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The meeting outline

15 27 9 7

lectures participants countries mini-projects

Four thematic sessions, run as talks plus open discussion

® AGNs, gravitational lenses & polarization
® Variability of AGNs and supermassive binary black holes
® Processes in AGNs — line emission, disks, machine learning

® Atomic processes in AGNs and related objects



One unresolved engine, five observational languages

01 02 03 04

Spectra Time-domain Polarisation Lensing

Composition, density, Lags, periodicity, Magnetic-field order, Source size, substructure
velocity and the geometryj propagation and the scattering geometry and and scales otherwise
of the line-emitting gas causal order of events jet structure hidden from us

The central challenge

Can all five be explained by one physically consistent picture of the disk, the corona, the broad-line region and the jet?
Every talk at the meeting answered part of that question; none of them answered it alone.




PART ONE - SESSION HIGHLIGHTS

SMBH, accretion disk, BLRs

An inconsistent a-disk closure
M.-H. Naddaf (University of Liege)

Disk wind and SMBH masses
H. Netzer (Tel Aviv University)

® Disk wind -> SED ->BLRs ® The classical radiation-pressure instability?

® Disk-size tension?
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PART ONE - SESSION HIGHLIGHTS

BLR: broad and intermediate regions

The BLR
complexity

® resolved the emission into
distinct components rather
than fitting a single region

® the decomposition, not the
total flux, carries the
physics.

e HB - Fe II

A two-component reverberation model for the time-dependent H profile
E. Bon, N. Bon, L. C. Popovié, P. Marziani, S. Panda

[ A flattened Keplerian disk produces the velocity-structured wings; a dispersed cloud component fills the
line core

A single ionizing flare propagates through the region, launched centrally or off-centre
Each observed profile is a retarded-time superposition, not a snapshot — reproducing profile variability

Dissecting Fe II lines in AGN spectra

J. Kovacevi¢ Dojéinovié, 1. Dojcinovié, L. C. Popovic¢
A flexible template splits the optical Fe II emission into separate line groups across a large SDSS
Type 1 sample

A raised Eddington ratio appears to restructure the BLR, creating conditions for additional Fe II
components

That enhancement then drives correlations such as the quasar main sequence

What Is nature of two components?




PART ONE - SESSION HIGHLIGHTS

Hunting sub-parsec binary black holes

270 o{e] [+]1], T(A)

candidates from SDSS DR16 beats magnitude a new binary signature

Broad HPB peculiarities Photometric detectability Continuum reverberation

A. Deandra et al. L. Novicevic et al. Yan-Rong Li

PCA selection followed by fitting
with the PoSKI binary model

24 systems flagged for monitoring
as possible near-future mergers

PoSKI shown to reproduce sub-
parsec binary HB profiles

Grid of synthetic light curves over
mass, mass ratio, separation,
eccentricity, redshift

Red and white noise included; periods
recovered with Lomb-Scargle

Colour time series recover periods far
more reliably than magnitude alone

A cavity between mini-disks and
circumbinary disk leaves a deficit in the
continuum

Lag-wavelength relation stays flat,
then breaks to A4/3 — unlike a single-
black-hole disk

Applied to PG 1302-102: mass and
period agree with independent
methods




PART ONE - SESSION HIGHLIGHTS

Polarization, lensing and the multi-messenger view

01

Polarization of AGNs
& lensed objects
L. C. Popovic¢

UV/optical polarisation traces
the geometry of the disk, the
BLR and the scattering
material — and works on
gravitationally lensed AGNs too

BLR kinetics and geonetry

For H,?

02

Polarimetry of blazar
jets: radio to X-rays
O. Vince

SED fitting alone stays
degenerate. Polarisation
degree and angle constrain
field ordering and emission
sites; IXPE now extends this to
X-rays.

EC: photon sources?

03

EVPA rotations in 32
blazars
E. V. Shishkina et al.

Long-term photopolarimetry, a
proposed completeness
criterion for rotations, and a
link between rotation
amplitude and mean
polarisation.

04

Millimetre synchrotron
from AGN coronae
E. Shablovinskaia et al.

ALMA shows compact mm emission
from the magnetised X-ray corona
— a penetrative probe of strong
gravity, and a possible steady
neutrino source

Fermi Collaboration: TeV emissions.
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Fermidetection of gamma-ray emission

ALMA 3mm polarimetry of radio-quiet active galactic nuclei from the hot coronae Ofradio-quiet active
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The survey era moves the bottleneck to trustworthy inference

01

Irregular data

Sparse cadence, seasonal
gaps and heteroscedastic
noise

Ilic et al, De Bonis et al, Novicevic et al

02

Probabilistic
reconstruction

ANN learns a distribution of
parameters and LC

03

Real-time selection

LSST broker orchestrators
prioritise alerts and trigger
the follow-up that variability
science depends on.

The governing principle

04

Physical validation
> TDE

> QPE

» Peculiar outburst (AMS)
» SMBH binaries

» GW counterparts

Uncertainty must propagate all the way through — from reconstruction, to classification, to the

physical claim. A period, a lag or a binary candidate reported without that chain is not yet a result.




Quasars . discovery over 63 years

1040 NATURE March 16, 1963 vo..ie7

Million Quasars Catalog (rlesch 2023)

3C 273: A STAR-LIKE OBJECT WITH LARGE RED-SHIFT

By Da. M. SCHMIDT
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington, California Institute of Technology, Pasadena
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Nano-Hz gravitational waves: where are the SMBH binaries?

Research in Astronomy and Astrophysics, 23:075024 (12pp), 2023 July https://doi.org/10.1088 /1674-4527 / acdfa5

© 2023. National Astronomical Observatories, CAS and IOP Publishing Ltd. Printed in China and the U.K.
All rights, including for text and data mining, Al training, and similar technologies, are reserved.

Searching for the Nano-Hertz Stochastic Gravitational Wave Background
with the Chinese Pulsar Timing Array Data Release I

Heng Xul, Siyuan Chen2’3, Yanjun Guo4, Jinchen Jiangl, Bojun Wangl, Jiangwei Xu1’2’3, Zihan Xue1’2’3, R. Nicolas Caballeroz’s,
Jianping Yuan®, Yonghua Xu’, Jingbo Wangs, Longfei Hao’, Jingtao Luo’, Kejia Lee!>*1%11 Jinlin Han', Peng Jiangl,
Zhigiang Shen'?, Min Wangﬁ, Na WangS, Renxin Xu>*"3, Xiangping Wu', Richard Manchester'*, Lei Qia.nl, Xin Guan',

Menglin Huangl, Chun Sun’, and Yan Zhu'
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The second data release from the European Pulsar Timing Array

lll. Search for gravitational wave signals

EPTA Collaboration and InPTA Collaboration: J. Antoniadis (Iodvvng Avrmwdéng)l’z ,P. Arumugam3 ,
S. Arumugam*®, S. Babak®®, M. Bagchi®’®, A.-S. Bak Nielsen**©, C. G. Bassa’®, A. Bathula'’®,
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L. Guillemot'"120, Y. J. Guo®*, Y. Gupta®®®, 8. Hisano?®, H. Hu?®, F. Iraci®™!7, D. Izquierdo- Villalba!14®,
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Little Red Dots as direct-collapse black hole nurseries

Elia Cenci ~ * and Melanie Habouzit
Department of Astronomy, University of Geneva, Chemin Pegasi 51, Versoix CH-1290, Switzerland
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Revisiting the Unified Model
of Active Galactic Nuclel

Hagai Netzer

School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978,
Israel; email: netzer@wise.tau.ac.il

Keywords Formation:

active galaxies, unification, black holes, accretion disks, central torus, star

formation, AGN surveys, interferometry, mergers > M eta | | | C | tyr)
Abstract > Torus-> BLR?
This review describes recent developments related to the unified model of > CO m p act o bJ eCtS')

active galactic nuclei (AGN5). It focuses on new ideas about the origin and
properties of the central obscurer (torus) and the connection to its sur-
roundings. The review does not address radio unification. AGN tori must

An interesting variant of the general torus formation scenario, proposed by Wang et al. (2010, O bse V. EVl d en Ce?

2011b), moves the SF activity to inside the dust sublimation radius. This model is not concerned
with the issues of torus formation and stability. It merely assumes the existence of a central torus

» Reverb. mapping

that serves as a source of mass supply to the innermost region. The model inlcludes a thin, central » Qutbursts?
accretion disk around the central BH and fragmented clouds between Rg; and the inner walls of > LIGO detections?

the torus. SF activity and SN explosions take place inside the torus walls, and the duration of one

accretion episode is estimated to be few x 109 years. This would result in approximately 10° stars
that may eventually settle into a central star cluster.



Formation of AGN structure
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AGN DUSTY TORL II. OBSERVATIONAL IMPLICATIONS OF CLUMPINESS

3 2

AND MosHE ELiTzur

Maia NF_NKOVA,I MaTtTHEW M. S]ROCKY,2 ROBERT NLKU'ITA,2 ZELIKO Ivezié,
Received 2007 October 31; accepted 2008 May 30

nature LETTERS
aStronomy DOI: 10.1038/s41550-017-0264-4

Tidally disrupted dusty clumps as the origin of
broad emission lines in active galactic nuclei

Jian-Min Wang"23*, Pu Du', Michael S. Brotherton?, Chen Hu', Yu-Yang Songsheng!, Yan-Rong Li},
Yong Shi® and Zhi-Xiang Zhang'
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oroson & Green (1992): 1/3 of Fell-strong objects
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HB BLR Size (light days)
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HB BLR Size (light days)

BLR size: L-driven? Others?
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R-L relation:

over-estimate by factors of 3-8
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REVERBERATION MAPPING OF THE EMISSION LINE REGIONS
OF SEYFERT GALAXIES AND QUASARS
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Theoretical Astrophysics, California Institute of Technology
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assu 2 ] . . and that the recombination
time (~n 9 hr where n 9 18 the electron densny in umts of 10° cm~ ) is neghg,lble compared to the variability time.
Then together with the assumptions discussed in § Ila above, we can express the emissivity as

e(r)L(t'—r)

4ar?

j(r,t)= (2.13)

when the reprocessing coefficient ¢(r) has dimensions of inverse length. Since j(r,?) is limited by the blackbody
®Basic assumption : point approximation of ionizing source (X)
®Possibility: extended 10n1zing sources?

®Expectation: zero or even negative lags?



| 'he outer parts of the accretion disks around supermassive black
1oles in galaxy nuclei and quasars
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Little red dots as embryos of active galactic nuclei

Spectral Appearance of Self-gravitating AGN Disks Powered by Stellar Objects: Universal Effective
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emission/variability)

optically thick self-gravitating disk
with outer cutoff at Teff~4000K
-> thermalized emission
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-> stellar population UV emission
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V-shaped SEDs: super-Eddington BH+sMBHSs




super-tddington AGNS?
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Hardly formed by stellar evolution

PHYSICAL REVIEW LETTERS 125, 101102 (2020)

GW190521: A Binary Black Hole Merger with a Total Mass of 150 M

R. Abbott er al.”
(LIGO Scientific Collaboration and Virgo Collaboration)

® (Received 30 May 2020; revised 19 June 2020; accepted 9 July 2020; published 2 September 2020)
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PHYSICAL REVIEW LETTERS 124, 251102 (2020)

Candidate Electromagnetic Counterpart to the Binary Plack Hole Merger
Gravitational-Wave Event S190521g
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LIGO detection: June 15, 2025 rigin: ?

ssene  (RJIVIRGD  kAGRA

M ect GW2311 23 GW231123: THE MOST MASSIVE BLACK HOLE BINARY

a gravitational-wave signal from the most DETECTED THROUGH GRAVITATIONAL WAVES
massive b ary black hole observed to date On November 23, 2023, at 13:54:30 UTC, the LIGO-Virgo-KAGRA (LVK) collaboration detected GW231123, a gravitational-

wave signal likely caused by the merger of two black holes with the highest c mass the LVK collab has ever
observed. These black holes would have been spinning incredibly fast, and their individual masses appear to fall into a range
that challenges existing theories about how massive stars evolve and end their lives.

travelling from 2 =13 billion light years away ...

DETECTING THE SIGNAL

This gravitational wave was observed by the two Advanced LIGO detectors in Hanford and Livingston during the first part of
the fourth LVK observing run (O4a). The coherence between the two observatories was essential in making a confident
detection. As shown in Figure 1, the signal lasted about a tenth of a second but stood out clearly, about 20 times louder than

Gw231123 was detected on the typical detector noise. To ensure this was not a random blip in the data, we performed careful statistical checks. Using
i hat simulate of years’ worth of fake data, we found that the probability of random noise mimicking
November 23, 2023 ot 13: ¢ v
! e 23, 2023 ot 13:54 UTC by GW231123 is less than once in 10,000 years! This gives us extreme confidence in the non-terrestrial origin of the signal, and
HIERARCHICAL { thus in the reality of this gravitational-wave signal.
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BH mass function detected by LIGO
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Breakthrough Opportunity
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Primordial BHs?
Collapse. of self-interacting DM
Embryos of SMBH ?
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Close binaries of SMBHSs

THE ASTROPHYSICAL JOURNAL, 862:171 (10pp), 2018 August 1 https://doi.org/10.3847/1538-4357 /aacdfa THE ASTROPHYSICAL JUURNAL~. 869:142 (17pp), 2018 December 20 https: / /doi.org/10.3847 /1538-4357 /aaed2¢c
© 2018. The American Astronomical Society. All rights reserved. © 2018. The American Astronomical Society.
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Monitoring AGNs with H3 Asymmetry. L. First Results:

Kinematic Signatures of Reverberation Mapping of Close Binaries of Supermassive
Velocity-resolved Reverberation Mapping

Black Holes in Active Galactic Nuclei
Pu Du' ©, Michael S. Brotherton®®, Kai Wang], Zheng-Peng Huangl, Chen Hu', David H. Kasperz, William T. Chick?,
My L. Nguyenz, Jaya Maithilz, Derek Handz, Yan-Rong Li! , Luis C. Ho™* , Jin-Ming Bai5, Wei-Hao Bian® , and

Jian-Min Wang]’7‘8’9
(MAHA Collaboration)
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Figure 3. The 2D TFs for compositions of the same kinds of BLR geometries and the corresponding (v, 7)-plane (red lines) with (ig, ¢y) = (30°, 150°); (12,3 g — A ;VH o - -
N2z @0, @ Po, () are the same as a single BLR. (a): 2®thin-disks, (b): 2®thick-disks, (c): (thin®thick) disks, (d): 2®inflows, (e): 2®outflows, (f): 2®(thin-disk SDSS J0a603
+inflows+outflows) with smaller Ryq, (g): with larger Rpq. Generally, they are different from a single AGN. Here the symbol ® represents a composition of one

binary system. y
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Figure 4. 2D TF for compositions of different kinds of BLR geometries and corresponding (v, 7)-planes (red lines). The parameters are the same as in Figure 3.
(a): thin-disk®inflows, (b): thin-disk®outflows, (c): thick-disk®inflows, (d): thick-disk®outflows, (e): inflows®outflows, (f): 2®(thick-disk+inflows+outflows) with
small Ryq, (g): with large Rpq. They are significantly different from a single AGN.
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CB-SMBHSs: orbits for nano-Hz GWs of PTA

Interferometry/VLTI

THE ASTROPHYSICAL JOURNAL, 881:140 (12pp), 2019 August 20 https:/ /doi.org /10.3847 /1538-4357 /ab2e00

© 2019. The American Astronomical Society. All rights reserved.
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Differential Interferometric Signatures of Close Binaries of Supermassive Black Holes in

Active Galactic Nuclei
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Probing the elliptical orbital configuration of the close binary
of supermassive black holes with differential interferometry
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Close binaries of SMBHSs

Photometric and Spectroscopic Search 16F

Monthly Notices
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Advance Access publication 2021 May 27
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Detecting subparsec supermassive binary black holes: Long-term
monitoring perspective
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Close binaries of SMBHSs

Monthly Notices

MNRAS 543, 2093-2115 (2025) https://doi.org/10.1093/mnras/staf1473
Advance Access publication 2025 September 04

Continuum reverberation mapping of accretion discs surrounding
supermassive black hole binaries: observational signatures
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LETTER TO THE EDITOR

Polarimetry and astrometry of NIR flares as event horizon scale,
dynamical probes for the mass of Sgr A**
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SARM: Spectroastrometry + Reverberation Mapping

nature LETTERS
astronomy https://doi.org/l0.1038/541550-019-0979-5

A parallax distance to 3C 273 through
spectroastrometry and reverberation mapping

Jian-Min Wang ©'23*, Yu-Yang Songsheng'4, Yan-Rong Li', Pu Du' and Zhi-Xiang Zhang®
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Latest progress: four quasars

H,=69%1% km s Mpc'! Precision: 15%

THE ASTROPHYSICAL JOURNAL, 988:42 (19pp), 2025 July 20 https://doi.org/10.3847/1538-4357 /addf40
© 2025. The Author(s). Published by the American Astronomical Society.
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Spectroastrometry and Reverberation Mapping of Active Galactic Nuclei. II. Measuring
Geometric Distances and Black Hole Masses of Four Nearby Quasars
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Quasar as a geometric probe for cosmology
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Precision near-IR spectroscopy for understanding AGN physics and shed light
on the H, tension™
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ARTICLE INFO ABSTRACT

Keywords: The persistent tension between early- and late-Universe measurements of the Hubble constant (H,)) remains one
Cosmology of the most significant challenges in modern cosmology. The Spectroastrometry and Reverberation Mapping
Cosmological tensions

(SARM) method offers a promising, calibration-independent approach to address this issue by combining time-
delay measurements of the Broad-Line Region (BLR) with interferometric angular size determinations. Current
implementations of SARM, however, are limited by the difficulty of performing near-infrared reverberation
mapping (RM) on the same emission lines observed by GRAVITY, restricting applications to only a few
bright AGN. We propose using the capabilities of SHARP, the next-generation near-infrared spectrograph for
the Extremely Large Telescope (ELT), to overcome these limitations. SHARP’s sensitivity and multi-object
spectroscopy will enable (1) efficient long-term monitoring of existing GRAVITY targets with minimal time
investment, and (2) systematic RM campaigns for the fainter AGN that will be observed by GRAVITY+. These
advances will give us precise infrared lags for tens of AGN, enabling geometric distance measurements and
a robust, calibration-free determination of H,. Beyond cosmology, SHARP will allow detailed studies of BLR
structure and kinematics in the infrared, advancing our understanding of AGN physics and with repercussions
on the measurements of Supermassive Black Holes (SMBH) masses.

Cosmological distances
AGN
Broad Line Region: Reverberation Mapping




Telescopes and observations: for AGN

* Optical/IR telescope Questions:
»GRAVITY+/VLTI
»JWST ®How to measure SMBH masses?
»Roman ®Spatial structure of AGNS? Dygo? Hy?
»Rubin Telescope ®\/ariability? Lensed QSOs: H;?
»Extremely Large Telescope (ELT) | H ®Close binaries of SMBHs? and GWSs
* Gravitational Waves ® Accretion-modified stars and GWs
»>LIGO ®Polarizations: BLR kinetics
»PTA (E-PTA, Nano-Grav, CPTA) »How to form the structure?
»Einstein Telescope »How to form SMBHs? Metallicity?
»>LISA »What is nature of the LRDs?







Six questions the field carries forward

01
Accretion

Which disk assumptions are physically
necessary, and which are inherited
convenience? Disks look larger and lag
longer than standard theory predicts.

02
BLR

Geometry, ionisation and time delays are
entangled. Line shape and variability are
still fitted as separate problems instead
of jointly.

03
Binary SMBH/GWs

No single signature is sufficient. What
combination of observables makes a sub-
parsec binary claim robust enough to
publish?

04

Jets and coronae

Where — and how — are particles
accelerated? SED fitting alone still admits
both leptonic and hadronic scenarios.

05
Gravitational lensing

How compact are the emitting regions,
and how clumpy is the dark matter? The
two are usually inferred separately from
the same data.

06
Data and Astrostatistics

The bottleneck has moved from detection
to trustworthy inference.

Propagets uncertainty from sparse data
to a physical claim?




Future: connect scales, messengers and methods

01
Joint inference

Fit spectra, lags, polarisation and lensing
constraints inside shared physical models.

04
Calibrated Al

Train on realistic simulations; report
coverage, degeneracy and out-of-
distribution failure.

02
Long baselines

Prioritise cadence and duration together;
confirm persistence of signals and reject
false positives

05
Open infrastructure

Interoperable databases, reproducible
benchmarks and shared candidate ledgers.

The future is not one new instrument. It is coordinated evidence of

multimessenger data cubes.

03
Fast follow-up

Link Rubin alerts to spectroscopy,
polarimetry, ALMA, X-ray and neutrino
facilities.

(0]
Cross-scale laboratories

Use other accreting systems to test
microphysics on accessible timescales.

VII AGN & GL - 2026




Reverberation mapping
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KEPLERIAN MOTION OF BROAD-LINE REGION GAS AS EVIDENCE FOR
SUPERMASSIVE BLACK HOLES IN ACTIVE GALACTIC NUCLEI

BRADLEY M. PETERSON' AND AMRI WANDEL??
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EVIDENCE FOR SUPERMASSIVE BLACK HOLES IN ACTIVE GALACTIC NUCLEI
FROM EMISSION-LINE REVERBERATION
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Are quasars accreting at super-Eddington rates?
S. Collin', C. Boisson', M. Mouchet2, A.-M. Dumont',
S. Coupé!, D. Porquet®, and E. Rokaki?
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THE DEMOGRAPHICS OF BROAD-LINE QUASARS IN THE MASS-LUMINOSITY PLANE. II
BLACK HOLE MASS AND EDDINGTON RATIO FUNCTIONS
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HB BLR Size (light days)
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R-L relation: BLR structure of sub-Eddington AGNs

Kaspi et al. (2000) Bentz et al. (2013)
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Super-Eddington Massive Black Holes (SEAMBHSs)



Qbservation and Spectrophotometric calibration

Spectroscopy:

e calibration: in-slit comparison star

Star AGN

Photometry:

« Cross-check

 Ensure comparison star is not variable
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GRAVITY+ interferometry

©ESO 2025

Spatially resolved broad line region in a quasar at z=4

Dynamical black hole mass and prominent outflow

GRAVITY+ Collaboration*:, K. Abd El Dayem?, N. Aimar'® %, A. Berdeu”2, J.-P. Berger*, G. Bourdarot',
P. Bourget”, W. Brandner®, Y. Cao', C. Correia'® "%, S. Cuevas Cardona'®, R. Davies', D. Defrére®, A. Drescher’,
A. Eckant® ", E Eisenhaver'-', M. Fabricius', A. Farah'®, H. Fcuchlgmba'. N.M. Forster Schreiber', A. Foschi®,
P. Garcia'® 3, R. Garcia Lopez'®, R. Genzel™-!!, S. Gillessen', T. Gomes'® 1%, F. Gonté’, V. Gopinath', J. Graf?,

M. Hartl', X. Haubois™.

P. Shchekaturov’, T. Shimizu', F. Soulez'?, C.

. F. HauBmann', L.C. Ho'»-, 5. Honig®, M. Houné‘ S. Joharle!, C. Keiman'®, P. Kervella?,
J. Kolb’, L. Kreidberg®, A. Labdon®®, S. Lacour™”, O. Lai®, S. Lai®*, R. Laugier®, J.-B. Le Bouquin®, J. Leftley®,
R.Li"2 B. Lopez’, D. Lutz', F. Mang', A. Me’undl E Millour’, M. Montargés®, N. More', N. Morujao'® 13,
H. Nowacki®, M. Nowak?, S. Oberti”, C. Onken?'-?2, J. Osomo?, T. Ott', T. Paumard®, K. Perraut®, G. Perrin?,
R. Petrov’, P-O. Petrucci®, N. Pourré®, S. Rabien', C. Rau', D. Ribeiro', S. Robbe-Dubois®, M. Sadun Bordoni',
M. Salman’, J. Sanchez-Bermudez'®, D. Santos', J. Sauter®, M. Scialpi®>, J. Scigliuto®, J. Shangguan'®-2°,
ierS, E. Sturm!, M.

itS, C. Sykes®, LJ. Tacconi',

ast m—ph.(}/\] 17 Sep 2025
EF

&3 of sight is along an edge of the conical structure, which produces the
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Received Sep 2025

ABSTRACT

Ve present the first near-infrared interferometric data of a QSO at z=4. The K-band observations were performed with GRAVITY+ on the VLTI
using all 4 UTs, detecting a differential phase signal that traces the spatially resolved kinematics for both the Hg and Hy lines in the broad line
= region. We fit the two lines simultancously with an updated model that includes distinct rotating and conical outflowing componeats. We find that
7 more than 80% of the H1 linc cmission from the BLR originates in an outflow with a velocity up to 10 km s™* Thnuml:dmlhaxmlur

blue wing on the line profile. A combination of

prominent

“— emission and mid-plane opacity lead 1o the single-sided phase signal. The model is able to qualitatively match both the outflowing C IV lmeproﬁle
and the systemic O1 fluorescent emission. The derived black hole mass of 8 x 10° M, is the highest redshift black hole mass measurement to date
™ obtained directly from BLR dynamics. It is an order of magnitude lower than that inferred from various single epoch scaling relations, and implies

7 that the accretion is highly super-Eddington. With reference to recent simulations, the data suggest that this QSO is emitting close to its radiative
" limit in 2 regime where strong outflows are cxpected around s polar conical region.

O Kay words. Galazies: acive — quasars: individual: XIS29 — quasars: emission Hnes — quasars: sapesmassive black holes — Infrarod: galaxies

13

o~ 1. Introduction

74 The cosmic epoch at 3 < z < 5 marks a key period between the
€ end of reionisation at z 2 6 (Robertson 2022; Locb & Barkana
L 2001) and the most active phase of galaxy formation at cos-
.Z mic noon around z ~ 2 (Forster Schreiber & Wuyis 2020;
< Tacconi et al. 2020). There is an increasing interest in spatially
L resolving the molecular and ionised emission fines in galax-
 jes on kiloparsec scales during this epoch (Le Fevre ct al. 2020;
Wylezalek et al. 2022; Galbiati et al. 2023; Herrera-Camus et al

* GRAVITY+ is developed in 3 collaboration by the Max Planck In-
stitute for extraterrestrial Physics, the Institute National des Sciences de
I"Univers du CNRS (INSU) with its institutes LIRA / Paris Observatory-
PSL. IPAG / Grenoble Obscrvatory, Lagrange / Céte d"Azur Obser-
vatory and CRAL / Lyon Observatory, the Max Planck Institute for
Astronomy, the University of Cologne, the CENTRA - Centro de As-
trofisica ¢ Gravitag3o, the University of Southampton, the Katholicke
Universiteit Leuven, University College Dublin, Universidad Nacional
Awﬁmde\iéxwomdm: European Southern Observatory.

authors: R. Davies (davi . mpg de), T. Shimiza
:snmumcmp: mpg.de), J. Shangguan (shangguan@pku.edu.cn)

2025; Ubler et al. 2024), because doing so can provide insights
into the processes that have shaped the universe into what it is
now. The role of active galactic nuclci (AGN) is equally impor-
tant because the black hole accretion rate is rising rapidly during
this epoch until it peaks around the same time as galaxy for-
mation (Aird et al. 2015; Kim et al. 2024). Indeed, both the ma-
jor impact that feedback from AGN can have on galaxy growth
(Fabian 2012; King & Pounds 2015; Fan et al. 2023), and the ex-
istence of local relations between black hole mass and their host
galaxy properties (Ferrarese & Merritt 2000; Gebhardt et al
2000; Giiltckin et al. 2009; McConncll & Ma 2013; Saglia et al.
2016), indicate that supermassive black holes should co-evolve
with galaxies (Kormendy & Ho 2013; Heckman & Best 2014).
Obscrvations with JWST, as nicely illustrated h)
Adamoetal. (2025), have recently highlighted a
tion of AGN with lominosities overlagping those of local
Seyfert nuclei, spanning the entire redshift range from cosmic
noon to reionisation (Kocevski et al. 2023; Ubler et al. 2023;
Greene et al. 2024; Maiolino et al. 2024; Matthee et al. 2024;
Suhetal. 2025; Juodzbalis etal. 2025; Scholizetal. 2025).
The data have unexpectedly indicated that, compared to local
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Table 2: BLR size estimates from Hf scaling relations

Wavelength (um)

Wavelength (um)

Rp1Rr

(po)

Reference

Note

1.74
1.47
1.22
0.94

Bentz et al. (2013)
Du et al. (2018)
Du & Wang (2019)
Du & Wang (2019)

commonly used

lower M, . subsample
without Rg. correction
with Rg. correction

0.65
0.50
0.48

Woo et al. (2024)
Du et al. (2018)
Woo et al. (2024)

47 AGN sample
higher M, subsample
240 AGN sample
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The average radius for the BLR is 4 = 1.0 pc for HB and
= 0.9 pc for Hy. While these are the same within their un-

certainties (see Table A.1 and Fig. A.2), this difference is ex-
pected both observationally, based on RM delays for different
lines (Bentz et al. 2010), and on modelling of radiation pressure
confined BLR clouds (Netzer 2020).

a R
2019), this does not provide an explanation of why Rg is so
ow. Indee

While the size appears to match that inferred by applying
correction to the R-L relation favoured by Du & Wan

rom the plot o VErsus Ape 1n €n 0]

2014), both of these values for JO529 seem rather typical of
QSOs generally. Instead we propose that much of the deviation
from the scaling relations that has previously been attributed to
luminosity or accretion rate, could, analogous to the C1V line,
be due to the impact of the outflow on the HI line properties. In-
deed, the disky part of the BLR in Fig. 5 contains only 27% of the
total line luminosity. Applying this to the typical equation which

|
LOS velocity (103kms~1)

|
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!
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GRAVITY: BLR shrinkage & Ryp — (Ls100, Rre) relation works in high-z universe
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Super-Eddington AGNSs
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Several theories have been proposed to describe the formation of black hole seeds in
the early Universe and to explain the emergence of very massive black holes observed
in the first thousand million years after the Big Bang' *. Models consider different

seedingand accretion scenarios* 7, which require the detection and characterization
ofblack holes in the first few hundred million years after the Big Bang to be validated.

as semi-forbid
ofthebroad|

800-1,000 kms*, probab gatactic nucleus. Assuminglocal
virial relations, we d e e mass of log(Myy/M,,) = 6.2+ 0.3, accreting

al ddington rate. These properties are consistent with both
mnsideﬁng intermediate and light seeds
experiencing episodic super-Eddington phases. Our finding explains the high
luminosity of GN-z11and can also provide an explanation for its exceptionally high
nitrogenabundance.

5 times the Eddington Rate

GN-z11 was recently observed with JWST. The analysis of the NIRCam
images led an Ived nuclear and a disc-like
component with a few 100 parsec (pc) radius®. A first NIRSpec spec-
trum was presented in ref. 9, which found it to be consistent with star
formation, although the presence of an active galactic nucleus (AGN)
was not excluded. Here we explore the latter scenario using a deeper
spectrum of GN-z11.

Figure 1a shows the detection of the [Ne1v]A12422,2424 doublet.
As NelV requires photons more energetic than 63.5 eV, this line is an
unambiguous AGN tracer®? and not seen in star-forming galaxies,
not even those hosting the Wolf-Rayet (WR) stars”.

We also detect CII*A1335 emission (Fig. 1e). This line is commonly
observed in AGN" . In star-forming galaxies, this line is generally
totally undetected; when detected, it is extremely faint and always
associated with deep CI1A1334 resonant absorption”, not seen in GN-z11.

The [N1v]A1483, N1v]A1486 doubletis very sensi tothegasdensity
(and insensitive to ionization parameter, metallicity and shape of the
ionizing spectrum). Figure 1cshows the detection of the semi-forbidden
N1V]A1486 line (critical density 4.7 x 10° cm ) and the non-detection
of the forbidden [N1v]A1483 line (critical density 1.5 x 10° cm ), which
indicate densities much higher than 10° cm . Specifically, the various
photoionization models shown in Fig. 2a (see the Methods for details)
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Super-Eddington AGNSs
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How many SEAMBHSs: 1/3 in PG quasars
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Shakura-Sunyaev disk: .# = 20.1
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R-L relation:

over-estimate by factors of 3-8
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Why Fell as an indicator?
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SELF-SHADOWING EFFECTS OF SLIM ACCRETION DISKS IN ACTIVE GALACTIC
NUCLEI: THE DIVERSE APPEARANCE OF THE BROAD-LINE REGION
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Typeset using IATEX twocolumn style in AASTeX631

Understanding the Broad-line Region of Active Galactic Nuclei with Photoionization. II. Slim disks,
Self-shadowing, and BLR. sizes
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Anisotropic radiation in SEAMBHSs: observational evidence

lonizing Photons under
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An example of
measurement

RM sample
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CLOUDY calculation: lonizing Photons incident on BLR clouds

Radiation flux density of
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150 and ®12": similar in sub-Eddington AGNs, but different in SEAMBHSs
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Conclusions

* Rp.pp: a robust indicator of SEAMBHSs

* SEAMBHSs: shrinking BLRs

* R-L relation: R-(Rg,;, L) relation

* How extreme the shortening factors?

* How common SEAMBHSs in the Universe?

* How long the accretion of super-Eddington status?
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