs (e.g. Loeb & Rasio 1994; Bromm & Loeb
2003), DCBH formation models have been continually re-
fined and developed over the past years (e.g Begelman et al.
2006, 2008; Regan & Haehnelt 2009; Shang et al. 2010;
Johnson et al. 2012; Latif et al. 2013; Agarwal et al. 2014;
Dijkstra et al. 2014; Ferrara et al. 2014; Habouzit et al.
2016). The current understanding from these works requires
the following conditions to be met for a DCBH host: (i)
the halo should have reached the atomic cooling threshold,
with a virial temperature Tvir

>⇠ 104K, for the gas to be
able to cool isothermally; (ii) the halo should be metal-free
to prevent gas fragmentation; and (iii) the halo should be
exposed to a high enough “critical” Lyman-Werner (LW)
background (Jcrit = ↵J21). Here ↵ > 1 is a free param-
eter and J21 is the LW background expressed in units of
10�21erg s�1 Hz�1 cm�2 sr�1 (see e.g. Sugimura et al. 2014).
Interested readers are refereed to Dayal et al. (2017b) for
complete details on how DCBHs are seeded in high-z halos.
In brief, we start by making the reasonable assumption that
the starting leaves of any halo are metal-free by virtue of
never having accreted metal-enriched gas. Further, we use
the stellar population synthesis code Starburst99 (Leitherer

et al. 1999) to calculate the LW (11.2 � 13.6 eV) luminos-
ity of each galaxy based on its entire star formation history.
This is used to calculate the mean LW emissivity at a given
redshift, ✏LW(z), by integrating over all galaxies present at
that z. Accounting for fluctuations in the background, most
likely around galaxies and, from the biased (i.e. clustered)
distribution of galaxies, we identify the probability of the
starting leaves being irradiated by LW intensity above a crit-
ical threshold value as detailed in Dayal et al. (2017b); for
the calculations in this work we explore values that range
over an order of magnitude such that ↵ = 30 and 300.

The mass distribution of the seeds is uncertain and de-
pends on the specific physical conditions at birth and on
whether the intermediate state of a supermassive star is fol-
lowed by a brief period of super-Eddington accretion onto
the newly born BH (i.e. a quasistar phase). For example, the
supermassive star mass depends on the strength of the LW
radiation that illuminates the birth site (Latif 2018; Agarwal
2018). On the other hand, the existence of a quasistar phase
and its outcome in term of BH seed mass depend on inter-
nal rotation and on mass loss in winds (Dotan et al. 2011;
Fiacconi & Rossi 2016, 2017). We are therefore left with
an uncertain SMBH seed mass that can be bracketed by
103 � 105M� in halos below 109M�. Given the halo masses
and LW radiation thresholds used in this paper (cf. Fig. 5 in
Latif 2018), we randomly populate halos in the top half of
the calculated probability range with a DCBH seed of mass
ranging between 103�4M� (“light DCBH seeds”): the num-
ber of halos populated with such DCBHs is calculated by
matching this DCBH mass function to the probabilistic one
(obtained by multiplying the mass function of DCBH hosts
with the hosting probability). In order to check the depen-
dence of our results on the DCBH seeds mass used, we also
show the LISA event rates expected for seed masses higher
by an order of magnitude, ranging between 104�5 M�. The
results of this “heavy DCBH seeds” model are shown in Sec.
4.3.

(ii) Light seeds: Stellar BH seeds of mass ⇠ 102M� can
be created by the collapse of PopIII stars in minihalos with
Mh ⇠ 105M�. Making the reasonable assumption that halos
collapsing from high ( >⇠ 3.5)-� fluctuations in the primor-
dial density field are most likely to host such seeds (e.g.
Volonteri et al. 2003; Barausse 2012) results in the host
halos being more massive than Mh

>⇠ 107.2M� at z >⇠ 13.
However, given our halo mass range of 108�13.5M�, starting
leaves have to be assigned these seeds by hand. In this work,
we start by populating the starting leaves of any halo, that
fulfil the DCBH criterion detailed above, with seed DCBHs.
The starting leaves of halos at z >⇠ 13 that fulfil the light seed
criterion, but do not contain a DCBH, are then populated
with stellar BH seeds mass Mbh = 150M�.

The initial seed distribution obtained with this formal-
ism is shown in Fig. 1. The cumulative number density
of stellar BH seeds has a value of about 10�3.8 Mpc�3 by
z ⇠ 4. This clearly dominates over the cumulative num-
ber density of DCBH seeds which have a value of about
10�5.8 (10�7.6)Mpc�3 by z ⇠ 4 for ↵ = 30 (300). Note that
the models for “light seeds” described above were inspired by
early calculations that suggested that only one, very mas-
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• Stellar BH seeds dominate DCBH seeds by about two-4 orders of magnitude.


• DCBH seeds can grow into QSOs at z~6 but *only if* they are seeded into the progenitors of the 
most massive halos by construction.
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Figure 6. The black hole mass-stellar mass relation for z ' 5 for two models that bracket the expected range: Instantaneous merg-
ers with/without UV feedback (ins1 using black points and ins4 using red points; left panel) and mergers after a merging timescale
with/without UV feedback (tdf1 using green points and tdf4 using blue points; right panel). In both panels we show two relations derived
using galaxies in the nearby Universe: Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipticals and bulges and Mbh = 1.05M⇤ � 4.1
for moderate luminosity AGN in low-mass halos (Volonteri & Reines 2016), as marked. In each panel we also show the best-fit relation
from our model for high stellar mass galaxies: LogMbh = 1.25M⇤ � 4.8. As seen, our theoretical model yields a non-linear scaling such
that black holes in low-mass galaxies are “stuck” at their initial mass; the BH masses of high-mass hosts, on the other hand, are strongly
correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.

lower limit on the DCBH number density and, hence, the
Type 2+3 occupation fraction.

3.4 The black hole-stellar mass relation

Constraints on the relation between BHs and galaxies at
high redshift are scant. In general, since the only confirmed
BHs at these redshifts are those powering powerful quasars,
the stellar mass of the host cannot be measured (not to
mention the stellar velocity dispersion or bulge mass) be-
cause the light from the quasar over-shines the host galaxy.
The best estimates of the host properties for these powerful
quasars are obtained through measures of the cold (molec-
ular) gas properties in sub-mm observations, where a dy-
namical mass, based on the velocity dispersion of the gas
and the radius of the emitting region can be measured (e.g.,
Venemans et al. 2016; Shao et al. 2017; Decarli et al. 2018,
and references therein). For these quasars, the BH to dy-
namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
discussed in Volonteri & Stark (2011) there are reasons to
believe that such high mass ratios should not characterize
the whole BH population. Beyond the Malmquist bias caus-
ing a more frequent selection of over-massive BHs in low-
mass hosts (Lauer et al. 2007; Salviander et al. 2007), only
under-massive and low-accretion BHs can explain the lack of
widespread AGN detections in LBGs. That BHs in low-mass
galaxies are indeed expected to grow slowly and lag behind
the host has now been confirmed in many numerical inves-
tigations (Dubois et al. 2015; Habouzit et al. 2017; Bower
et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass

galaxies and we obtain a black hole-stellar mass relation in
agreement with numerical investigations, a non-linear scal-
ing where black holes in low-mass galaxies are “stuck” at
their initial mass (Habouzit et al. 2017; Bower et al. 2017).
BHs in high-mass hosts, on the other hand, can be above
the z = 0 scaling, as shown in Fig. 6.

Quantitatively, we find that the BH mass-stellar
mass relation is strongly correlated for high stellar mass
(M⇤

>⇠ 199.5 M�) galaxies and is best expressed by the re-
lation Mbh = 1.25M⇤ � 4.8 at z ' 5; the relation flattens
below such masses. Including the impact of the UVB (ins4)
has no impact on this relation at the bright end. However,
the suppression of gas mass in low-mass halos naturally re-
sults in lower black hole masses by as much as two orders of
magnitude for a given stellar mass. As noted above in Sec.
3.3, the inclusion of a delay in galaxy merging timescales
results in a decrease in the mass of the most massive black
holes (by about 0.8 dex) as seen from the right-hand panel of
the same figure although it has no impact on the high-mass
slope. Further, the results from ins4 and tdf4 are quite sim-
ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
2016).
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ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
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using galaxies in the nearby Universe: Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipticals and bulges and Mbh = 1.05M⇤ � 4.1
for moderate luminosity AGN in low-mass halos (Volonteri & Reines 2016), as marked. In each panel we also show the best-fit relation
from our model for high stellar mass galaxies: LogMbh = 1.25M⇤ � 4.8. As seen, our theoretical model yields a non-linear scaling such
that black holes in low-mass galaxies are “stuck” at their initial mass; the BH masses of high-mass hosts, on the other hand, are strongly
correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.

lower limit on the DCBH number density and, hence, the
Type 2+3 occupation fraction.

3.4 The black hole-stellar mass relation

Constraints on the relation between BHs and galaxies at
high redshift are scant. In general, since the only confirmed
BHs at these redshifts are those powering powerful quasars,
the stellar mass of the host cannot be measured (not to
mention the stellar velocity dispersion or bulge mass) be-
cause the light from the quasar over-shines the host galaxy.
The best estimates of the host properties for these powerful
quasars are obtained through measures of the cold (molec-
ular) gas properties in sub-mm observations, where a dy-
namical mass, based on the velocity dispersion of the gas
and the radius of the emitting region can be measured (e.g.,
Venemans et al. 2016; Shao et al. 2017; Decarli et al. 2018,
and references therein). For these quasars, the BH to dy-
namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
discussed in Volonteri & Stark (2011) there are reasons to
believe that such high mass ratios should not characterize
the whole BH population. Beyond the Malmquist bias caus-
ing a more frequent selection of over-massive BHs in low-
mass hosts (Lauer et al. 2007; Salviander et al. 2007), only
under-massive and low-accretion BHs can explain the lack of
widespread AGN detections in LBGs. That BHs in low-mass
galaxies are indeed expected to grow slowly and lag behind
the host has now been confirmed in many numerical inves-
tigations (Dubois et al. 2015; Habouzit et al. 2017; Bower
et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass

galaxies and we obtain a black hole-stellar mass relation in
agreement with numerical investigations, a non-linear scal-
ing where black holes in low-mass galaxies are “stuck” at
their initial mass (Habouzit et al. 2017; Bower et al. 2017).
BHs in high-mass hosts, on the other hand, can be above
the z = 0 scaling, as shown in Fig. 6.

Quantitatively, we find that the BH mass-stellar
mass relation is strongly correlated for high stellar mass
(M⇤

>⇠ 199.5 M�) galaxies and is best expressed by the re-
lation Mbh = 1.25M⇤ � 4.8 at z ' 5; the relation flattens
below such masses. Including the impact of the UVB (ins4)
has no impact on this relation at the bright end. However,
the suppression of gas mass in low-mass halos naturally re-
sults in lower black hole masses by as much as two orders of
magnitude for a given stellar mass. As noted above in Sec.
3.3, the inclusion of a delay in galaxy merging timescales
results in a decrease in the mass of the most massive black
holes (by about 0.8 dex) as seen from the right-hand panel of
the same figure although it has no impact on the high-mass
slope. Further, the results from ins4 and tdf4 are quite sim-
ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
2016).
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Figure 9. The BH merger event rate (per year) expected as a function of redshift for two models that bracket the physical range probed:
left panel: ins1 and right panel: tdf4. In each panel, the dot-dashed purple line shows the results for all mergers (without any cut in signal
to noise ratio) while the solid black line shows the results for all mergers using a value of SNR> 7. The latter is deconstructed into the
contribution from (SNR> 7) type1 (green dashed line), type2 “light DCBH” seed (dark blue dashed line) and type3 “light DCBH” seed
(red dashed line) mergers. Further, the long-dashed light blue line and dot-dashed pink line show results for mergers with SNR> 7 using
a heavier DCBH seed mass of 104�5 M� for type 2 and type 3 mergers, respectively. These results are in general agreement with those
used for LISA calculations (e.g. Fig. 3 Klein et al. 2016).

We find that considering the “heavy DCBH seed” model
leads to a slight change in these numbers for the ins1 case:
while the cumulative contribution of type 1 mergers drops
slightly to 52%, this is compensated by an increase (to 47%)
in the cumulative number of detectable type 2 mergers while
the number of type 3 mergers remain unchanged. This heav-
ier seed model, however, has no impact on the results from
the tdf4 model

The total number of detections per model and merger
type for the LISA mission (over 4 years) are summarised in
Table 2. The model ins1 with “heavy DCBH seeds” yields
the highest total detection number of⇠ 23 events comprising
of ⇠ 13 type 1 and ⇠ 10 type 2 mergers. These numbers
reduce slightly to about 20 total events comprising of 13
type 1 and 7 type 2 mergers using the “light DCBH seed”
model. In contrast, only a dozen events (all of type 1) are
expected using model tdf4; as expected from the discussion
above, the DCBH seed mass has no bearing on these results.

We also calculate the event rate in terms of the red-
shifted merged mass, Mz = M(1 + z), such that

d2N
dMzdt

= 4⇡cNcom(Mz)

✓
dL(z)
(1 + z)

◆2

[yr�1]. (32)

The results of this calculation, presented in Fig. 10, clearly
show the LISA detectability preference for BH masses rang-
ing between 104 � 107 M� for type 1 and type 2 mergers for
both the ins1 and tdf4 models. Type 3 mergers, instead, are
detectable in the mass range 105�7 M� in the “light” DCBH
seed model while being undetectable in the tdf4 model. Mov-
ing on to the “heavy DCBH seed model”, while the mass
range remains unchanged for type 1 mergers, the range for
both type 2 and type 3 mergers decreases: while the former
range between 105�7 M� for both the ins1 and tdf4 models,
the type 3 range lies in the very narrow range of 105.5�6.5 M�

for the ins1 case; as expected, the number of mergers of each
type in each model are similar to the cumulative numbers
quoted above. Practically, however, it would be di�cult to
distinguish between these di↵erent seeding models purely
from the detected mass function given all types of merger
reside in the same mass range between 104�7 M�.

Finally, we provide a comparison of our expected event
rates with those available in the literature: starting with
heavy seeds, all previous studies used DCBH models based
on “dynamical” instabilities, of the type advocated by Begel-
man et al. (2006), Lodato & Natarajan (2006) and Volon-
teri & Begelman (2010). In this study we have focused on
the currently favored (at least by the first star community)
“thermodynamical” models, that require a high level of LW
background for the formation of seeds. As shown in this
paper and in Habouzit et al. (2016) this model results in
much rarer seeds. We find that Klein et al. (2016) predict
3.9 mergers/year at z > 4 in the Q3-d model based on
Lodato & Natarajan (2006); note that using the same seed-
ing model as Klein et al. (2016), Bonetti et al. (2018) obtain
results consistent with previous literature. Further, Sesana
et al. (2007) predict 2.2 mergers/year at z > 4 in the model
based on Begelman et al. (2006), while the LW-based model
explored in this paper yields 0.0025-0.035 mergers/year at
z > 4 as shown in Table 2. A comparison with Ricarte &
Natarajan (2018), who also use a model based on Lodato
& Natarajan (2006) and do not include a LW condition, is
more di�cult because they show only events with SNR> 5.
Using this SNR cut, we find that the peak in the rates for
heavy seeds is similarly broad and covers a similar redshift
range when comparing our results to theirs although they
predict a larger number of events: their peak rate is be-
tween 0.5 � 5 events/year while our peak rate goes from
⇠ 0.05� 0.25 events/year. To summarise, our lower merger
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Figure 9. The BH merger event rate (per year) expected as a function of redshift for two models that bracket the physical range probed:
left panel: ins1 and right panel: tdf4. In each panel, the dot-dashed purple line shows the results for all mergers (without any cut in signal
to noise ratio) while the solid black line shows the results for all mergers using a value of SNR> 7. The latter is deconstructed into the
contribution from (SNR> 7) type1 (green dashed line), type2 “light DCBH” seed (dark blue dashed line) and type3 “light DCBH” seed
(red dashed line) mergers. Further, the long-dashed light blue line and dot-dashed pink line show results for mergers with SNR> 7 using
a heavier DCBH seed mass of 104�5 M� for type 2 and type 3 mergers, respectively. These results are in general agreement with those
used for LISA calculations (e.g. Fig. 3 Klein et al. 2016).

We find that considering the “heavy DCBH seed” model
leads to a slight change in these numbers for the ins1 case:
while the cumulative contribution of type 1 mergers drops
slightly to 52%, this is compensated by an increase (to 47%)
in the cumulative number of detectable type 2 mergers while
the number of type 3 mergers remain unchanged. This heav-
ier seed model, however, has no impact on the results from
the tdf4 model

The total number of detections per model and merger
type for the LISA mission (over 4 years) are summarised in
Table 2. The model ins1 with “heavy DCBH seeds” yields
the highest total detection number of⇠ 23 events comprising
of ⇠ 13 type 1 and ⇠ 10 type 2 mergers. These numbers
reduce slightly to about 20 total events comprising of 13
type 1 and 7 type 2 mergers using the “light DCBH seed”
model. In contrast, only a dozen events (all of type 1) are
expected using model tdf4; as expected from the discussion
above, the DCBH seed mass has no bearing on these results.

We also calculate the event rate in terms of the red-
shifted merged mass, Mz = M(1 + z), such that

d2N
dMzdt

= 4⇡cNcom(Mz)

✓
dL(z)
(1 + z)

◆2

[yr�1]. (32)

The results of this calculation, presented in Fig. 10, clearly
show the LISA detectability preference for BH masses rang-
ing between 104 � 107 M� for type 1 and type 2 mergers for
both the ins1 and tdf4 models. Type 3 mergers, instead, are
detectable in the mass range 105�7 M� in the “light” DCBH
seed model while being undetectable in the tdf4 model. Mov-
ing on to the “heavy DCBH seed model”, while the mass
range remains unchanged for type 1 mergers, the range for
both type 2 and type 3 mergers decreases: while the former
range between 105�7 M� for both the ins1 and tdf4 models,
the type 3 range lies in the very narrow range of 105.5�6.5 M�

for the ins1 case; as expected, the number of mergers of each
type in each model are similar to the cumulative numbers
quoted above. Practically, however, it would be di�cult to
distinguish between these di↵erent seeding models purely
from the detected mass function given all types of merger
reside in the same mass range between 104�7 M�.

Finally, we provide a comparison of our expected event
rates with those available in the literature: starting with
heavy seeds, all previous studies used DCBH models based
on “dynamical” instabilities, of the type advocated by Begel-
man et al. (2006), Lodato & Natarajan (2006) and Volon-
teri & Begelman (2010). In this study we have focused on
the currently favored (at least by the first star community)
“thermodynamical” models, that require a high level of LW
background for the formation of seeds. As shown in this
paper and in Habouzit et al. (2016) this model results in
much rarer seeds. We find that Klein et al. (2016) predict
3.9 mergers/year at z > 4 in the Q3-d model based on
Lodato & Natarajan (2006); note that using the same seed-
ing model as Klein et al. (2016), Bonetti et al. (2018) obtain
results consistent with previous literature. Further, Sesana
et al. (2007) predict 2.2 mergers/year at z > 4 in the model
based on Begelman et al. (2006), while the LW-based model
explored in this paper yields 0.0025-0.035 mergers/year at
z > 4 as shown in Table 2. A comparison with Ricarte &
Natarajan (2018), who also use a model based on Lodato
& Natarajan (2006) and do not include a LW condition, is
more di�cult because they show only events with SNR> 5.
Using this SNR cut, we find that the peak in the rates for
heavy seeds is similarly broad and covers a similar redshift
range when comparing our results to theirs although they
predict a larger number of events: their peak rate is be-
tween 0.5 � 5 events/year while our peak rate goes from
⇠ 0.05� 0.25 events/year. To summarise, our lower merger
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Figure 10. The BH merger event rate (per year) as a function of the redshifted BH mass (Mz = Mbh(1 + z)). The lines show the same
models as noted in Fig 9.

rates for heavy seeds, compared to previous works, is what
should be expected for a model that predicts extremely rare
seeds. This is the e↵ect of adding the condition on the LW
background that previous models had not included.

For light (popIII) seeds Klein et al. (2016) predict 146.3
mergers/year at z > 4 (although they extrapolate to 2x this
rate in their Table 1 and related text) and Sesana et al.
(2007) predict 57.7 mergers/year at z > 4. Our model pre-
dicts between 62.0 and 75.1 mergers/year at z > 4 as shown
in Table 2. When comparing to Ricarte & Natarajan (2018),
again the peak in the rates for light seeds is similarly broad
and covers a similar range in redshift but the value of the
peak rates are lower in our case. In particular, our type 1
peak rate is 0.75 event/yr in the optimistic (ins1) and pes-
simistic (tdf4) models, while in Fig. 9 their peak rates lie
between ⇠ 5 � 20 events/year. While our merger rate for
light seeds is well within the expectations of the literature,
as we made similar assumptions, the results being on the
lower side are likely because of the resolution of our merger
trees: for instance, Ricarte & Natarajan (2018) have a mass
resolution of ⇠ 106 M�, while Klein et al. (2016) follows
Barausse (2012) who follows Volonteri et al. (2003) (whose
trees are used for Sesana et al. 2007) in having a resolution
dependent on the halo mass at z=0, reaching 105 M� for
halos with mass < 4.1012 M� at z=0 and up to 107 M� for
halos with mass 1015 M� at z=0.

5 CONCLUSIONS AND DISCUSSION

In this work, we have included the impact of BH seeding,
growth and feedback, into our semi-analytic model, Delphi.
Our model now jointly tracks the build-up of the dark matter
halo, gas, stellar and BH masses of high-z (z >⇠ 5) galaxies.
We remind the reader that our star formation e�ciency is
the minimum between the star formation rate that equals
the halo binding energy and a saturation e�ciency. In the
same flavour, the BH accretion at any time-step is the min-

imum between the BH accreting a certain fraction of the
gas mass left-over after star formation, up to a fraction of
the Eddington limit: while high-mass halos can accrete at
the Eddington limit, low-mass halos follow a lower e�ciency
track. We explore a number of physical scenarios using this
model that include: (i) two types of BH seeds (stellar and
those from Direct Collapse BH; DCBH); (ii) the impact of
reionization impact; and (iii) the impact of instantaneous
versus delayed galaxy mergers on the baryonic growth.

We show that, using a minimal set of mass and z-
independent free parameters, our model reproduces all avail-
able data-sets for high-z galaxies and BH including the
evolving (galaxy and AGN) UV LF, the SMD and the
BHMF. Crucially, our model naturally yields a BH mass-
stellar mass relation that is tightly coupled for high stellar
mass (M⇤

>⇠ 109.5 M�) halos; lower-mass halos, on the other
hand, show a stunted BH growth. Interestingly, while both
reionization feedback and delayed mergers have no impact
on the UV LF, the SMD is more a↵ected by reionization
feedback as compared to delayed mergers.

We then use this model, bench-marked against all avail-
able high-z data, to predict the merger event rate expected
for the LISA mission. We find that LISA-detectable bina-
ries (with SNR > 7) appear in the redshift range z ' 5� 13
and range in total mass between M ' 103.5�5 M�. While
type 1 mergers (of two stellar BHs) dominate in all the
scenarios studied, type 2 mergers (merger of a stellar BH
and a DCBH) can contribute as much as 32% to the cu-
mulative event rate by z ⇠ 4 in the fiducial (ins1) model.
However including the impact of reionization feedback and
delayed mergers (tdf4 model) results in a lower BH growth
with type 2 mergers contributing only 3% to the cumulative
event rates. Using heavier DCBH seeds results in a larger
number of type 2 mergers becoming detectable with LISA

whilst leaving the results e↵ectively unchanged for the tdf4

model.

Quantitatively, the model ins1 with “heavy DCBH
seeds” yields the highest total detection number of ⇠ 23
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Figure 8. The Signal to Noise Ratio (SNR) as a function of intrinsic total binary mass and z for 4 year mission duration. The columns
from left to right show results for all mergers, type 1 mergers (mergers of two stellar BHs) and type 2 mergers (mergers of a stellar BH
and a DCBH); there are no detections of type 3 black holes (mergers of two DCBHs). As marked, the upper and lower rows correspond
to results for models ins1 and tdf4 with “light” DCBH seeds, respectively. The LISA detectability window is such that binaries with
SNR > 7 have redshifts between z = 5� 13 and a total mass between M ' 103.5�5.6 M� with the exact value depending on the model
and merger type. The characteristic strain for the average binary is traced in Fig. 7.

Table 2. Total number of LISA detections expected for a SNR > 7 at z > 4 over a 4-year duration of the mission for the two models
the bracket the upper and lower limits of the physical parameter space: ins1 and tdf4 for both light and heavy DCBH seeds. We show
results for the three di↵erent types of BH mergers explained in Sec. 4.2: (i) type1 - stellar black hole mergers: mergers of two stellar
black hole seeds; (ii) type 2 - mixed mergers: mergers of a stellar black hole seed with a DCBH, and (iii) type 3 - DCBH-DCBH mergers:
extremely rare, these are mergers of two DCBH seeds. While columns 2-5 show results for all, type 1, 2 and 3 mergers, respectively, for
a SNR> 7, columns 6-9 show results for the same quantities without imposing any SNR cut.

Model All7 Type 17 Type 27 Type 37 All0 Type 10 Type 20 Type 30

ins1 19.8 13 6.8 0.05 300.3 288.3 11.8 0.15
tdf4 12.5 12.1 0.4 0 247.7 247.0 0.62 0.01

ins1 (heavy) 23.3 13 10.3 0.04 300.3 288.3 11.8 0.15
tdf4 (heavy) 12.5 12.1 0.4 0 247.7 247.0 0.62 0.01

type 1 mergers. Quantitatively, by z ' 4, roughly 66% of
detectable mergers are type 1 with about 32% being type 2
mergers with type 3 mergers only contributing 0.3% to the
total number. While the qualitative behaviour is quite sim-
ilar in the tdf4 case, given the slower BH mass growth, type

1 mergers significantly increase (contributing about 96% to
the cumulative event rate by z ' 4) while the contribution
of type 2 mergers falls to roughly 3%. Crucially, we do not
find any type 3 mergers above the detection limit in this
case.

c� 0000 RAS, MNRAS 000, 000–000

• SBH-SBH mergers dominate the detectable event rate followed by SBH-DCBH mergers.


• DCBH-DCBH mergers extremely rare.


• Changing seed mass of DCBH changes numbers slightly for detectable SBH-DCBH mergers.

 LISA detectability of high-z BH mergers over a 4-year duration using a SNR>7. 
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Assumptions on BH seeds masses, feedback and merger 
timescales crucially determine event rates

(stellar hardening, torques in circumnuclear discs and circumbinary discs; see
Sect. 2.3.1) in post-processing (Katz et al. 2020; Volonteri et al. 2020; Sayeb et al.
2021), although there are prospects for a full on-the-fly treatment (Rantala et al.
2017).

An important point is that for the moment the mass ratio of merging binaries is
based either on information obtained long before the MBH mergers (before including
the dynamical delays) or on specific choices applied in post-processing (Sayeb et al.
2021), which may or may not capture how each of the MBHs grows in mass during
the final phase of dynamical friction and during the hardening and circumbinary disc
phase. Moreover, the limited resolution limits the ability to self-consistently follow
the tidal stripping of the galaxy nucleus during the dynamical friction phase, and this
affects the orbital decay. A comparison of the predictions obtained by different state-
of-the-art simulations is reported in Fig. 24, with (bottom panel) and without (top
panel) the inclusion of a post-processed delay between the time when MBHs merge
in the simulation and the estimate of the coalescence time taking into account the
expected, but unresolved, physical processes.

Fig. 25 Comparison of merger rates from different semi-analytical models, assuming heavy seeds (top
panel) and light seeds (bottom panel). For all models, we employed the Science Requirement curve (Babak
et al. 2021) applying an SNR cut of 8. Different assumptions for models by Barausse et al. (2020b) are
shown, with or without SN feedback, and including or not delays. Dayal et al. (2019) include reionisation
feedback and delays, whereas Ricarte and Natarajan (2018b) do not include delays. The still large
uncertainties in the modelling result in significant variations, up to two orders of magnitude, with mergers
between light seeds typically dominating the event rate, but for the case when SN feedback is included, as
in Barausse et al. (2020b). Image credit: Marta Volonteri
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are not suited for studying MBHs in the LISA mass range. Large volume is a positive
aspect, improving statistics and capturing various environments in the large-scale
structure. Mass resolution, as noted above, is a key point. LISA’s MBHs have masses
in the range 103–107M!, with some MBH formation models predicting MBHs with
mass " 104M! in haloes with mass as low as 108M! (see Sect. 2.3.2). Therefore,
such low-mass haloes must be resolved in order to capture the full merger rate of
LISA’s MBHs. Most of the MBHs in well-resolved galaxies in low-resolution
simulations are simply too massive and therefore merge outside the LISA band, at
lower frequencies (they are better suited for PTA experiments, Kelley et al. 2017b).
This means that we have to be aware that the merger rates predicted by current
simulations—generally \1 per year—could be a lower limit.

Fig. 24 Comparison of merger rates from different cosmological hydrodynamical simulations, with
(bottom) and without (top) the addition of a delay in post-processing. No SNR LISA cut has been applied:
this is the merger rate of all MBHs independent of whether LISA can detect them or not, e.g. most MBHs
in low-resolution simulations are too massive to enter the LISA band. NewHorizon and Horizon-AGN
(Volonteri et al. 2020) include intrinsic delays from dynamical friction from gas, and additional below-
resolution delays (bottom panels), and model MBHs above 104 and 105 M!, respectively. Illustris (Katz
et al. 2020), with MBH" 105 M!, does not implement any intrinsic delay and adds (bottom panel)
physically motivated delays in post-processing. Romulus (Tremmel et al. 2018b), where MBH[ 106 M!,
includes intrinsic delays from dynamical friction from particles, and a fixed 0.1 Gyr below-resolution
delay. Eagle (Salcido et al. 2016) seeds MBHs with MBH " 105 M! and does not include any intrinsic
delay, adding in post-processing fixed delays of 0.1 Gyr for gas-rich galaxies and 5 Gyr for gas-poor
galaxies. Image credit: Marta Volonteri
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The need for a physical-results comparison project
Document 
describing 
catalogue 
properties

COSMOLOGY                                                        MODEL PROPERTIES   DARK MATTER  HALO GALAXY MASSIVE BLACK HOLES Additional 
Notes

Name of the model MBHCatalogs Personnel Official model PI(s) References Public Data [Raw/Derived/No] Type of model [N-
Body/Hydro/SAM/Empirical]

Cosmologic
al model

ΩΛ,0 Ω𝑚,0 Ω𝑏,0 𝜎8 𝑛𝑠 H0 Box size 
[comoving 

Mpc]

Redshift 
range 

covered by 
the model

DM 
resolution 

[Msun]

Gas 
resolution 

[Msun]

Spatial 
resolution 
[comoving 

kpc]

Stellar 
resolution 

[Msun]

Halo 
Identificatio

n

Galaxy 
identificatio

n

Halo mass 
range 
[Msun]

Virial mass 
halo range 

[Msun]

Halo M_crit,
200 [Msun]

Spatial 
position of 

the halo 
(yes/no)

Star 
formation 

rate 
(yes/no)

Galaxy 
velocity 

dispersion 
(yes/no)

Galaxy gas 
content 
(yes/no)

Galaxy 
bulge 

(yes/no)

Galaxy 
position 
(yes/no)

Galaxy 
radius 

(yes/no) 
Specify how 
the radius is 

computed

Galaxy stellar mass Black hole 
Mass 

(yes/no)

Black hole 
accretion 

rate (yes/no, 
specify the 

way is 
included e.g 

Bondi, 
Eddington 

etc)

Black hole 
respositioni
ng (yes/no)

Radiative 
efficiency 

(fix or 
variable, 

value)

Seeding 
procedure 

(brief 
description)

Seeding: 
Initial black 
hole mass 

[Msun]

Seeding: 
parameters 
(e.g. specify 
the halo or 

galaxy 
mass where 

seeding 
occurs).

Massive black hole binaries
Add your name 
in this column 

if you are 
filling the table 

Model team members Non-members with          
expertise/knowledge of models

< 1 Rhaf 
(yes/no)

 < 2 Rhalf 
(yes/no)

< 10 Rhalf 
(yes/no)

MBH delays 
(yes / no)

Delays on 
the fly or 

post-
processing

Dynamical 
friction for 
the MBHs 
(yes or no 

for DF from 
DM/stars/ga

s)

Hardening 
of the 

binary (yes 
or  no for 
gas/stars)

Merger 
trees of 
massive 

black holes 
(available?)

Notes Participants in the LISA MBHCatalogs project who are also 
team members for the given simulations/models.  These 
members will provide information and expertise on the 

models.

Participants in the LISA MBHCatalogs project who are not team 
members for the given simulations/models, but otherwise have 

interest or expertise in them.

People officially responsible for 
simulations/models, e.g. who can grant 

permissions for use/release of data.

Key citations describing the simulations/models, or 
results particularly relevant to the MBHCatalogs 

project.  Please provide clickable links.

Whether or not, and in what capacity, the simulation data/code/catalogs have been released 
publically, and how to find them.  "Raw" means the raw simulation data (e.g. snapshots), 

while "Derived" refers to catalogs constructed from the raw data.

L-Galaxies Daniele Spinoso Daniele Spinoso, David Izquierdo-Villalba, Silvia 
Bonoli

Dimitrios Irodotou, Rosa Valiante, Elisa Bortolas
Daniele Spinoso, David Izquierdo-
Villalba, Silvia Bonoli

Henriques+2015 ; Izquierdo-Villalba+2019 
; Izquierdo-Villaba+2020 ;  Izquierdo-
Villalba+2022  ;  Spinoso+2023

Basic code is public but not the part of massive black hole seeding, 
growth, spin and massive black hole binaries

SAM on N-Body merger trees Plank 2014 0.685 0.315 0.05 0.81 0.96 0.673 100 0 - 56 2.85e6 - 1 (Kpc/h) - yes (subfind;  
20 x DM res)

yes 5.7e7 - 3e14 5.7e7 - 3e14 5.7e7 - 3e14 yes yes yes yes yes yes yes  (derived 
from halo and 
gas spin)

yes yes yes yes yes [Eddington-
limited or 2-
phases growth 
(Izquierdo-
Villalba+2020)] 

yes variable "sub-grid" 
PopIIII 
formation + 
IMBHs from 
nuclear stellar 
clusters + 
direct-collapse 
BHs (DCBHs) + 
merger-induced 
direct-collapse 
BHs. IMBHs 
and DCBHs 
form according 
to spatially-
varying 
chemical 
enrichment and 
Lyman-Werner 
background 
(Spinoso+2023)

10 - 1.e5 halo and gas 
mass, local 
metallicity and 
local Lyman-
Werner flux

yes on the fly yes/yes/yes yes/yes yes

Barausse's SAM (I shoud 
find a fancy name)

Enrico Barausse Enrico Barausse Mesut Çalışkan, Alberto Mangiagli Enrico Barausse Barausse 2012; Sesana+2014; 
Klein+2016; Bonetti+2019; Barausse 2020

some older data available at https://people.sissa.it/~barausse/catalogs/ SAM on extended PS trees 1-Ω𝑚,0 0.308 0.02226/h^2 0.8149 0.9619 0.6781 NA 0-20 adaptive NA NA NA NA NA 1.e10-1.e15 1.e10-1.e15 NA no yes yes yes yes no yes (fits to 
masses, details 
in Barausse 
2012)

yes yes yes yes yes (computed 
from nuclear 
gas mass)

no variable light (popIII) vs 
heavy (Volonteri 
Lodato 
Natarajan 2009) 
seeds

100-1.e5 Msun halo mass, spin 
parameter

yes yes yes yes yes

NewHorizon Marta Volonteri Marta Volonteri Hoseung Choi, Julien Devriendt, 
Yohan Dubois, Sugata Kaviraj, 
Taysun Kimm, Katarina Kraljic, 
Sébastien Peirani, Christophe 
Pichon, Marta Volonteri, 
Sukyoung Yi

2021A&A...651A.109, 2020MNRAS.
498.2219

No Hydro 0.728 0.272 0.0455 0.81 0.967 0.704 ~15 cMpc 
(zoom)

0-20 1.2e6 NA 35pc (proper) 1,00E+04 yes yes 1e6-1e12 yes yes no yes no yes yes, effective 
radius

yes (Reff) yes (Reff) no yes yes (Bondi, 
Eddington-
limited)

no variable BH created if 
gas and stars 
exceed a 
density 
threshold, plus 
criterion on 
velocity 
dispersion, and 
there are no 
other BHs at < 
50 ckpc

1.0e4 gas density, 
exclusion radius

yes delays for 
d<140kpc in 
post-processing

yes (gas) postrprocessed yes Data 
proprietary. PIs 
have to be 
asked to be 
authors of 
papers

Astrid Check on post-processed delayes Nianyi Chen, 
Yueying Ni

Simeon Bird, Yueying Ni, Tiziana Di Matteo, 
Nianyi Chen, Rupert Croft, Yu Feng

Colin DeGraf, Melanie Habouzit (some kownledge) Tiziana Di Matteo arXiv: 2110.14154 arXiv: 2112.08555 Public snapshots/halo catalogs/BH details down to z=3; z<3 data can be 
available upon request and subject to the approval of the team

Hydro Planck 2020 0.6911 0.3089 0.486 0.816 0.9667 0.6774 250 cMpc/h 1.3-99 6.7e6 h^-1 
Msun

1.27e6 h^-1 
Msun

1.5 ckpc/h 3e5 h^-1 Msun yes, FOF yes on selected 
snapshots, 
SubFind

1e8-1e15 yes yes yes yes yes (kinematic) yes yes (half mass 
radius)

yes yes can do if 
needed

yes Yes (Bondi, 
Edd-limited)

no fixed (0.1) Seed mass 
drawn in the 
range [3e4 
Msun/h, 3e5 
Msun/h] with 
probabilities 
inevrsely 
proportional to 
the seed mass 
(lighter seeds 
more probable). 
Seed BHs only 
in halos with 
Mh>5e9 
Msun/h, 
Mstellar > 2e6 
Msun/h, and 
without a BH

3e4-3e5 Msun/h Mh>5e9 
Msun/h, 
Mstellar > 2e6 
Msun/h

Yes post-processing 
for r < 3ckpc

Yes, 
dm/gas/star

post-process can do if 
needed

Romulus Needs post-processing delays Pedro Capelo, 
Mesut Caliskan

Pedro Capelo (some knowledge) Michael Tremmel Romulus25: arXiv:1607.02151 Hydro Planck 2013 0.6914 0.3086 0.0483 0.8288 0.9611 0.6777 25 cMpc 3.39e5 MSun 2.12e5 MSun 0.35 proper kpc 
(Plummer 
equiv. 0.25 kpc) 
for z < 8; 3.15 
ckpc for z > 8

KETJU simulations Can rates be calculated? Sequences 
of mergers rather than normal zoom

Dimitrios Irodotou Peter Johansson; Matias Mannerkoski, Shihong 
Liao, Dimitrios Irodotou, Alexander Rawlings, Atte 
Keitaanranta, Francesco Paolo RIzzuto, Jessica 
May Hislop

Dimitrios Irodotou, Peter 
Johansson, Shihong Liao

Mannerkoski+2022 No Hydro+N-Body (hybrid approach) Planck 2018 0.685 0.315 0.0491 0.81 0.965 0.674 ~15 cMpc 
(zoom)

~0.2-50 1.6e6 3e5 40 physical pc/h 
until z~0.8 and 
20 physical pc/h 
thenceforth 
(non-softened 
BH-BH 
interactions 
after z~0.8)

~3e5 yes no ~1e10-2e13 ~1e10-2e13 yes yes yes yes yes yes yes (distance 
from CoM)

yes yes yes yes yes (Bondi, 
Eddington-
limited)

yes until z~0.8 fixed, 0.1 Densest gas 
particle 
converted into a 
BH particle 

1e5 Msun/h DM haloes with 
mass 1e10 
Msun/h that do 
not already 
have a BH

yes yes yes, 
dynamically 
resolved

yes, 
dynamically 
resolved

yes

Illustris TNG 100 Need to include delays bc of 
repositioning. Check on disappearing 

BHs?

Colin DeGraf (some 
data), Rémi 
Delpech, habouzit

Colin DeGraf, Melanie Habouzit, Rémi Delpech Volker Springel; Rüdiger Pakmor; 
Annalisa Pillepich; (tbc)

Springel+ 2018; Pillepich+ 2018; Naiman+ 
2018; Nelson+ 2018; Marinacci+ 2019 
(tbc)

yes Hydro Plank 2015 0.6911 0.3089 0.0486 0.8159 0.9667 0.6774 110.7 0-20 (z_ci=176) 5.06e6/h (mel: 
7.5e6)

9.44e5/h (mel:
1.4e6)

0.5kpc/h 9.44e5/h yes yes (with some 
flaws, but some 
tags added to 
identify 
abiguous 
objects)

yes yes yes yes Yes No (But 
available with 
gas cells 
computations) 

Yes yes Yes Yes No yes yes (Bondi, 
Eddington-
limited); note 
additional 
pressure 
criterion applied 
(see ArXiv:
1305.2913)

yes Fixed at 0.2, but 
note variable 
coupling 
efficiency

BHs formed in 
center of halos 
with Mh>7.
38e10 Msun

1.18e6 Msun 7.38e10 Msun No Yes, but some 
data (mergers) 
are missing

Illustris TNG 50 Need to include delays bc of 
repositioning

Colin DeGraf (some 
data), Rémi 
Delpech, habouzit, 
Kunyang Li 

Colin DeGraf, Melanie Habouzit, Rémi Delpech, 
Kunyang Li

Dylan Nelson, Annalisa Pillepich Springel+ 2018; Pillepich+ 2018; Naiman+ 
2018; Nelson+ 2018; Marinacci+ 2020 
(tbc)

yes Hydro Plank 2015 0.6911 0.3089 0.0486 0.8159 0.9667 0.6774 51.7 0-20 (z_ci=176) 3.07e5/h (mel: 
5.4e5)

~7e5/h  (mel: 
8.5e4)

0.2kpc/h yes yes (with some 
flaws, but some 
tags added to 
identify 
abiguous 
objects)

yes yes yes yes Yes No (But 
available with 
gas cells 
computations)

Yes yes Yes Yes No yes yes (Bondi, 
Eddington-
limited); note 
additional 
pressure 
criterion applied 
(see ArXiv:
1305.2913)

yes Fixed at 0.2, but 
note variable 
coupling 
efficiency

BHs formed in 
center of halos 
with Mh>7.
38e10 Msun

1.18e6 Msun 7.38e10 Msun Yes (Li+ 2022: 
arXiv:
2201.11088)

Post-processing No Yes (Li+ 2022: 
arXiv:
2201.11088)

Yes, but some 
merger data 
may be missing

CAT(Cosmic Archaeology 
Tool)

Evolution of GQD to include a larger 
range of halo masse. Dynamics

Rosa Valiante Alessandro Trinca, Raffaella Schneider, Rosa 
Valiante, Luca Graziani

M. Volonteri, D. Spinoso, S. Bonoli, M. Colpi Alessandro Trinca Trinca et al. 2022a,b arXiv:0908.2764
arXiv:1005.2287

no SAM on extended PS trees Planck 2020 0.685 0.315 0.05 0.811 0.965 0.674 - 4-30 1,00E+06 1e6 - 1e14 1e6 - 1e14 1e09 - 1e14 no yes no yes no no no no no no yes yes (Bondi, 
Eddington-
limited, boost, 
super-Edd)

no variable light+heavy light: 40-140 
Msun, 260-300 
Msun; medium: 
10^3 Msun; 
heavy: 10^5 
Msun

ISM 
metallicity/dtg, 
external source 
J21 level, gas 
mass

not yet no no yes

SIMBA Need to include delays bc of 
repositioning. Better BH masses but 

worse galaxy masses

habouzit Melanie Habouzit Romeel Davé yes Hydro 0.7 0.3 0.048 0.82 0.97 0.68 147.1 0-100 9.6e7 1.82e7 0.74 pkpc yes yes yes yes yes yes yes Bondi for hot 
gas (T>1e5 K) 
and torque-
limited model 
for cold gas 
(<1e5 K)

fixed (0.1) Galaxies 
identified with 
FoF, BHs form 
in galaxies with 
Mstar >=1e9.5 
Msun.

1.4e4 Mstar>=1e9.5 
Msun

Illustris (2014) Need to include delays. BH masses 
borderline

Colin DeGraf Colin DeGraf, Melanie Habouzit Volker Springel, Lars Hernquist yes Hydro WMAP9 0.7274 0.2726 0.0456 0.809 0.963 0.704 75 cMpc 0-47 6.26e6 Msun Typically ~1.
3e6

1.4 kpc for DM Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes Yes (Bondi, 
Edd-limited)

Fixed (0.2) 1.42e5 Msun 7.1e10 Msun No Yes, but some 
merger data is 
missing from 
z=0.14-0.38

Horizon-AGN BH masses borderline, delays in 
postprocessing calculated

Marta Volonteri Marta Volonteri, Melanie Habouzit Yohan Dubois, Christophe 
Pichon, Julien Devriendt

arXiv:1402.1165, 2020MNRAS.498.2219 No (data release in progress) Hydro 0.728 0.272 0.0455 0.81 0.967 0.704 140 cMpc 0-10 8,00E+07 NA 1 kpc (proper) 2,00E+06 yes yes 1e10-1e15 yes yes yes yes yes (kinematic) yes yes (virial 
radius)

yes (Reff) yes yes (Bondi, 
Edd-limited)

no fixed BH created if 
gas and stars 
exceed a 
density 
threshold, plus 
criterion on 
velocity 
dispersion, and 
there are no 
other BHs at < 
50 ckpc

1,00E+05 gas density and 
velocity 
dispersion, 
exclusion radius

yes delays for 
d<4kpc in post-
processing

yes (gas) postrprocessed yes Data 
proprietary. PIs 
have to be 
asked to be 
authors of 
papers

EAGLE Need to include delays. BH masses 
borderline

habouzit Melanie Habouzit Joop Schaye arXiv:1501.0131 yes Hydro 0.693 0.307 0.0483 0.8288 0.9611 0.6777 100 0-100 9.7e6 1.81e6 0.7 pkpc yes yes yes yes yes yes yes modified Bondi 
taking into 
account angular 
momentum 
(Rosas-
Guevera+15+16
)

fixed (0.1) in all halos with 
Mh>1.48e10 
Msun

1.48e5 in all halos with 
Mh>1.48e10 
Msun

MassiveBlackII Check this vs Astrid and BlueTides? 
Choose one?

Colin DeGraf Colin DeGraf arXiv: 1402.0888 Hydro WMAP7 0.725 0.275 0.046 0.816 0.968 0.701 ~142 cMpc 0-159 1.57e7 Msun 3.1e6 Msun 2.6 kpc Yes Yes (Bondi; 
limited to 
2xEddington)

Fixed (0.1) 7.1e5 Msun 7.1e10 Msun No

BlueTides Check BlueTides vs MassiveBlackII 
and Astrid? Choose one?

Yueying Ni Yueying Ni, Tiziana DiMatteo, Rupert Croft, Yu 
Feng

Melanie Habouzit (some knowledge), Nianyi Chen Tiziana Di Matteo arxiv 1504.06619 Yes (https://bluetides.psc.edu/) Hydro WMAP 9 0.7186 0.2814 0.0464 0.820 0.971 0.697 400 cMpc/h 99 - 6.5 1.2e7 h^-1 
Msun

2.36e6 h^-1 
Msun

1.5 ckpc/h 5e5 h^-1 Msun yes, FOF yes on selected 
snapshots, 
SubFind

5e8 - 1e13 yes yes yes yes yes yes yes - - - yes Yes (Bondi; 
limited to 
2xEddington)

yes fixed (0.1) halo based 
seeding

5e5 Msun/h 5e10 Msun/h - - - - -

SHARK No dynamics, requires delays Bastián Reinoso arXiv: 1807.11180 Public repository: https://github.com/ICRAR/shark SAM based on N-body merger trees Planck 2016 210 0-24 2.21x10^8 4.5 10^9 - 10^15 10^9 - 10^15 10^9-10^15 yes yes yes yes no fixed (0.1) heavy seeds for 
massive 
enough halos

10^4 MSun/h M_halo>10^10 
MSun/h

no -- no no no but can be 
reconstructed 
from galaxy 
merger trees

Astraeus Also stops at z=4.5. Needs to add 
delays (BHs merge as soon as halo 

merge)

Pratika Dayal Maxime Trebitsch Pratika Dayal Trebitsch et al., 2023, MNRAS, 518, 3576 code on bitbucket Semi-numerical Planck 2018 0.6928 0.3071 0.0482 0.8228 0.96 0.6777 238 0-100 9.25x10^6 - 2.98 - Rockstar - 10^8.2-13 10^8.2-13 10^8.2-13 yes yes no yes no yes yes (virial) yes no no yes yes (depends 
on gas 
content+poten
tial)

no fixed light (popIII) + 
heavy (dcbh) 
based on 
LW+metallicity 
criterion

150 for PopIII; 
diff values 
between 10^3-
5 explored for 
DCBH

ISM 
metallicity, LW 
background 
value, gas 
mass, stellar 
mass formed

yes on-fly yes no yes MV: In 
published 
papers there 
are no delays 
nor dynamical 
friction

DELPHI Better to use for merger rates or for a 
comparison with Renaissance and 
GQD? Being extended down to z=0 

with a larger halo mass range.

Pratika Dayal Marta Volonteri, Elena Rossi Maxime Trebitsch Pratika Dayal Dayal et al. 2019, MNRAS, 486, 2336; 
Piana et al. 2021, MNRAS, 500, 2146

no SAM on analytic merger trees Planck 2015 0.6911 0.3089 0.049 0.81 0.96 0.67 - 4.5-40 10^8 - - - sam sam 10^8-13.5 10^8-13.5 10^8-13.5 no yes no yes no no yes (virial) yes no no yes yes (depends 
on gas 
content+poten
tial)

no fixed light (popIII) + 
heavy (dcbh) 
based on 
LW+metallicity 
criterion

150 for PopIII; 
diff values 
between 10^3-
5 explored for 
DCBH

ISM 
metallicity, LW 
background 
value, gas 
mass, stellar 
mass formed

yes on-fly yes no yes

FLARES Only z>4, no dynamics, requires 
delays

Dimitrios Irodotou Dimitrios Irodotou Dimitrios Irodotou, Chris Lovell, 
Aswin Vijayan, Will Roper, Steven 
Wilkins, Peter Thomas

Lovell et al. 2020 2004.07283 no Hydro Planck 2013 0.693 0.307 0.0482519 0.6777 Suite of 40 
zoom 
simulations of 
14/h cMpc 
each. Parent 
box 3200 cMpc 

4-15 9.7e6 1.8e6 2.66 yes yes 5e10-5e13 5e10-5e13 5e10-5e13 yes yes yes yes yes yes yes (from stellar 
particles and 
photometrically)

yes yes yes yes yes (same as 
EAGLE)

yes 0.1 Densest gas 
particle 
converted into a 
BH particle 

1e5/h In 1e10/h Msun 
haloes

n/a n/a n/a n/a yes

Obelisk only z>3.5, no rates, but MBH 
properties, mode effective dyn fric 

compared to NewHorizon

Chi An Dong-Páez Marta Volonteri; Chi An Dong-Páez Maxime Trebitsch Trebitsch+2020 No Hydro (RT) 0.728 0.272 0.0455 0.81 0.967 0.704 ~5 cMpc (zoom) 
embedded in 
100 Mpc box

3.5-45 1.2e6 35 pc 1.0e4 yes yes yes yes yes yes yes yes yes (measured 
from stellar 
particles)

yes yes yes (Bondi, 
Eddington-
limited)

no variable BH created if 
gas and stars 
exceed a 
density

3.0e4 BH created if 
gas and stars 
exceed a 
density 
threshold, gas 
is Jeans 
unstable and 
there are no 
other BHs at < 
50 ckpc

yes delays for 
d<140kpc in 
post-processing

yes (gas, stars, 
DM)

postprocessed yes

Uchuu No black holes, borderline for LISA BH 
masses. Requires a large amount of 

work

Chi An Dong-Páez Chi An Dong-Páez Tomoaki Ishiyama, Francisco 
Prada, Anatoly Klypin

arXiv:2007.14720 yes N-Body Planck 2020 0.6911 0.3089 0.0486 0.8159 0.9667 0.6774 2000 cMpc 0-14 3.27e8 h^-1 
Msun

- 4.27 h^-1 kpc - yes (rockstar 
catalogues)

- 1e9-5e15 1e9-5e15 1e9-4e15 yes - - - - - - - - - no no no n/a none none none n/a n/a n/a n/a n/a No BHs in the 
simulation (but 
see arxiv:
2207.14689)

A-SLOTH Little black hole physics, small volume Muhammad Latif, 
Tilman Hatwig

Tilman Hartwig, Shafqat Riaz, Muhammad Latif Tilman Hartwig, Shafqat Riaz, Muhammad Latif Tilman Hartwig, Shafqat Riaz, 
Muhammad Latif

Hartwig et al. 2016a, MNRAS, 462,2184
Hartwig et al. 2018, 479,L23
Hartwig et al. 2016b, 460, L74
Hartwig et al. 2022, ApJ, 936, 45

Public code repository: https://gitlab.com/thartwig/asloth
https://iopscience.iop.org/article/10.3847/1538-4357/ac7150/pdf

SAM based on N-body merger trees or EPS Planck 2018 cosmic box: 
(8cMpc)^3, 
based on 
Ishiyama+16
MW-like: (2-
6cMpc)^3, 
based on 
Griffen+16
EPS: arbitrary

0-32 ~1e4 <1Msun N/A individual stars 
are resolved

8Mpc box: https://ui.adsabs.harvard.edu/abs/2016ApJ...826....
9I/abstract
MW-like: https://ui.adsabs.harvard.edu/abs/2016ApJ...818...
10G/abstract

yes no yes no yes no no no no yes (in earlier 
models, 
however not in 
public version)

no no no PopIII remnants 
and/or DCBH

light: 
Heger&Woosley
02
DCBH: 1e4-
1e6Msun

metal-free, 
J_LW

yes (in earlier 
model, not in 
public version)

post-processing no no not in public 
version

source code is 
public

GQD (Galaxy and 
Quasars with Dust)

Only 1e13 Msun halos at z>>0. No 
dynamics

Rosa Valiante Rosa Valiante, Alessandro Trinca, Raffaella 
Schneider, Luca Graziani

M. Volonteri, D. Spinoso, S. Bonoli, M. Colpi Rosa Valiante Valiante et al. 2016, 2018a,b, 2021; 
Sassano et al. 2021

no SAM on extended PS trees WMAP (Planck 
from Ade+ 
2014)

0.76 (0.686) 0.24(0.314) 0.04(0.05) 0.74(0.834) 0.95(0.96) 0.73(0.673) - [6.4-24], [2-24], 
[0.2-24]

1,00E+06 1e6 - 1e13 1e6 - 1e13 1,00E+13 no yes no yes no no no no no no yes yes (Bondi, 
Eddington-
limited)

no fixed light + heavy / 
light+medium+h
eavy

light: 40-140 
Msun, 260-300 
Msun; medium: 
10^3 Msun; 
heavy: 10^5 
Msun

ISM 
metallicity/dtg, 
external source 
J21 level, gas 
mass

yes (driven by 
Triple BHs 
interactions)

on the fly no no yes We cane use 
both WMAP (in 
Valiante et al 
2016, 2021 
code versions) 
and Planck (in 
Pezzulli et al. 
2016 and 
Sassano et al. 
2021 code 
versions) 
cosmological 
parameters. 
Thus, I added 
both here, with 
Planck values 
given in ()

Renaissance No black holes, no rates. Interesting to 
check light seeds: compare 

Renaissance vs GQD for a seed-
focused section?

Marta will contact John Regan

@Shea et al. 2015, Wise et al. 2019, 
Regan et al. 2020, arXiv:1604.03586, 
arXiv:1901.07563O

Yes (data and rockstar catalogues available) Hydro WMAP 7 0.734 0.266 0.0449 0.81 0.963 0.71 ~6 cMpc (zoom 
in). Parent Box 
~ 40 cMpc

8 - 25 30000 NA 1 pc (proper) 10 Msun 
(Stochastic 
model for PopIII 
star formation)

yes (rockstar 
catalogues)

yes 1e6 - 2e9 1e6-2e9 1e6-2e9 yes yes yes yes yes yes yes (from stellar 
particles)

yes yes yes no no no n/a none none none n/a n/a n/a n/a n/a Renaissance 
has no black 
holes. It has 
'self-consistent' 
PopIII and PopII 
star formation. 
From halo 
propoerties (e.
g. no star 
formation for 
example) 
mechanisms for 
MBH formation 
can be derived. 

TRINITY not ready for merger rates? arXiv:2105.10474

Illustris TNG 300 Use smaller volumes instead Colin DeGraf (some 
data), Rémi 
Delpech, habouzit

Colin DeGraf, Melanie Habouzit, Rémi Delpech Volker Springel; Rüdiger Pakmor; 
Annalisa Pillepich; (tbc)

Springel+ 2018; Pillepich+ 2018; Naiman+ 
2018; Nelson+ 2018; Marinacci+ 2018 
(tbc), arXiv: 1703.02970
arXiv: 1710.04659

yes Hydro Plank 2015 0.6911 0.3089 0.0486 0.8159 0.9667 0.6774 302.6 0-20 (z_ci=176) 3.98e7/h (mel:
5.9e7)

7.44e6/h (mel: 
1.1e7)

1.0kpc/h 7.44e6/h yes yes (with some 
flaws, but some 
tags added to 
identify 
abiguous 
objects)

yes yes yes yes Yes No (But 
available with 
gas cells 
computations)

Yes yes Yes Yes No yes yes (Bondi, 
Eddington-
limited); note 
additional 
pressure 
criterion applied 
(see ArXiv:
1305.2913)

yes Fixed at 0.2, but 
note variable 
coupling 
efficiency

BHs formed in 
center of halos 
with Mh>7.
38e10 Msun

1.18e6 Msun 7.38e10 Msun No Yes, but some 
merger data 
may be missing

Ricarte/Natarajan Silvia will contact

Sesana/Chen/Middleton/e
tc models

Preditions of massive black hole 
binaries based on galaxy mass 
function estimates and paring 

fractions. Used to predict merger rates 
for pulsar timing array observations. 
There are also two parameterised 

models of the population (Chen+2019, 
Middleton+2016). We have used 

pulsar timing array observations to 
place constraints where possible on 

the model parameters

Hannah Middleton Alberto Sesana
Hannah Middleton

Alberto Sesana
Siyuan Chen
Hannah Middleton

arxiv:1211.5375 Unsure about the model in 1211.5375
The parameterised models don't really have a data release in the same 
way as a simulation. The results are the posterior distribution on the 
model parameters based on pulsar timing array obseravations - these are 
available

Empirical Sesana 2010: 
z<1.3

Chen+2019: 
z<1.5 

Middleton+2016
: z<5 (assumed)

chirp mass 
distributions(?) 

Chen+2019: 
yes

Middleton+2016
: no

Chen+2019: 
yes

Middleton+2016
: no

n/a I think many of 
the columns 
might not apply 
to this work

• As of now, 35 models under study


• Key properties for comparison include: cosmological model, galaxy properties (masses, sizes, 
star formation rates) and BH properties (seeding prescriptions, accretion models, merger 
timescales implemented, feedback..) 
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Outstanding issues 1: BH seeding mechanisms

Volonteri 2007; Shields and Bonning 2008; Holley-Bockelmann et al. 2008; Blecha
and Loeb 2008; Blecha et al. 2011; Dunn et al. 2020; Sayeb et al. 2021). In the LISA
context, the occurrence of kicks might have important consequences for the MBHB
event rate, although the assessment of their impact depends very sensitively on the
assumed spin directions that can be strongly affected by the interaction with the
surrounding environment (Schnittman 2007; Bogdanović et al. 2007; Kesden et al.
2010a, b; Berti et al. 2012; Miller and Krolik 2013; Gerosa et al. 2015b, 2020; Dotti
et al. 2010). Furthermore, recoiling MBHs would produce a post-merger EM
signature that can aid in the identification of the merged MBH (Milosavljević and
Phinney 2005; Schnittman and Buonanno 2007; Schnittman and Krolik 2008; Lippai
et al. 2008; Corrales et al. 2010; Rossi et al. 2010).

Potential EM signatures of GW recoils are reviewed by Komossa (2012). If the
recoiling MBHs carry the bound gas as they recoil, they would shine as off-nuclear
AGN (Blecha and Loeb 2008; Volonteri and Madau 2008). The most characteristic
signature is a set of broad emission lines, which led to the identification of several
observational candidates (Komossa et al. 2008; Civano et al. 2012; Tsalmantza et al.
2011; Koss et al. 2014; Chiaberge et al. 2017; Kim et al. 2017; Kalfountzou et al.
2017) and the development of various detection strategies (Lena et al. 2014; Raffai
et al. 2016; Blecha et al. 2016). Identification of such candidates is a particularly

Fig. 22 Pathways towards the formation of MBHs are numerous, and include the collapse of first-
generation stars (Pop III BHs, MBH.103M!), the collapse and/or coalescence of massive stars formed in
compact stellar clusters (nuclear clusters, 102M!.MBH.104M!), the collapse of SMS formed in
primordial environment (direct collapse, MBHJ103M!), and the collapse of cosmological density
perturbations (primordial BHs, 1M!.MBH.1010M!). The shaded orange region shows the redshift and
MBH mass ranges of LISA, and the orange starburst symbols the LISA detections. LISAwill significantly
extend the current MBH EM detections, shown below the curved solid black line (from the local Universe
at z" 0 to the high-redshift quasars at z > 6). Image credit: Melanie Habouzit
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Outstanding issues 2: sources of the stochastic background
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Figure 5: SGWB energy density h2⌦GW for di↵erent cosmological sources compared to the sensitivity of di↵erent
GW detectors. As cosmological signals we have the vacuum GW contribution coming from inflation (grey dashed
line) with r = 0.044 and nT = �r/8, the signal expected in axion inflation models (cyan), the signal generated
by cosmic string networks with Gµ = 10�10 (brown), the signal generated by a FOPT with vw = 0.9, ↵ = 0.1,
�/H⇤ = 50, g⇤ = 100, T⇤ = 200GeV (pink) and the signal generated at second-order by the formation mechanism of
PBHs with fPBH = 1, � = 0.5, k⇤ = kLISA (orange). For GW detectors we report the sensitivity of Planck (darker
green), LITEBird (green), EPTA (blue), SKA (darker blue), LISA (red), DECIGO (purple), LIGO Design (black)
and ET (darker black).

with extra (gauge) fields (Sec. 8.2) [390–396] to models with features in the scalar power spectrum (Sec. 8.3) [397–
399], models where spacetime symmetries are broken during inflation (Sec. 8.4) [400–402, 402–404, 404–407], or
scenarios where non-attractor phases characterise the universe evolution [408–410]. GWs sourced by second-order
scalar fluctuations (Sec. 10.3) can further be associated with PBH formation (Sec. 10). These models are characterised
by an amplitude which, still respecting the CMB bounds, have a large amplitude and a peculiar frequency shape
which may enable detection by LISA. A dedicated analysis for the potential of the LISA space-based interferometer
to detect the SGWB produced from di↵erent inflationary models has been performed in Ref. [411]. This analysis has
shown how LISA will be able to probe inflationary scenarios, in a complementary way to CMB experiments. Besides
these, there are some post-inflationary mechanisms which can also generate GWs with a large amplitude at LISA
scales: for instance several setups beyond the standard model of particle physics (BSM) exhibit a first-order phase
transition (FOPT) around the TeV energy scale that peaks in the LISA frequency window (see Sec. 6). A dedicated
analysis for the detection of a cosmological SGWB from FOPTs have been done in Refs. [412, 413]. Also cosmic
defects can generate a cosmological SGWB which crosses the frequency window of the LISA detector. More precisely
the GW signal from cosmic defects can be detected if the energy of the phase transition that created the defects is at
the right scale (see Sec. 7). A recent analysis to probe the ability of LISA to measure this background, considering
leading models of the string networks has been done in Ref. [414]. In the most optimistic case, LISA might be able
to probe cosmic strings with tensions Gµ & O(10�17). It has been recently pointed out [415] that, depending on
di↵erent assumptions on the astrophysical background and the galactic foreground, LISA will be able to probe cosmic
strings with tensions Gµ & O(10�16 � 10�15).

The detection of any of these SGWBs from the early universe, would allow us to test high energy scales beyond
the reach of particle colliders, like the Large Hadron Collider (LHC).

In Fig. 5 we collect GW cosmological signals expected to peak in the LISA frequency band and we compare them
with the sensitivity of present and future GW detectors.
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GWs: interface of cosmology, astrophysics and BH physics

Galaxy formation

• Galaxy populations and their 
time evolution

• Impact of galaxy formation on 
BH growth

• BH feedback impact on 
galaxy formation..

GWs

BH physics

• BH seeding

• BH growth

• BH binary formation, 
hardening and merger 
timescales..


Instrumental effects

• S/N limits

• Instrumental noise

• Deconvolving backgrounds..

Cosmology

• Cosmological model

• Large-scale structure

• Reionization..
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Global properties of galaxy populations 

link between halos and their baryons, 

constraints on efficiency of star 
formation and feedback

Spitzer

Towards a holistic picture of BHs in the first billion years

Individual galaxy properties

constraints on assembly 
histories, dust formation 

mechanisms, gas masses

ALMA

JWST

LISA

21cm cosmology

constraints on source 

population and its redshift 
evolution, constraints on 
topology and history of 

reionization

Gravitational wave astronomy

constraints on black hole masses, 
abundances; constraints on black 
hole seeding and growth channels

EUCLID


