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The main sequence (MS) for type-1 (unobscured) quasars

An extreme of the MS:
strongest Fell emitters (i.e., highly accreting quasars)

“Eddington standard candles”?



A main sequence for quasars: preamble
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Eigenvector 1 (E1): originally defined by
a Principal Component Analysis of
parameters measured on the optical

‘. spectra of ~80 PG quasars
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respect to HB changes
from object to object

E1 main sequence (MS) first
associated with an anti-
correlation between
strength of FellA4570 and
width of HP3 (or the peak
intensity of [Olll] 4959,5007

Fell emission from UV
to the IR can dominate
the thermal balance of
the low-ionization BLR
Marinello et al. 2018

FWHM(HB,.) [1000 km s']

Sulentic et al. 2000
[ARA&A], 2002; n ~ 200

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 — Organizing quasar diversity

Quasar spectra show a wide range of line profiles, Rrei, line shifts, line intensities =»
differences in BLR dynamical conditions and ionization levels

Sulentic et all. 2000 Key multifrequency parameters

related to the accretion process

and the accompanying outflows
show a trend along the MS
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The main sequence — Population A and NLSy1s

; NLy1s (FWHM(HB) < 2000 km s-1) vs
H ADEI Optical Plane | “rest of Population A”: 2000 km s < FWHM(H3) <4000 km s-1
3 y AN No change in HB shape occurs around FWHM(HB) = 2000 km s-1
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MS correlates — The profiles of Hydrogen Balmer line H

The MS allows for the definition of spectral types

o,

Composite spectra: Pop. A: “Lorentzian” HB profile, symmetric, unshifted;
Pop. B: Double Gaussian (broad + very broad component HBsc+HPvsc),
slightly redward asymmetric =» predominantly virialized

o

Fits on composites with several functions (Voigt, single Gaussian, etc.) in
steps of 1000 km s-! confirm the Lorentzian as best profile up to 4000 km s-1

O

FWHM(HBg.) [1000 km s-']

Sulentic et al. 2002 (z < 1, log L < 47 [erg/s]); del Olmo et al. in preparation

W(FellA4570) / W(HB,)

~
'

~iet  \Work in
progress

+ const

Arbitrory Intensily Units

Arbitrary Flux

NLSyl

| ]
r 1
! : —T// \w . 1
o e =X L1 . |

PO SN T TR S SR T NSNS T T N c 2
4500 5000 5500 200G G 5000

Wavelength [A] Av, (Km s77)




e T MS correlates — The HIL CIA1549 profile

The CIVA1549 line profile: low-ionization “virialized” and high ionization
e v DI RN outflow/wind components coexisting even at the highest luminosities

scaled Hf3 + excess blueshifted emission L>1047 erg s-1: extremely high amplitude
blueshifts in CIV 1549 profiles of Hamburg
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MS correlates — UV lines
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Several trends involving strong UV emission lines
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MS correlates — L/Lepp as the MS driver

The MgH proxy ox increases with Fundamental plane of accreting

Rrenin narrow luminosity bins massive black holes
=L/Ledd iIncreases with Rrel
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Sun & Shen 2015 Du et al. 2016, assumed virial relation

Several approaches consistently support a relation between L/Ledd and Rren



MS correlates — L/Lepp as the MS driver

The optical MS plane at low-z can be understood in terms of Eddington ratio and orientation
(Marziani et al. 2001, 2018; Shen & Ho 2014; Panda et al. 2019)
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Population A mainly due to high radiators virial Man= FWHM « Men'™ (L/Lead) 141(9) 12

(L/Legq = 0.1-0.2) ; “limb darkening”= Rrel « Rren(L/Ledd) cos 6 (1+ b cos 0)
Pop. Aincludes rare (P(8) = sin 0) lower L/Leqd

sources observed almost face-on;
NLSy1s preferentially sample face-on sources;
Degeneracy between mass and viewing angle; [ )
A sharp FWHM limit is not very meaningful. : TN Correlation Rrel —

| /Leaq Of Du et al.
(2016)

6=15, fr=89%
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al. (2017)
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The “high Rrenend” of the quasar MS
(extreme Population A, xA, at Rre = 1)
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Extreme Population A — Selection and physical conditions
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Extreme Population A (xA) quasars
satisfy Rren> 1; ~ 10% of quasars in
low-z, optically selected samples

XA spectra show distinctively strong
Fell emission and Lorentzian Balmer
line profiles

xAs are related to Super-
Eddington accreting massive black
holes (SEAMBHS)

Wang et al. 2013; 2014; Du et al. 2016

Negrete et al. 2018
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Extreme Population A — Selection and physical conditions
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The UV spectrum of xA quasars at z ~ 2

FWHM(HB) [km s-!]
8000

4000

Symmetric low-ionization and blueshifed high-ionization
lines even at extreme radiative output

Lines have low equivalent width: some xAs are weak lined quasars
Clll] almost disappears

Martinez-Aldama et al. 2018, and reference therein
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Extreme Population A — Selection and physical conditions

At least 70%-80% of weak-lined quasars [W(CIVA1549) =10 A] belong to extreme Pop. A

WLQs and xA show continuity in CIV shifts and equivalent widths

WLQs appear as extremes of extreme Population A

wW(CIV) [A]

WLQs

A LLLLL[ ' A

AT Brererere e 1000 10000
1.5 NLSy?s ! CIV shift [km s

Data from Plotkin et al. 2015; Luo et al. 2015, Wu et al. 2012; Marziani et al. 2016; GTC xA: Martinez-Aldama et al. 2018,




16000

12000

8000

¥

FWHM(HB) (km s-!)

4DE1 Optical Plane
b Bl‘ i

iy \1 Nin S.equcnce

Bl 2582

4000

0

S

*ﬁ;?
lAé"

-
}..0 “ ® e
A e o

i A3 °1 A4

CINA1909/Sill|A 18382

FWHM Al Il and Silll) [km s-!)

2000

6000

4000

2000 4000
FWHM HE [km s7']

UV and
optical
selection
criteria
are
equivalent

FWHM(H[)
FWHM(AIII
1860)
Allll 1860
virial
broadening
estimator
equivalent
to H3

Selection criteria from diagnostic line ratios
1) Rren = FellA 4570 blend/HB > 1.0
2) UV Allll A1860/Silll]A1892>0.5 &
Silll]A1892/ CIlJA1909>1

Rest Frame A[A]
48500 5000

Extreme Pop. A (XA; Rr

Extreme Population A — Selection and physical conditions

eli>1 )Z

consistent line intensity ratios (even at

FWHM > 4000 km s-1 at high L

for virialized (Balmer and Paschen lines).

Virialized
symmetric line
FWHM = 1050,

3600, 4000 km s

'3?#Wfikq#w;ﬁ*;+L;' ':«Mﬂi

- 10000 10000 20000

SDES J12014+0118

1 »
~ 1 .D. ‘lwl .0.,0
" ' SDSS 4
Cct 1545 ] < ! a1 3 ‘ |

-

13
[J

- l;’ S os if- b
| e "tl“

)

snlc.n]nn-uu

J’j? P {W

i 1,, '\,“@JW l/ i ’Hﬂh‘ nhi

10000 |O°°C
2v Jum 7]

-5009
v, [ o l




Extreme Population A — Selection and physical conditions

Extreme values for density (high, n > 1012-1013 cm3), Extreme
ionization (low, U~10-3-10-2-5); values of metallicity
radiation forces removed low-density gas? (Z>20 Zs) or peculiar metallicity

with anomalies in Al
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Extreme Population A (Rre = 1):
implications for Cosmology?

xA: Marziani & Sulentic 2014 (MS14); Negrete et al. 2018; Martinez-Aldama et al. 2018; related to “Super-
Eddington” accreting massive black holes (SEAMBHSs): Wang et al. 2013; 2014; Du et al. 2016; Czerny et al.
2018 for a review; Czerny et al. 2013; Risaliti & Lusso 2015, and La Franca et al. 2014 for alternative methods.



Extreme Population A: “Eddington standard candles™?

Accretion disk theory: low radiative efficiency
at high accretion rate;
L/Leqq saturates toward a limiting value

XA quasars: Extreme L/Leqq along
the MS with small dispersion

L = nLggqq = constnMpy  L/Lgg—>const. tor m>> 1

T T L T T T | T T T T

HE sample: -0.105 £ 0.16 1 A

Sample 1: -0.086 + 0.116 ] ~2[ 1 _|_1n(m /50)]
Sample 2: -0.136 + 0.219 1
Sample 3: -0.196 £ 0.096
Full sample: -0.166 = 0.127

N

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



Extreme Population A: “Eddington standard candles”?

Eddington standard candles

1. XA quasars radiate close to Eddington limit n~1

L = nLEdd — COIlSt?]MBH
fr(év)?
&

2. Assuming virial motions of the low-ion. BLR, L « n Mgn MBH —
« N IBLR (OV)?

3. XA quasars have similar BLR physical
parameters (ny and U), implying that the BLR
radius rigorously scales as rgLr ~ [L /(nH U)]172

/ fractwon of tonizing luminosity

2 2
1
L ~7.810* ?1 0.5/3 5UT000 €TE S

Vig.42 1016 (U)9.6
\ average frequency of tonizing photons

1

“Virial Luminosity:” Analogous to the Tully-Fisher and the early

. formulation of the Faber Jackson laws for early-type galaxies
MS14; cf. Teerikorpi 2011



Extreme Population A: “Eddington standard candles™?

Negrete et al. 2018
Sniegowska et al. 2019, Allll, in prep

Marziani & Sulentic 2014, Allll

Du et al. 2016
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A Hubble Diagram for quasars:
consistent with concordance ACDM

Significant scatter, oay ~ 1.1 - 1.3 mag

data already provide significant
constraints on Qu (0.30+0.06), better than supernovae,
because of the z~2 coverage

to reduce the scatter via higher
S/N data and an analysis of the main factors
affecting the virial broadening estimators

¢« O
== Distance modulus
== New distance modulus @, = 0.3 £ 0.06
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Conclusion

The MS offer contextualization of quasar observational and physical properties.
Several MS trends are associated with relative prominence of outflows, and ultimately with
Eddington ratio “convolved with the effect of orientation.”

The differences between Population A and B (“wind-* and “disk-dominated,” respectively) might be
associated with a change of accretion mode (from geometrically thin, optically thick to slim disk?),
as several properties appear to change at
L/Ledd ~ 0.1 - 0.2.

Extreme Population A (xA) quasars at the high Rren end of the MS appear to radiate at
extreme L/Leqq. XA quasars show a relatively high prevalence (10%) and are easily
recognizable. Low ionization lines are apparently emitted in a highly-flattened, virialized BLR.

XA quasars might be suitable as “Eddington standard candles”.



Sources

extremely accreting
quasars (xA)

extremely accreting
quasars (xA)

general quasar
populations

mainly quasars at z<1

general quasar
populations

Dato olcooch oo
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

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 T

non linear relation between
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