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Aim of this talk

• Which AGN research topics will be “hot” in the 2040s? 

• What capabilities must Habitable Worlds Observatory have to 
address these topics?



Outline

• The current landscape: from AGN as “light bulbs” to breakthroughs in the 
last ~10 years and the role of JWST  

• Future landscape & Synergies with HWO: expected key AGN/galaxy 
research topics in ~20 years from now 

• Possible science cases, HWO current concept and missing instrumental 
capabilities



AGN & Galaxies in the 1990s → early 2000s
AGN treated as isolated “light bulbs”; AGN & galaxy-evolution 
communities mostly separate 

 • First direct BH mass measurements with HST gas/stellar 
dynamics (e.g. NGC 4258 Miyoshi+1995, M87 Macchetto, AM+1997) 

 • Discovery of BH–bulge scaling relations – MBH–σ, MBH – Mbulge 
(Magorrian+1998; Ferrarese & Merritt 2000; Gebhardt+2000) 

 • Birth of the AGN-feedback hypothesis to explain those 
relations (e.g., King 2003) 

 • Wide-field optical/NIR surveys (2MASS, SDSS) allow AGN 
demographics 

 • X-ray deep fields (Chandra, XMM) uncover large population of 
obscured AGN and their evolution → idea of BH relics (Ueda+ 2003) 

 • Emerging picture of anti-hierarchical (“downsizing”) growth 
also for AGN: massive BHs form early (Hasinger+ 2005)

Urry & Padovani 1995
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scatter that derives entirely from measurement errors. The first
incarnation of Eq. (1) was suggested by Merritt (2000) (the
“Faber-Jackson law for black holes”).
The galaxies in Sample B define a much weaker correlation

between M• and σc (Fig. 1d). Furthermore, the BH masses in
this sample lie systematically above the mean line defined by
Sample A, some by factors of ∼ 102. Two factors distinguish
the two samples: the reliability of the M• estimates; and the
method used to derive the BH masses. About 1/2 of the mass
determinations in Sample A are based on gas motions while al-
most all of the Sample B masses are derived from stellar kine-
matics. We see no evidence for a systematic difference between
the two types of mass determination; for instance, NGC 4342
and NGC 7052 have identical σc and M•, even though the de-
termination of M• in NGC 4342 is based on stellar kinematics
and in NGC 7052 on rotation of a gas disk. In the case of IC
1459, for which M• predicted by Eq. 1 is 2.5 times larger than
measured, Verdoes-Kleijn et al. (2000) suggest that the true
BH mass could be a factor 3−4 greater than their best estimate
due to non-circular motions of the gas. It seems likely that the
different correlations defined by the two samples result largely
from errors in the determination ofM• for the galaxies in Sam-
ple B.
Our choice of aperture-corrected, central velocity dispersions

is convenient but not unique. We note first that correcting σ for
the effect of aperture size does not introduce a bias in either the
slope or the intercept (see Table 1). However, the need for

FIG. 1.— (a): BH mass versus absolute blue luminosity of the host elliptical
galaxy or bulge for our most reliable Sample A. The solid line is the best linear
fit (Table 2). Circles and triangles represent mass measurements from stellar
and dust/gas disk kinematics respectively. The squares are the Milky Way (M•

determined from stellar proper motions) and NGC 4258 (M• based on water
maser kinematics), the only two spiral galaxies in the sample. (b) Again for
Sample A, BH mass versus the central velocity dispersion of the host elliptical
galaxy or bulge, corrected for the effect of varying aperture size as described
in §2. Symbols are as in panel (a). (c): Same as panel (a) but for Sample B.
Circles are elliptical galaxies, squares are spiral galaxies. The solid line is the
same least-squares fit shown in panel (a); the dashed line is the fit to Sample
B. All BH mass estimates in this sample are based on stellar kinematics. (d):
Same as panel (b) but for Sample B. Symbols are as in panel (c).

aperture corrections could be avoided by using a measurement
of the rms velocity at some fiducial distance from the center.
Figure 2 plots M• vs. the rms stellar velocity vrms at re/4, with
vrms =

√

(σ2 + v2r/sin
2 i)re/4. Here σ and vr are the measured

stellar velocity dispersion and mean line-of-sight velocity re-
spectively. A complication with this approach is the typically
poorly-constrained value of the inclination angle i between the
rotation axis and the line of sight. Estimates for i are avail-
able only for NGC 3115 (Emsellem, Dejonghe & Bacon 1999)
and NGC 4342 (Scorza & van den Bosch 1998). Neglecting or
wrongly estimating sin i will increase the scatter in the relation
and bias the slope too low, by moving faint, rapidly-rotating
galaxies to the left in theM• − vrms plane. Nevertheless, for our
sample A, linear regression fits (Table 2) show that the slopes of
M• vs bulge velocity are coincident whether σc or vrms is used.
An interesting question is whether the tight correlation be-

tween M• and σc might simply reflect the influence of the BH
on the stellar kinematics of the nucleus. The coincidence of the
slopes obtained when vrms is substituted for σc is the most con-
vincing evidence that this is not the case, since vrms is measured
well beyond the radius at which the BH could have a measur-
able effect. In addition, most of the measurements of σ listed in
Table 1 were carried out using apertures much larger than the
expected radius of gravitational influence of the BH. We stress
that – even if the correlation between M• and σc were due in
part to the gravitational influence of the BH on the motion of
stars in the nucleus – this would not vitiate the usefulness of
the relation as a predictor of M•. Figure 1b suggests that M•

can be predicted with an accuracy of ∼ 30% or better from a
single, low-resolution observation of a galaxy’s velocity disper-
sion. This is a remarkable result.

4. DISCUSSION

We have found a nearly perfect correlation between the
masses of nuclear BHs and the velocity dispersions of their host
bulges, M• ∝ σα, α = 4.8±0.5. Here we examine some of the
implications of this correlation.
The Magorrian et al. (1998) mass estimates fall systemati-

cally above the tight correlation defined by our Sample A (Fig.
1d), some by as much as two orders of magnitude. The discrep-
ancy is a strong function of distance to the galaxy, particularly
at the high-mass end: nine of the Magorrian et al. galaxies have
BH masses that are larger than the largest BH mass in our Sam-
ple A (3.6× 109M!, in NGC 4486), and six of these are more
distant than 50 Mpc. A number of authors (van der Marel 1997;
Ho 1998) have suggested on other grounds that the Magorrian
et al. mass estimates may be systematically high. If our Eq.
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First Feedback Clues & Cosmic Evolution (2000–2015)
Molecular / ionised outflows detected in local quasars → first direct 
feedback evidence 

 • Mrk 231 CO & OH outflows – IRAM 30 m (Feruglio+ 2010), 
Herschel-PACS (Sturm+ 2011) 

 • 8 m-class IFU spectroscopy (VLT/SINFONI, Keck/OSIRIS) maps 
kpc-scale AGN winds 

Cosmic AGN “downsizing” quantified: luminous AGN peak at z ≈ 2, 
low-luminosity peak later 

 • Soltan argument refined – local dormant BH mass density matches 
integrated quasar light (Marconi+ 2004, Shankar+ 2004) 

 • Growing evidence that most massive BHs formed early & rapidly 

Seeds of multi-wavelength synergy: Spitzer mid-IR (2003-2009/2020),  
ALMA submm (2009–), Herschel far-IR (2009-2013), Fermi γ-ray (2008-),  
together with Chandra & XMM provide multiwavelength AGN census & studies

2 C. Feruglio et al.: Quasar feedback revealed by giant molecular outflows

Indeed, most studies of the molecular gas in the host galax-
ies of QSOs and Seyfert galaxies have found narrow CO lines
(width of a few 100 km/s), generally tracing regular rotation
patterns, with no clear evidence for prominent molecular out-
flows (Downes & Solomon 1998, Wilson et al. 2008, Scoville
et al. 2003), even in the most powerful quasars at high redshift
(Solomon & Vanden Bout 2005, Omont 2007). Yet, most of the
past CO observationswere obtainedwith relatively narrow band-
widths, which may have prevented the detection of broad wings
of the CO lines possibly associated with molecular outflows.
Even worse, many CO surveys were performed with single dish,
where broad CO wings may have been confused with baseline
instabilities and subtracted away along with the continuum.

In this paper we present new CO(1–0) observations of Mrk
231 obtained with the IRAM Plateau de Bure Interferometer
(PdBI). Mrk 231 is the nearest example of a quasar object and it
is the most luminous Ultra-Luminous Infrared Galaxy (ULIRG)
in the local Universe (Sanders et al. 1988) with an infrared lumi-
nosity of 3.6×1012 L" (assuming a distance of 186 Mpc). A sig-
nificant fraction (∼70%) of its bolometric luminosity is ascribed
to starburst activity (Lonsdale et al. 2003). Radio, millimeter and
near-IR observations suggest that the starbursting disk is nearly
face-on (Downes & Solomon 1998, Carilli et al. 1998, Taylor et
al. 1999). In particular, past CO(1-0) and (2-1) IRAM PdBI ob-
servations of Mrk 231 show evidence for a regular rotation pat-
tern and a relatively narrow profile (Downes & Solomon 1998),
and a molecular disk (Carilli et al. 1998). The existence of a
quasar-like nucleus in Mrk 231 has been unambiguously demon-
strated by observations carried out at different wavelengths, that
have revealed the presence of a central compact radio core plus
pc-scale jets (Ulvestad et al. 1999), broad optical emission lines
(Lipari et al. 2009) in the nuclear spectrum, and a hard X-ray
(2-10 keV) luminosity of 1044 erg s−1 (Braito et al. 2004). In ad-
dition, both optical and X-ray data have revealed that our line
of sight to the active nucleus is heavily obscured, with a mea-
sured hydrogen column as high as NH = 2 × 1024 cm−2 (Braito
et al. 2004). Mrk 231 displays clear evidence of powerful ion-
ized outflows by the multiple broad absorption lines (BAL) sys-
tems seen all over its UV and optical spectrum. In particular,
Mrk 231 is classified as a low-ionization BAL QSOs, a very
rare subclass (∼10% of the entire population) of BAL QSOs
characterized by weak [OIII] emission, in which the covering
factor of the absorbing outflowing material may be near unity
(Boroson & Meyers 1992). Furthermore, giant bubbles and ex-
panding shells on kpc-scale are visible in deep HST imaging
(Lipari et al. 2009). Recent observationswith theHerschel Space
Observatory have revealed a molecular component of the out-
flow, as traced by H2O and OH molecular absorption features
(Fischer et al. 2010), but the lack of spatial information has pre-
vented an assessment of the outflow rate.

2. Data
We have exploited the wide bandwidth offered by the PdBI to ob-
serve the CO(1-0) transition in Mrk 231. The observations were
carried out between June and November 2009 with the PdBI, us-
ing five of the 15m antennas of the array.We observed the CO(1-
0) rotational transition, whose rest frequency of 115.271 GHz is
redshifted to 110.607 GHz (z = 0.04217), by using using both
the C and D antenna configurations. The spectral correlator was
configured to cover a band width of about 1 GHz in dual polar-
ization. The on-source integration time was ∼ 20 hours. The data
were reduced, calibrated channel by channel and analyzed by us-
ing the CLIC andMAPPING packages of the GILDAS software.
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Fig. 1.Continuum subtracted spectrum of the CO(1–0) transition
in Mrk 231. The spectrum was extracted from a region twice the
beam size (Full Width Half Maximum, FWHM), and the level
of the underlying continuum emission was estimated from the
region with v > 800 km s−1 and v < -800 km s−1. Left panel:
full flux scale. Right panel: expanded flux scale to highlight the
broad wings. The line profile has been fitted with a Gaussian
narrow core (black dotted line) and a Gaussian broad component
( long-dashed line). The FWHM of the core component is 180
km s−1 while the FWHM of the broad component is 870 km s−1,
and reaching a Full Width Zero Intensity (FWZI) of 1500 km
s−1.

The absolute flux was calibrated on MWC349 (S(3mm) = 1.27
Jy) and 1150+497 (S(3mm) = 0.50 Jy). The absolute flux cal-
ibration error is of the order ±10%. All maps and spectra are
continuum subtracted, the continuum emission being estimated
in the spectral regions with velocity v > 800 km s−1 and v < -800
km s−1.

3. Results
Fig. 1 shows the spectrum of the CO(1-0) emission line, domi-
nated by a narrow component (Full Width Half Maximum ∼ 200
km s−1), already detected in previous observations (Downes &
Solomon 1998, Bryant & Scoville 1997). However, our new data
reveal, for the first time, the presence of broad wings extend-
ing to about ±750 km s−1, which have been missed, or possibly
confused with the underlying continuum, in previous narrower
bandwidth observations. Both the blue and red CO(1-0) wings
appear spatially resolved, as illustrated by their maps (Fig. 2).
The peak of the blue wing emission is not offset relative to the
peak of the red wing, indicating that these wings are not due to
the rotation of an inclined disk, leaving outflowingmolecular gas
as the only viable explanation. A Gaussian fit of the spatial pro-
file of the blue and red wings (by also accounting for the beam
broadening), indicates that the out-flowingmedium extends over
a region of about 0.6 kpc (0.7′′) in radius. To quantify the sig-
nificance of the spatial extension of the high velocity, outflow-
ing gas, we fitted the visibilities in the uv-plane. We averaged
the visibilities of the red and blue wings in the velocity ranges
500 ÷ 800 km s−1 and −500 ÷ −700 km s−1, and we have fitted
a point source, a circular gaussian and an inclined disk model.
The results of the uv-plane fitting are shown in Fig. 3 and sum-
marized in Table 1. The upper panels of Fig. 3 show the maps
of the residuals after fitting a point source model. The residuals
of the red wing are 5σ above the average rms of the map and
those of the blue wing 3σ above the rms. The lower panels of
Fig. 3 show the CO(1-0) wings amplitude binned in intervals of
uv radius, covering baselines from 10 to 200 m. The decreasing
visibility amplitudes are totally inconsistent with an unresolved
source, which would instead give constant amplitudes with ra-

Mrk 231: Feruglio+ 2010
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Figure 6. (a) Local and relic BHMFs. The shaded area represents the ± 1σ uncertainty on the logarithm of local BHMF (see Fig. 2b). (b) Relic BHMF
obtained using the Ueda et al. (2003) hard X-ray luminosity function and accounting for the missing Compton-thick AGNs (see text). The error bars are the
16th and 84th percentile levels of 1000 realizations of the relic BHMF (see text). The local BHMF is plotted with the same notation as in the panel (a).

and solid lines indicates that today’s high-mass BHs (M BH > 108

M⊙) grew during quasar phases (L > 1012 L⊙).
The BHMFs in Fig. 5(a) were estimated assuming λ = 1 and ε =

0.1. It can be seen from equation (15) that the efficiency ε is a simple
scaling factor, and an increase in ε will decrease the level of the relic
BHMF. However, a variation of the Eddington fraction λ will not
have a simple scaling effect but it will produce a combination of
scaling and translation along the M-axis since λ also enters the L =
λ Mc2/t Edd relation. In Fig. 5(b) the same relic BHMF derived using
Ueda et al. (2003) (thick line with no symbols) is compared with the
BHMF obtained assuming λ = 0.1 (line with empty squares). As
previously, solid and dotted lines indicate the BHMF at z = 0 and at
z = z s respectively. Decreasing λ has the net effect of increasing the
number of BHs at high masses (M > 108.5 M⊙) while decreasing
that at lower masses. In the same figure, we also show the BHMFs
obtained by assuming that the starting redshift of integration is z s = 5
(line with empty triangles) and z s = 2.5 (line with empty diamonds)
and that the fraction of active BHs at z0 is δ = 0.1 instead of 1 (line
with stars). The relic BHMF at z = 0 is almost independent of the
initial conditions. Changing the starting assumption, i.e. zs or δ(zs),
does not have any appreciable effect provided that z s ! 2.5. This is
a consequence of the fact that the main BH growth takes place at
z < 3 when there is more time available (∼85 per cent of the age of
the Universe). At larger redshifts there is too little time for the BH
growth.

In summary, relic BHs grew mainly at low redshifts (z < 3) and
high-mass BHs were produced during quasar activity. The initial
conditions for the continuity equation influence little the relic BHMF
at z = 0.

4 L O C A L B L AC K H O L E S A N D AG N R E L I C S

In this section we compare the local and relic BHMFs. At first we will
consider the relic BHMFs derived in the previous section, without
trying to account for the AGN population missing in the adopted
luminosity functions. After showing that, as expected, the Ueda et al.
(2003) luminosity function encompasses the largest fraction of the
AGN population, thus providing a better match to the local BHMF,

we will focus on it and try to account for the missing AGNs in a way
that also satisfies the constraints imposed by the X-ray background.

In Fig. 6(a) we compare the local BHMF derived in Section 2.4
(Fig. 2b) with the relic BHMFs obtained adopting the Boyle et al.
(2000), Miyaji et al. (2000) and Ueda et al. (2003) AGN luminosity
functions (ε = 0.1, λ = 1) without any correction for the miss-
ing AGN population. As shown in the previous section, these relic
BHMFs are insensitive to the adopted initial conditions, and thus
the only parameters on which they depend are ε and λ.

The first result that can be evinced from the figure is that there
is no discrepancy at high masses. All the relic BHMFs are slightly
smaller than the local BHMF. As explained previously, this is not
significant because all the adopted luminosity functions are missing
part of the AGN population. Conversely Yu & Tremaine (2002) and
Ferrarese (2002) using the Boyle et al. (2000) luminosity function
found a significant discrepancy because their relic BHMF at high
masses is larger than the local one. The reasons for the solution of
this discrepancy are the following.

(i) We have taken into account the intrinsic dispersion of the
M BH–σ ⋆ and MBH–Lbul correlations, thus softening the high-mass
decrease of the local BHMF.

(ii) We have adopted zero-points in the MBH–σ ⋆ and MBH–Lbul

correlations that are a factor ∼1.6 (∼0.2 in log) larger than those
used by Yu & Tremaine (2002). These zero-points (and slopes) were
derived from the analysis of Marconi & Hunt (2003), and their larger
value is a consequence of the rejection of galaxies with unreliable
BH masses.

(iii) We have adopted bolometric corrections that, on average,
are about two-thirds of those adopted by previous authors. This
is because we have not taken into account the IR emission in the
estimate of the bolometric luminosity. The IR bump is produced by
reprocessed UV radiation, and thus its use in the determination of
L would result in overestimated accretion rates.

We now focus on the Ueda et al. (2003) AGN luminosity function
since we have established that, as expected, it is the one that provides
the most complete description of the AGN population. The aim is
to assess whether the relic BHMF can account for the whole local

C⃝ 2004 RAS, MNRAS 351, 169–185
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Event Horizon Telescope (2017–2022) 

• First-ever images of M87* and Sgr A* event horizons 

• Confirmed GR predictions in strong gravity 

• Magnetic-field structure driving relativistic jets 

Era of Gravitational-Wave Astronomy (2015–) 

• LIGO/Virgo detect frequent stellar-mass BH mergers 

• GW190521 hints at ~IMBH merger (  Abbot+2020) 

• Opens path to multi-messenger AGN environments 

Time-Domain AGN Science 

• Zwicky Transient Facility and the All-Sky Automated Survey for Supernovae:  
Thousands of tidal disruption events (TDEs) 

• Changing-look AGN flip type on timescales of months-years (LaMassa+2015) 

• Machine-learning analyses applied to large time series (2020-)

85 − 65 M⊙

A Decade of Breakthroughs (2015–2025)
2017-2018  

EHT Collaboration 

GW190521,  
Abbott+2020

that from our Galaxy, other signatures of X-ray absorption,
such as an Fe Kα emission feature at 6.4 keV (from X-ray
photons reprocessed within a circumnuclear obscuring med-
ium; Krolik & Kallman 1987) or strong spectral curvature
between 2 and 6 keV, are markedly absent. To change the flux
by variable absorption alone would have produced easily
visible spectral features.

3. DISCUSSION

3.1. AGN Properties

From the measured FWHM of the broad Hβ emission line
component and the monochromatic 5100 Å luminosity calcu-
lated from the AGN power-law fit to the broad-line 2000 SDSS
spectrum (λL5100= 1.09± 0.01 × 1044 erg s−1), we can esti-
mate the mass of the central black hole (Vestergaard &
Peterson 2006):
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finding a value of 2.2± 0.4 × 108M☉.
Alternatively, we can estimate the black hole mass from the

broad Hα component from both the 2000 SDSS and 2010
BOSS spectra using the relation of Greene et al. (2010):
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where we find a black hole mass that is similar between the two
epochs (1.7± 0.1 × 108 M☉ and 1.6± 0.4 × 108 M☉ in 2000
and 2010, respectively), and is consistent with the value from
the Hβ calculation. Though the Hα FWHM changed drastically
between the years 2000 and 2010, it was compensated by a
decrease in AGN continuum luminosity, where λL5100
measured from the 2010 BOSS spectrum is
2.0± 0.1 × 1043 erg s−1. As we discuss below, this has
implications for the amount of circumnuclear gas ionized by
the central engine.

Figure 4. Close-up of the Hβ (left) and Hα (right) complexes for the 2000 SDSS (top) and 2010 BOSS (bottom) spectra, where the AGN power-law continuum and
galaxy components are subtracted out. The differences in the broad components between the two epochs are visually striking.

Figure 5. Observed-frame X-ray spectra (data points) with absorbed power-
law model fit (solid lines) overplotted for the 2000 XMM-Newton observation
(black: PN detector, red: MOS1 detector, blue: MOS2 detector) and 2005
Chandra observation (cyan). Serendipitously, the XMM-Newton observation
was coincident with the bright optical state while the Chandra spectrum was
observed after the source dimmed (see Figure 2). The source dimmed by a
factor of ∼10 between observations with no change in absorption (see text for
details).

5
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, 𝐿, the UV power-law normalization, 𝑀, the normalization of the optical continuum, 𝑁BLR, the covering fraction
of BLR clouds, 𝑂 𝐿 , and the magnitudes of the V-band extinction for the AGN emission, 𝑃V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with di!erent 𝐿Edd and
fixed the other C!"#$% parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by di!erent models are very

similar. Therefore, we choose 𝐿Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (𝐿Edd → 0.05↑0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main e!ect of di!erent
Eddington ratios is the strength of the nebular emission, which also
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The JWST revolution (2022 - )
SMBHs at Cosmic Dawn 
• BH masses  detected at   
• Challenges seeding & growth models  

(< 500 Myr after Big Bang) 
“Little Red Dots” & Over-massive BHs 
• LRDs: compact, IR-bright sources at z ≈ 6–10, likely AGN  
• Confirms BH/stellar-mass ratios up to 10× local at high z 
→ early BH-dominated growth 

Dust-Obscured AGN Census 
• NIRSpec spectra reveal hidden AGN missed in UV/optical  
• Revisions to high-z AGN luminosity function 
Resolved Feedback in Action 
• IFU maps show kpc-scale ionised & molecular outflows  
• First direct look at AGN regulating star formation beyond  

the local universe

≳ 108 − 109 M⊙ z ≳ 10
Little Red Dot, Ji+25
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Fig. 7: BH mass as a function of host galaxy properties, specifically: stellar mass (top-left), velocity dispersion (bottom-left),
dynamical mass (bottom-right). The JADES results presented in this work are shown with large golden circles. Orange dashed
vertical lines connect candidate merging BHs. Blue symbols indicate measurements from other JWST surveys at high-z, as indicated
in the legend (only detections at > 3ω are shown). Gray triangles are measurements of high-z QSOs using ALMA data. Small red
symbols show the distribution of local galaxies as indicated in the legend; straight lines show the local relation fits (with shaded
regions providing the scatter and slope uncertainty), using the samples that are best matching our high-z systems, in each panel (see
text for details). In the top-left panel small orange circles show the maximum stellar masses estimated for a few JADES AGN (see
text) and the dotted violet lines show constant values of the MBH/Mstar ratio. In the bottom-left panel small squares indicate the
effect of correcting for rotation velocity broadening within the slit.

Most black holes at these early epochs are significantly over-
massive relative to the stellar mass in their host galaxies, when
compared with the local scaling relation. This was already found
by previous surveys (blue squares), but for the newly identified
AGN this phenomenon becomes even more prominent. In some
extreme cases we even find black hole masses approaching the
stellar masses of their host galaxies (see also Bogdan et al. 2023;
Goulding et al. 2023).

The strongest deviations occur at low stellar masses (Mstar <
109 M→), although we caution that at such low masses the local
scaling relation is actually poorly explored and we mostly rely
on the extrapolation from higher masses.

Such a strong offset may be partly due to the stellar masses
being significantly underestimated. However, even if we use
masses obtained without accounting for the AGN in the con-
tinuum modelling (i.e. assuming that all continuum emission is
due to stars), the JADES AGN are still located well above the
local relation; this is illustrated by the orange circles in the top-
left of Fig. 7, which show the maximum stellar mass inferred in
this way (for sake of clarity we only show those few cases for
which the maximum stellar mass exceeds the mass inferred with
the standard stellar+powerlaw method by more than 0.1 dex).

BHs being overmassive relative to the local MBH ↑ Mstar re-
lation may be partly due to selection effects. Specifically, given a

scatter around the MBH ↑Mgalaxy relation, the sensitivity limit of
quasar/AGN surveys may favour the detection of more massive
BHs (which, for a given average L/LEdd, are more luminous)
(Willott et al. 2005; Lauer et al. 2007). Although this effect was
thought to be less important at low AGN luminosities (Izumi
et al. 2019), especially below the quasar regime, it may still play
a role, as also recently highlighted by Volonteri et al. (2023).
The BH selection bias on this relation was explored more re-
cently and more in detail by Li et al. (2024) and Juod!balis et al.
(2024b) specifically for the JWST-selected broad line AGN. Li
et al. (2024) claim that the offset can entirely explained with a
MBH ↑ Mstar relation consistent with the local one, but a much
larger dispersion (about 1 dex) and selection effects on the BH
mass. However, Juod!balis et al. (2024b) illustrate that the find-
ing of overmassive black holes that are dormant (i.e. with very
low accretion rate) does not fit in the scenario outlined by Li
et al. (2024). Additionally, in the next section we will show that
the JWST-discovered broad line AGN are fairly consistent with
the local MBH ↑ ω relation (where ω is the velocity dispersion)
- if the offset on the MBH ↑ Mstar were dominated by selection
effects then the same offset should be seen on the MBH ↑ ω re-
lation. There are also other issues related to the space density of
AGN that makes unlikely the selection bias being the dominant
effect in the MBH↑Mstar offset; however, this is beyond the scope
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The era of multi-messenger astrophysics, 2025 → 2045



What We’ll Know by the 2040’s: Observational Landscape
Complete AGN Census 
Rubin variability + Roman/Euclid + Radio-quiet & heavily obscured AGN found 
by SKA/ngVLA + Athena + JWST →  AGN across  
Resolved Feedback at All Scales 
ELT-class IFUs: 50-100 pc scale outflows at  (quasar mode feedback) 
Athena (X-ray from hot halos and ICM)  + SKA (radio lobes of jets) trace multi-
phase energy injection (radio mode feedback) 
BH Mergers in Real Time 
LISA provides masses, spins, merger rates of  binaries out to  
ET / Cosmic Explorer give IMBH merger demographics to cosmic dawn 
Multi-messenger “routine” observations 
AGN flares tied to GW or neutrino triggers; coordinated AI-driven (?) alert 
network schedules follow-up within minutes

107 − 108 0 < z < 15

z ≈ 1 − 4

104 − 107 M⊙ z ≈ 10



What We’ll Know by the 2040’s: new analysis tools
Integrated Photo-ionisation + Kinematic Fitting 
Next generation photoionization (e.g. HOMERUN, Marconi+24) & kinematical/dynamical models (e.g. 
MOKA3D, Marconcini+24) fitted jointly to IFU cubes to infer physical properties of NLR 

Distances and velocities for individual BLR lines (from photoioniz. models?) → type-1 BH mass 
accuracies ≤ 0.1 dex 

AI-Driven Simulation Emulators 
Neural networks trained on ~10³ full hydro / radtran sims → millisecond prediction of spectra & 
kinematics 

Bayesian inference can deliver posterior PDFs on physical parameters straight from datacubes 

Sub-parsec GRMHD + RadTran Coupling 
Real-time SED & polarisation outputs from MHD+GR accretion simulations used in spectral fits 

Direct link between EHT-scale physics and galaxy-scale feedback via nested simulations 

IMBH & Seed-BH Physics 
Zoom-ins (≤ 1 pc) in next-gen cosmological simulations track direct-collapse seeds and Pop III 
remnants & subsequent mergers; predictions tested with LISA rates and VLT/JWST/ELT detections



SC1 The BH Engine: Feeding & Feedback on Sub-parsec Scales

Capability Science Requirements Why We Need It

Wavelengths 0.10 – 0.55 µm (rest-UV lines C IV, N V, O VI) Wind diagnostics & BLR physics

Angular resolution 0.01ʺ in the UV (≈ 1 pc at 20 Mpc) Resolve launch region & jet base

Spectral resolution R ≥ 10000 (≈ 30 km s⁻¹) Separate narrow wind components

High-contrast imaging Contrast ≲ 10⁻⁸ at 0.01ʺ See faint sub-pc structures next to bright nucleus

Polarimetry Linear polarisation accuracy ≈ 0.1 % Distinguish magnetically-arrested vs. radiative 
winds

Cadence Daily/weekly repeats for a few months Reverberation & variability mapping

Instrument idea: UV–optical integral-field spectro-polarimeter that can work behind the coronagraph.

Map the pc-scale accretion zone in nearby Seyferts & Quasars 
• Directly image UV/optical wind base (C IV, N V, O VI) on ≲1-10 pc scales in nearby AGN. 

Resolve multi-phase outflows & shocks 
• Measure launch radii, mass-loading, and magnetic geometry of outflows; e.g., test magnetically arrested disks (MAD) vs. radiative driving. 

Link jet base to galaxy-scale impact 
• Link EHT horizon data (jet axis) to kpc-scale feedback mapped with ELT IFUs. 

Benchmark AGN feedback models  
• compare HWO wind velocity–ionisation profiles with predictions from Next Gen Simulations



SC2 Co-evolution at Cosmic Dawn: First Black Holes & Their Host Galaxies

Detect 10⁵–10⁶ M⊙ seed BHs and measure BH/stellar-mass ratios in first galaxies. 

Map Ly α / C IV outflows and inflows on kiloparsec scales (∼200 pc resolution at z = 10). 

Provide rapid UV-NIR spectroscopy for LISA massive-BH mergers and early TDEs. 

Trace first-galaxy metal enrichment and its coupling to BH growth. 

Capability Science Requirements Why We Need It

Wavelengths 0.12 – 2.5 µm (rest-UV lines redshift to 1–2 µm) Detect seed BHs & host stars

Angular resolution ≤ 0.03ʺ at 1 µm (≈ 200 pc at z = 10) Resolve kpc-scale outflows & host morphologies 

Spectral resolution R ≈ 5000 – 10000 Measure line IDs & outflow speeds (~30–60 km s⁻¹)

Sensitivity Point sources AB ≈ 31 (10 nJy) in ∼10 h Detect emission lines from 10⁵–10⁶ M⊙ seeds

Rapid follow-up Slew to new target within ≲ 2 h Followup LISA BH-merger afterglows & early TDEs

FoV Few-arcmin imager + few-arcsec IFU Capture host context and kpc-scale gas 

Instrument idea: broad-band UV–NIR IFU/imager with a built-in “target-of-opportunity” mode.



SC3 Metal-Enriching Black Holes: AGN Production & Host-Galaxy Impact

Derive BLR and NLR metallicities (N V/C IV, O III], Fe II) out to z ≈ 10. 

• First direct metallicities for JWST “little-red-dots” 

Map radial metallicity gradients (~100 pc) and quantify metal mass-loading in AGN-driven winds. 

• Quantify metal dilution vs. AGN-driven inflows/outflows 

• Test whether AGN eject more metals than supernovae in massive hosts 

Compare metal budgets with Next Gen. Simulations predictions and Athena/SKA halo measurements.

Capability Science Requirements Why We Need It

Wavelengths 0.10 – 0.75 µm Key metallicity ratios (N V/C IV, O III], Fe II)

Angular resolution 0.03ʺ at 250 nm (≈ 300 pc at z ≈ 1) Map metal gradients out to kpc

Spectral resolution R ≥ 10000 Measure weak lines to 0.1 dex accuracy

Signal-to-noise S/N ≥ 50 per resolution element on μ ≈ 26 mag 
arcsec²

Reliable abundance diagnostics

IFU FoV ≥ 2ʺ × 2ʺ Cover extended narrow-line region / outflows

Instrument idea: deep-UV high-resolution IFU



Current baseline vs desiderata
Current Baseline SC 1 – Feeding & Feedback SC 2 – Cosmic-Dawn Co-evolution SC 3 – Metal Enriching BHs

Telescope  
• 6–10 m segmented 
• 0.1–2.5 µm  
• diff-limited @ 0.5 µm

✓ Aperture and UV coverage meet 
spatial-resolution target

✓ Aperture and NIR reach allow 
detection of seed BHs at z ≈ 10

✓ Collecting area sufficient for S/
N≥50 on faint UV metallicity lines

High-contrast Coronagraph 
• Contrast < 10⁻¹⁰ 
• Vis R ≈ 140 
• NIR R ≈ 70 / 200

✗ Lacks required high-dispersion  
(R ≥ 10000) feed and polarimetry for 
wind kinematics

(Not critical—seed BHs unresolved) 
baseline acceptable

(Not required for metallicity 
mapping)

High-resolution Imager 
• 3ʹ×2ʹ FoV 
• 0.2–2.5 µm

✗ Needs ≤5 mas pixels in UV to 
Nyquist-sample 0.01ʺ core

✓ Large FoV + 0.03ʺ sampling at 1 µm 
will separate host and nucleus at z ≈ 
10

✗ Require ≤30 mas pixels in NUV to 
resolve 100 pc gradients at z ≈ 1

UV MOS 
• 0.1–1.0 µm 
• R 500 – 50 000 
• ~840 x 420 apertures in 2ʹ×2ʹ FoV

✗ Replace with 0.01ʺ integral-field 
slicer for sub-pc mapping

✗ Extend wavelength to 2.5 µm to 
capture C IV/N V at z ≈ 10

✓ Resolving power adequate, but 
high sensitivity at R~10000 needed

Fourth Instrument (TBD) 
• NUV coronagraph 
• FUV IFS 
• UV spectropolarimeter

Ideal instrument: UV–optical IFU + 
spectro-polarimeter, R ≈ 10000, 
0.01ʺ spaxels

Ideal instrument: 0.12–2.5 µm IFU,  
R ≈ 5000-10000, rapid ToO mode

Ideal instrument: deep-UV high-
resolution IFU, R ≥ 10 000, ≥2ʺ × 2ʺ 
FoV

What is needed: IFU capability with at least R~10,000 and at least 0.1-1 µm range (ideally up 
to 2.5 µm), ~0.01” spaxels i.e. a NIRSPEC like instrument (with IFU and MOS) but which 

includes the UV. Modify the UV MOS instrument to UV MOS+IFU?



Conclusions
AGN breakthroughs with JWST were NIRSpec-driven 

• Hidden quasars at z > 10, early metallicity, and outflow kinematics all came from the dual MOS + IFU 
modes. 

HWO’s flagship AGN program demands the same architecture 

A NIRSpec-class spectrograph shifted to 0.1–1.0 (possibly up to 2.5) µm for HWO 

• Multi-object (≥ 1000 micro-shutters) for high-z surveys 

• Integral-field unit (R ≈ 10000, FoV ≥ 2″ × 2″, ~0.01” spaxels) for detailed physics 

• Optional (spectro)polarimetric capability for sub-parsec winds and accretion disk physical properties 

No other planned facility provides space-based UV–opt–NIR spectroscopy with both MOS and 
IFU. 

Take home message: A NIRSpec-like spectrograph expanded to UV–optical, equipped with IFU, 
MOS, and optionally (spectro)polarimetry, is the single critical addition that will allow 
groundbreaking AGN science for HWO in the 2040s


