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Introduction

Introduction

A main sequence (MS) for type-1 (unobscured) active galactic
nuclei

Data-oriented interpretation of the main trends along the MS:
two distinct populations Population A and B

Extreme Population A: super-Eddington
accretors?

Cosmological applications?






Introduction

' .. Narr.ow Line
Region

AGN are understood as
accreting supermassive
black holes,

axially symmetric s °

Broad Line
Region type-2
Unification schemes:
obscured and unobscured
(type-2 and type-1),
accreting black holes seen
at different viewing angles

Accretion
Disk

Unification schemes do not
make any prediction for /
type 1 AGN. Obscuring
Orientation complicates ~ '07US
estimates of Eddington
ratio, Mex, accretion rate,
radiative efficiency

Urry and Padovani 1995



Introduction — The average quasar (type-1) spectrum

Broad and narrow optical Broad
and UV lines emitted by

Narrow

[O11]A\4959,5007,

jonic species over a wide | Highlonization |~y q1540 Hell ol Nell

(HILs; IP > 30eV)
range of IPs.
Balmer (HPB), Fell,

MglIA2800, Call IR
Triplet)

Balmer, [OI]A6300,
[SII|]AAN6716,6731

Low lonization
CIVA1549 and HB assumed as (LILs; IP < 15 eV)

representative of HILs and LILs

[NCEGHERIGE
shifts and
intensity
ratios
between
HIiLs and
LiLs
provide
dynamical
and
w00 8000 R R
Reat “rame Wavelengsh [A] Reat “rame Wavelengih [A] diagnOStiCS

The composite quasar spectrum from the Sloan DSS (Van den Berk et al. 2001; from Marziani et al. 2006)
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The Main Sequence — Organizing quasar diversity

Quasar spectra show systematic differences in line profiles, shifts,
intensities = different dynamical and physical conditions of the broad
line emitting region (BLR)
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A main sequence for quasars: organizing quasar diversity

Eigenvector 1 (E1): originally defined
by a Principal Component Analysis
of parameters measured on the
optical spectra of ~80 PG quasars

=
—
=
t
oL
=

_ F{FelIM570)  Wi{FelIM57))
IH  — W[HD

R

Boroson & Green 1992; c.f. Gaskell 1985 i
Fell emission is self-

similar but intensity with

respect to HB changes
from object to object

Fac. 5. WM of the 11§ line plotied agaivst R Ue 11 the ratis of the
oquivnlens wrdth o 1be Fe n complex betwern A<434 p=d A684 o vat of
Ha.

E1 main sequence
(MS) first associated
with an anti-
correlation between
strength of FellA4570
and width of Hf3 (or
the peak intensity of
[OIlll] 4959,5007)

Sulentic et al. 2000 T
[ARA&A], 2002: n ~ Fell emission from UV

200 to the IR can dominate
the thermal balance of

the low-ionization BLR
Marinello et al. 2018

FWHM(HP): related to the
velocity field in the low-
lonization BLR
(predominantly virialized)

Peterson & Wandel 2000;
recent reverberation studies

Since 1992, the E1 MS has been
found in increasingly larger samples

Zamfir et al. 2010, n ~ 500



The main sequence

Quasar spectra diverse line profiles, Rrel,
line shifts, line intensities can be
organized along the MS
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Multifrequency parameters
related to the accretion
process and the
accompanying outflows
show trends along the MS

Parameter Populatien A Populaticn B References

FWHNH Jpes) 600-400Ckm s~ 4,000-10,0¢0 kms~'1,2,3. 4
Ara 0.7 0.3 1.2
ezl CivalEdYy;  ~800 k™! ~25U004 0 (HVHL) 5,8,7.8
Sulentic et al. g Chenlege (- 2) Rereylarge=:2) 2,9,4.10
2000, 2011; ViTH ) - a0 A - 100 A 2
Shen & HO Ik (3o an 11, 12, 18
2014’ cf Du e[z Hiac ~ 2002 +300 kem 5! 12

Silecin) 0.4 0.2 14.15.16
et al. 2016;

. FWHNCIVA1008gs  (2-6) 108 om 2= 210 AP kms=" 5,17
Sniegowska ViTiva | 580 Fawh - =60 A~ 100A 4,6, 7

et al 2020 AiCIvA154%e) =0 0.85 g
VI Om: £CON 1-20 -8 1,18, 10
([0 80070 Negaive /0 4,18 19, 20
FIRcoor«iG0,28)  O-—1 ' 21
H-ray vanalabty

HAgg ol sheypxe | ocentain

Extrennefrapad EREMR]
<ommen

= 0,2-12

1: Qoroyon wnd Groen (15327 & Sweantc gt &' 2000 3 Codim et 2, (2005, 4. Shev: anp
Mo (4], 5. Sutanie ef ' T400S), B Baskrd and Laca (A4, /) Wehods gt @&, AT 8
Seoenie ! (2018, 9 Wanr st af (1509 10 Beraeh aral (2018 11 Véran-Oxty st sy
(20071, 12 Srantle at o, (2002, 15: Mezlani et 2!, (20058); 14: Marz'aru ar &l (2001
15, Whe of 2\ (1899 15 Bachar €f al (209, 17 Coatman ef 3l (2015, 18 hang ai 4.
G 10, Mewasan el sl (AR 20 Zrnaywe ¢l sl (A5, wxd) el Nl AN 30
Turrae gf af (1903 25! Gupa et o, (20010 24: Sheot of 2! (19930 25 Zamir ¢! o,

08, 28 Qarchard ¢! o (AN, 27 Sutmts of al NG, A8 Negeatar et Al R 2 O

svy (20U S Malevson o o (20N 31 Fuesseiomwe: el &, (2050,

Fraix-Burnet
et al. 2017




Extreme Population B

very broad Balmer profiles, low Rrei, low accretion rate
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MS correlates: extreme Population B

Extreme Population B: few (<10% in SDSS), very broad Balmer profiles
suggest accretion disk or binary BLR; frequently “changing look”
low Eddington ratio « 0.1

UNAM-KIAS-613 ‘ VMIANGASUrVey,
Hernandez-Toledo et
al. in preparation

Radial Velacity (km s°!)

Mg ~ -25.7 Rren = 0.1 L/LEdd<O0.1
Jetted sources

Tne quasar main sequence: Zamfir et al. 2010 - - : predominantly
" confined to Pop.
B; high RL
fraction for
FWHM Hp > 8000
km/s

Sulentic et al. 2000;

0 L ol L Strateva et al. 2003,
0.00 0.25 050 0.5 LOU 125 150 LJ/S 200 0.00 U.25 USU 0.5 LUU 125 150 LIS 200 2007: Ganci et al. 2019
RFC" RFC" ’ . . ) ’

Marziani et al. 2021
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MS correlates — The HIL CIA1549 profile

The CIVA1549 line profile:
scaled symmetric HB from + excess blueshifted
emission

“virialized" BLR + outflow/wind component
e.g., Leighly 2000, Bachev et al. 2004, Marziani et al. 2010; Denney et al. 2012; low-z FOS/HST data
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MS correlates — CIV shifts in the optical plane of E1

Filled: Pop. A
Open: Pop. B
Circles: RQ

Squares: RL

: -300 =¢(1/2) > -1000]

: 300 < c(1/2) = 1000
 ¢(1/2) > 1000 ]

/

/ N

- 4 \

150 150
A[A)

T —
c(¥2) CIVA1549

c(1/2)=-1000

B

Large shift of CIVA1549
centroid at 2 along the
MS are found for
FWHM(HB)< 4000 km s-

‘discontinuity” at
FWHM(HB) =~ 4000 km s-1
suggested by the H[ profile
shape change

Marziani & Sulentic 2012; Sulentic et
al. 2007; low z sample UV FOS data




MS correlates — CIV shifts in the optical plane of E1

Outflowing gas coexists with a virialized system
emitting mainly LILs, even at the hlghest Iummosﬂy

Virialized: : , il T _
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MS correlates — CIV shifts in the optical plane of E1

1 lll

| P

43 47
log L., [erg s']

FOS + high L HE
sample (28
objects)
Sulentic et al.
2017

c(1/2)=-1000
-300 =¢(1/2) > -1000

300 < c(1/2) =1000
c(1/2) > 1000
Circles: Pop. A

Squares: Pop. B

CIV blueshifts are a largely self-similar
phenomenology over 3-4 orders of magnitude in
quasar luminosity and black hole mass

Largest CIVA1549 blueshifts are observed at high L/Lgqd

but not necessarily at high Mgn or high L
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MS correlates — BLR structure

Balance between gravitation and radiation forces

Example: Compton thin slab
absorbing all of the ionizing

continuum
I|’|IIII|I|IIIIIIIIIII|
gas cloud trajectories
: . Lbol Lbol
Fddington ratio = X
Lgaa  Msn
Irad . 0.088 Lyy Mzt N~
~ Y. 44IVIBH- V¢, 23
Uorayv :
5=1.2 ¥,=0.5V, e meamee o mae
7 (1) r,=1000r, (2) r,,=10r, (3) r,,=0.82r,
Qrad bol —1
~ (.2 N 55
Qoray LEdd ’

Ferland et al. 2009; Marziani et al. 2010; Netzer & Marziani 201(

Blueshifted component: low N. gas may become unbound
Broad Component stable (virial)



MS — L/Lepp as the MS driver

Interpretation of the optical MS plane at low-z in terms Eddington ratio and orientation

Population A: L/Lgdq = 0.1-0.2
includes rare (P(0) - sin 0) low L/Ledd sources observed almost face-on;
NLSy1s preferentially sample face-on sources along the MS

0=15,]fr=89%

. . . . =109
Virial velocity field in a Met=10° Mo

flattened geometry

f(B)reLr FWHMZ/ G
. f(B) = 1/[4(K2+SiN20)]

Svie= f(8)FWHM?
K=0OViso/OVK

L/Legg=0.01  L/LEgs=3.2

Empirical correlation Rreil — L/
Leag of Du et al. (2016)

Key assumptions: Rreil « L/LEdd

FWHM « Mgy (L/Leaq) 1/41(0)-12 (virial);
Marziani et al. 2001; Marziani et al. 2018 RFell = RF@”(L/LEdd) cos 6 (1 + b cos 6)



The relative occupation in the Rre 1 sequence is explained as a
sequence of increasing L/Ledd and related observational trends i.e.,
cloud density nu, chemical composition Z, and SED shape.

B and A1: relatively low density, low Z, and low L/Lgqd
A2: moderate density ny ~1011 cm-3, intermediate L/Ledd, Z~5Z¢

;plfo Bl R-. > 1: higher n, radiative output at the L/Leda~1, and Z=10Ze
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Population B, Population A, xA in different accretion modes
Pop B.: geometrically thin, optically thick disk
Pop. A: inner geometrically thick

xA: full

Interplay between the Broad Line Region and different accretion modes?
D’Onofrio et al. 2021; Giustini and Proga 2019

Low m ¢
The quasar Mass - Luminosity relation T
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= inefficient radiators
L // g
[4n]
= 8 thdd =1 L 0.10
B super-Eddington limit? 0.08
6 - T < T T 0.00
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Extreme Population A

Highly accreting, possibly super-Eddington quasars
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Extreme Population A — Selection and physical conditions

Martinez-Aldama

The UV spectrum of XA quasars ot al. 2018

Symmetric low-ionization and blueshifed high-
ionization lines even at the highest luminosity
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The diagnostics applied to xA spectra show a fairly monotonic trend with
metallicity Z

Diagnostic line ratios [ B3 =3 Ba—
CIVA1549/HellA1640 IRE
Allll' A\1860/HellA1640
(SilV+OIV])A1400/
HellA1640

HellA1640
expedient
because of of
simple HellA1640
radiation transtfer

Arrays of CLOUDY

17.02 simulations

covering the U, ny
parameter plane with
a step of 0.25 dex, for
-21Ze = Z =1000 Zo

Sniegowska et al. 2021




Extreme Population A — Selection and physical conditions

Extreme values of metallicity (Z>20 Z:) with small dispersion

6
5
4
3
2
1
0

. 19 251 128 156 184 212 24 1 128 156 184 212 24 0 0.5 1 1.5 2 25

J010657.94-085500.1
J082936.30+080140.6
J084525.84+072222.3
J084719.12+094323.4
J085856.00+015219.4
J092641.41+013506.6
J094637.83-012411.5
J102421.32+024520.2
J151929.45+072328.7
J084525.84+072222.3
J150959.16+074450.1

J151929.45+072328.7

For the low-1onizaton BLR, ionization

-05 0 05 1 15 2 25 1 12141618 2 2224 1 12141618 2 2224 -05 0 05 1 15 2 25

log10(Z(CIV/Hell)) log10(Z(SilV/Hell)) log10(Z(Allll/Hell)) log10(2) parameter, denSity, and Z are
(Negrete et al. 2012; Martinez-Aldama et al. 2018; Sniegowska et al. 2021) constrainead

Important caveat: relative elemental abundances
scaling as solar
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The xA can reach very high radio power P,~1025 W Hz-1

XA follows the correlation SFR from FIR - SFR from radio
observed for radio-quiet quasars: radio power from
supernova remnants

IIIIIIII
|
I

Jettedi (RL) Pop.

.

I I 1 1 I l 1 I I 1

B sources _,

Sl

® xA sources

@ XA sources

102 10° 10% 10°
SFR radio [M C yr* : ]

Py [W Hz] 1022 1028 1024 1025

Ganci et al. 2019; del Olmo et al. 2021; cf. Bonzini et al. 2015; talks by Marco Beron and Emilia Jarvela




XA in a particular stage of quasar evolution
Pollution of the line emitting gas by core-collapse supernovae

R 4

Starburst

Enrichment

via SN 11I/1bc

Enriched
Fuecl

Feedback: Highly accreting

quasars, I./I.ggq ~ 1,

with powerful winds,very
metal rich ;

D’Onofrio et al. 2020



Extreme Pop. A
low-L Pop A

MgH
phylogenetic
clock

Pop B /RL LD

The main sequence — Evolutionary interpretation

Cladistic analysis suggests an evolutionary link
between Pop. A, B and RL

I TTTVU N

FWHM(HR)

From young / rejuvenated (NLSy1s in
extreme Population A, including jetted
SOUrces)

Sulentic et al. 2000; Mathur 2000; Komossa et al.
2006; Berton et al. 2017

High M, low L/L 4, older

~ low My, high L/L 4,
prominent high 1onization winds
vounger; Pop. A

FellA4570/HR

Fraix-Burnet et al. 2017




Applications to Cosmology?



Extreme Population A: “Eddington standard candles™?

Accretion disk theory: low radiative
XA quasars: Extreme L/Leqq along efficiency at high accretion rate;
the MS with small dispersion L/Leqq saturates toward a limiting
value

L = nlgqq = constnMpy  L/Lgg—>const. for m>> 1

1 i I

H8 =zomple: 0105 & .16
Sample 7. <0086 - .16
Samgle 2: -0,136 = 0.219
Sampla 3: <0196 - 0.0898
Full sample: -0,166 = 0.127

~2[1+1n(m /50)]

N

Marziani & Sulentic 2014 (MS14); Mineshige 2000; Abramowicz et al. 1988; Sadowski 2014



Extreme Population A: cosmological applications?

Eddington standard candles

2
i i fTBLR(év) 1. virial motions of the low-ion. BLR
BH —
G
2. XA quasars have similar BLR
L 1 1 physical parameters (nn and U),
'BLR X ( ) 2 < L> implying that the BLR radius rigorously
nHU scales with L as reLr « (L)1/2
1. XA quasars radiate close to
L = nLgqq = constnMpg Eddington limit N~

4. It we know a virial broadening
estimator ov (in practice, the FWHM
of a low-ionization line), we can derive

a z-independent luminosity

L x n?(dv)* « FWHM*

Analogous to the Tully-Fisher and the early formulation of the Faber
Jackson laws for early-type galaxies; and FWHM increases as L14

Marziani & Sulentic 2014; cf. Teerikorpi 2011



Extreme Population A: “Eddington standard candles™?

A Hubble Diagram for quasars: consistent with concordance ACDM

Data already rule out
extreme Universes
(QA=1,Qu=0) or the

Einstein-de Sitter Universe

Data already provide
significant constraints on
Qu (0.30+0.06), better than

Negrete et al. 2018
Sniegowska et al. 2021 supernovae alone, because

of the z>1 coverage

Marziani & Sulentic 2014, Allll

Duetal 2010 Significant scatter, oay ~ 1.1-1.3

mag, can be entirely explained by
due to viewing angle

Dultzin et al 2020; Czerny et al. 2021



Conclusions

* interpretation of the quasar main sequence based on
Eddington ratio (ratio of radiative to gravitational forces) and
orientation

* Virialized low-ionization and high-ionisation outflow components
in the emission lines

% The MS is not only about spectral parameters; instead, it reflects
different evolutionary and environmental situations

% Extreme Population A: very metal rich, possible enrichment
associated with a circumnuclear Starburst

* Can extreme Population A quasars be exploited as “Eddington
standard candles?”



Sources

extremely accreting
quasars (xA)

extremely accreting
quasars (xA)

general quasar
populations

mainly quasars at z<1

general quasar
populations

Data already rule
out extreme
Universes
(Qa=1,Qm=0) or
the Einstein-de
Sitter Universe

MS14 data already
provided significant
constraints on Qu
(0.19+0-17 5 0g): the
redshift range 2 - 3 is
highly sensitive to Qwm

Quasars as distance indicators for cosmology

Parameters

Hard X-ray slope, velocity
dispersion

virial velocity dispersion:
FWHM(HB)
Eddington ratio = const

X-ray variability, velocity
dispersion

Reverberation mapping time

delay 1

non linear relation between
soft X and UV

0,=1.0, 0, o}\

D, =

Basic equation

Reference Virial

e [

log(Fx) = ®(Fuv, D)

p—- L
= O

~
~—
S
-

0,=0.28, 0,=0.72 ™~

v g - 1/2(1-w) L1/ @
‘0 (1 ' alnmln,' .'1'.'.nlcll] A : vr-l'.':r;lu )

L = FWHM(HB)*

N

- — Wang et al.2013
G Fifu

Marziani & Sulentic
2014

La Franca et al.
2014

Watson et al 2011,
2013; Czerny et al.
2013; Melia 2015

T/AJF « du

Risalti & Lusso

2016

vlog(Fuv) + 2(y — )log(Dy),

Quasar samples

Eddington
standard
candles

have the potential
ability to better
constrain Qumthan
supernovae

Samples extending up to ECb,
z~5 could address the
issue of the equation of

state of dark energy

Marziani & Sulentic 2014a













