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Some open questions

• How many black holes exist and merge in the first billion years?


• 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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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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The multi-scale processes determining the formation of a BH binary 

“Astrophysics with LISA” white paper, 2023, LRR, 26, 2

arXiv:2203.06016

The formation, growth and mergers of black holes is intricately tied to the properties of 
their host galaxies
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Numerous pathways for black hole seed formation and growth

“Astrophysics with LISA” white paper, 2023, LRR, 26, 2

arXiv:2203.06016

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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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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Datasets allowing baselined models into unprecedented epochs
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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

c� 0000 RAS, MNRAS 000, 000–000

Galaxies, BHs & GWs 7

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

c� 0000 RAS, MNRAS 000, 000–000

Galaxies, BHs & GWs 7

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

c� 0000 RAS, MNRAS 000, 000–000

8 Dayal et al.

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.

c� 0000 RAS, MNRAS 000, 000–000
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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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namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
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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-
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et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass
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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).

c� 0000 RAS, MNRAS 000, 000–000

BH-stellar mass



The LISA-detectable GW event rate as function of redshift
14 Dayal et al.

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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GW event rates crucially dependent on assumptions of BH 
seeds masses, feedback and merger timescales

(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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Breakthroughs in studying galaxies through cosmic time
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Obese black holes in the first billion years with the JWSTUNCOVER z=8.5 AGN 9

Figure 6. Black hole mass versus cosmic age. The red star shows the result presented in this work. The dark blue squares and
violet diamonds show the results for z = 6 � 7 and z > 7 QSOs respectively, as presented in Inayoshi et al. (2020); Maiolino
et al. (2023b) and Fan et al. (2022). Triply lensed z = 7 QSO from Furtak et al. (2023a) is shown as a cyan square. A tentative
MBH range for UHZ1 at z = 10.1 from Goulding et al. (2023) is shown as a blue circle. Two high-z AGN candidates, namely
z = 8.7 AGN from CEERS (Larson et al. 2023) and GNz11 at z = 10.6 (Maiolino et al. 2023a) are shown as open diamond
and circle, respectively. Dashed lines show analytical models of blackhole mass accretion at an Eddington rate starting from a
stellar seed (maroon) and a direct collapse (DCBH) model (black).

find similar (within 1�) mass and luminosity when com-
pared to a z = 7.07 quasar presented in Matsuoka et al.
(2019).

4.2. Ionization Mechanisms

In this section we briefly explore the ratios between
the measured emission lines to investigate the potential
ionization mechanisms in our source. We observe an
unusually high ratio between the auroral [OIII]4364 line
and [OIII]5007 (RO3) of 0.32. In Figure 4 we explore the
typical “allowed” RO3 for a range of electron tempera-
tures Te and densities ne from the models presented in
Nicholls et al. (2020), alongside our observed and dust
corrected RO3. When compared to the models, our ob-
ject appears to be a significant outlier, regardless of the
adopted Te and ne values. Extreme values of RO3 have
already been reported in recent JWST spectra, for ex-
ample a z = 8.5 galaxy presented in Katz et al. (2023)
shows RO3 of 0.048, when corrected for dust. Elevated
RO3 are not new and have been discussed in the con-

text of low-z Seyfert galaxies (e.g. Koski & Osterbrock
1976; Osterbrock 1978; Ferland & Netzer 1983; Dopita
& Sutherland 1995; Nagao et al. 2001; Baskin & Laor
2005; Binette et al. 2022). In fact, the photoionization
models of Baskin & Laor (2005) suggest that it is possi-
ble to reach the required densities and temperatures to
produce extreme RO3 within the NLR around an AGN.
In addition we can investigate our source in

the context of the often utilized “OHNO” di-
agnostic, which compares the [OIII]5007/H� and
[NeIII]3869/[OII]3727,3729 ratios. This diagnostic has
been used at low and high-z to ascertain whether
the ionization is powered purely by star formation
or by an AGN (Backhaus et al. 2022; Cleri et al.
2022; Larson et al. 2023). After dust correction, we
find log10([OIII]5007/H�)⇠ 0.68 and a lower limit of
log10([NeIII]3870/[OII])> 0.15. These line ratios, while
not as high as reported in other z > 8 AGN candidates
(Larson et al. 2023), are still indicative of high ionization
in 20466.

Goulding et al. 2023; Kokorev et al. 2023; Furtak et al. 2023; Greene et al. 2023

Explaining the supermassive black holes being observed by JWST require unphysical 
explanations such as super-Eddington accretion onto low-mass seeds or Eddington accretion 

onto massive (104 ) seeds that formed at  posing an enormous challenge for all 
existing theoretical models. 

M⊙ z ∼ 50
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JWST black holes in a hierarchical structure formation context

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.
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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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An over-abundance of black holes with the JWST

The JWST indicates at black hole number densities that are at the upper limit of theoretical 
expectations (each halo has a black hole similar to the local Universe that can accrete at the 

Eddington rate), specially at z>6.5. 

15

Figure 7. UV luminosity function as measured at 1450Å. We show the luminosity function in two redshift bins, 4.5 < z < 6.5
in red circles and 6.5 < z < 8.5 in red squares. We compare with the UV-selected luminosity functions from Akiyama et al.
(2018) (left) and (Matsuoka et al. 2023) (right). We show other JWST -selected broad-line AGN from Harikane et al. (2023),
Maiolino et al. (2023), and Matthee et al. (2023). Finally, we compare with the galaxy luminosity function from Bouwens et al.
(2017). Consistent with Harikane et al., we find that the reddened AGN account for ⇠ 20% of the broad-line objects at this
redshift, and a few percent of the galaxy population. Our AGN are far more numerous than the UV-selected ones, although
they have overlapping bolometric luminosities.

Figure 8. Bolometric luminosity functions (4.5 < z < 6.5 left, 6.5 < z < 8.5 right) as inferred from LH↵ (Table 3). The
number densities are lower limits, particularly at low bolometric luminosity where our search will be particularly insensitive to
galaxy-dominated objects. At left, we compare with the theoretical bolometric luminosity functions from Shen et al. (2020),
using their “local” fits to z = 5 data. In addition, we show a maximal bolometric luminosity function assuming that every halo
harbors an accreting black hole radiating at its Eddington limit; the black hole mass is set from two local black hole scaling
relations (see text for details). Under these assumptions, we are pushed towards an occupation fraction of unity at the highest
Lbol that we probe, particularly in the higher redshift bin.
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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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Global properties of galaxy populations 

Galaxies being probed up to z~13; black 

holes up to z~10. Indicate an over-
abundance of massive galaxies and 

obese black holes

Spitzer

Towards a holistic picture of BHs in the first billion years

Individual galaxy properties

constraints on assembly histories, dust 
formation mechanisms, gas masses, 
black hole masses, black hole mass-

stellar mass relations

Gravitational wave astronomy

LISA will detect mergers from 104-7 solar 

masses at z~3-15, mostly from low-mass BH 
mergers. The event rates remain debatable 

& need revisiting in light of JWST data.

ALMA

JWST

LISA

EUCLID


