Quasars at Extremely High Accretion Rates:
Potential Distance Indicators?
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Why have quasars never been successtully used
as cosmological probes?

1.Type 1 quasars are plentiful (~10°)

2. can be very luminous, bolometric luminosity

S feal erg g1

3. observed in an extremely broad range of

redshift 0 <z <7

4. relatively stable, especially if RQ (90% of all

qUAasAars) (Zamfir et al. 2008)




Why have quasars never been successtully used
as cosmological probes?

Quasars are sources with an evolving luminosity function, open-

ended at low

Quasar spectral properties do not show vtrong signs ot
dependence on luminosity

Quasars are anisotropic sources

Can Quasars tell us anything on the geometry of
the Universe?



log ¢(AGNs mag-! Mpc-9)

Quasars are
sources with an
evolving
luminosity function,
open-ended at low L
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® 0.360<2<0.476
A 0.475<2<0.613
B 0.813<2<0.763

X 0.928<2<1.108
O 1.108<2<1.308
O 1.308<z<1.621
A 1.621<2<1.757

® 2.014<2<2.300

2dF; Boyle et al. 2001
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Minimum
consistent with
virial assumption

Eddington and maximuin
@ ratio=0.15

luminosity ad

Eddington Limit

The Pop. A limit 1s

luminosity

dependent

Curves assume
virial relationship
with r o« [2

Marziani et al. 2009



Quasars are anisotropic sources

In radio-quiet quasars, thermal emission from an optically thick
accretion disk is anisotropic.

Orientation effects are expected on optical/UV emission
continuum, and emission line width

They are not yet well constrained/understood

cned comne :
Xy :_I'IUV mouw:




Can Quasars tell us anything on the geometry of the Universe?

Hubble diagram
for the brightest

quasars
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Curves predict the
apparent magnitude
of a quasar of
“maximum’ mass
radiating at

Eddington limit

Ho ~60-70 km s!
Nlpc'1

Bartelmann et al. 2009



Several approaches were devised
to exploit quasars for cosmology:

Correlations with Luminosity

the “Baldwin Effect”: too weak a correlation
(Xu et al. 2008; Marziani et al. 2008, Bian et al. 2012)

Time delay methods (present and future)

Broad Line Region reverberation

accretion disk reverberation
(Karowska et al.2004)

“Eddington standard candles™

super-Eddington accreting massive black holes (SEAMBHs)
XA sources 1n 4D “‘eigenvector 17 space

Other methods

not based on quasar intrinsic properties
Baryon acoustic oscillations in the Lya forest of BOSS quasars Busca et al. 2013)



Eddington standard candles

= nLEdd — COIlSt?]MBH

Two main 1ssues:
1) definition of a sample with “known” L/Lr4a (N= 1);
following the 4DEI1 approach
2) can any method based on I/Lr44 estimates be
applied 1n practice to actual data and give relevant
results for cosmology?



Defining a sample of Eddington

“standard candles”



The main sequence

of 4DEI: optical i
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extreme Pop. A
sources (xA) radiating
at highest Eddington

ratio values
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4000

Eddington ratio

increases toward A3

and A4

Sulentic et al. 2000; Sulentic et al.
2002, c.f. Shen & Ho 2014




The 4DEI space of Sulentic et al.

width of Hf3

strength of FellA4570

emitting gas
I(FelIM570) W (FelIA570)
B e e CHED)

e e

CIVA1549 line shift

emitting region

soft-X ray photon index
keV: optically thick Comptonized radiation, correlated to I

20 keV)

Separation of Population A (FWHM H[8<4000 km/s) and

Population B(roader) sources, associated with a critical
Eddington ratio

(Marziani et al. 2003b)



Extreme Population A sources

in the 4DE]1 context

4DE1 Optical Pl

a) strong optical Fell emission, Rrer= I(FentAd570) / I(HB) ~ 1.3 2 1 where FellA\4570 is
the Ferr blend on the blue side of H3 as defined in Boroson & Green (1992); Sulentic
et al. (2007);

8000

FWHM(HB) |km s!|

4000

b) large CivA1549 blueshift relative to the rest frame A v,~ —1000 km s~!(Marziani et al.

1996). The CivA1549 centroid displacement of I Zw 1 at half maximum is c(%) ~ —1670

km s~ !;

c) strong soft X-ray excess; the soft-X photon index of I Zw 1 is I, ;= 3.050 = 0.014 (Wang
et al. 1996).

Other spectroscopic measures are also extreme and are especially useful for identifying
“IZw1-like” sources at higher redshift:

d) very low C1vA1549 equivalent width W < 10 — 20A (Bachev et al. 2004; Baskin & Laor
2004; Sulentic et al. 2007);

e) Intensity ratios I(AlimA1860) 2 0.57(Sii]A1892) (Laor et al. 1997; Bachev
et al. 2004; Negrete et al. 2012);

Table 1: Mgy and L/Lggq estimates for I Zw 1
log Mpy logL* logL® L/Lgsq® L/Lgss® Reference
7.30 45.54 45.31 0.06 -0.02  Negrete et al. 2012
. 726 4554 4531  0.10 -0.13  Vestergaard & Peterson 2006
The prototypical 749 4554 4531 -0.13  -0.35 Assefet al. 2011

source 1s NLSle 745 4554 4531 -0.10  -0.32 Trakhtenbrot & Netzer 2012

ZW 1 * Bolometric luminosity computed assuming L = 10 ALx(5100).

> Bolometric luminosity computed following Nemmen & Brotherton (2010).
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A sufthcient condition

to 1solate high accretors (?)

Fanali et al. 2013




Continuum of xA sources

log e

10 1000 10* 10> 108 107

M&F 1987
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1 2
log €[Rydberg]

NLSyl SEDs: optical/UV/soft X Grupe et al. 2010; hard X: Panessa et al. 2011



The luminosity 1s expected to “saturate”
toward a few times the Eddington limit

L = Lg(1 + constlnm)Mpgy

The steepening of hard X-ray continuum
1s predicted in an advection-dominated
Fig. 2. Disk luminosity as a function of rn. The aster- - g
isks denote the calculated luminosities, whereas the aC Cretlon S Cenarlo

solid line shows the fitting formula (8). It is clear
that an increase in L is suppressed at L > 2Lg.

Szuszkiewicz et al. 1996 Mineshige et al. 2000;
Sadowski et al. 2011; 2013

Wang et al. 2013
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xA sources include high luminosity equivalents of NLSyls

Rest Frame A[A]
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Extreme A sources

1Zw 1(1Z.) | Zw 1 (5Z _SIiAl) Over Abundance
/

e — A1/ San) /{nl / Sim)
—

Al i/ SHN)

"
=
=
-
3
T
~

SHy / S}
L SHyLsw) .

- Lyrsm)

ST A E—

CIviam

Physical

11 12 1. T By

conditions 1n gk )
- — 12014+0116 (1Z_) 12014+0116 (5Z_SiAl) Over Abundance
their broad —— Y
component: well v \\\ / swvism.
defined-values xV, /
for density NS

Civ/iAam

(high) y ; | SV 1 OV
ionization (high)
and metalliCit.}] Plane ionization parameter versus density (Negrete et al. 2012)

(high)

A dense BLLR remnant?
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= : 1. (2010
Merg Extreme Population A sources QYe;araﬁ)on

“wind dominated”: largest CIV blueshift

Eddington ratio close to 1

Enrich : L.
prominent low 1onization spectrum
Fuel
pfjgjfjéﬂr LI emitting region: a dense remnant
Highly

e -
EXtreme Population A cf. Sadowski et al. 2013



Pop. A/B transition: geometrically thick/thin disk?

Abramowicz et al. 1988, Shakura & Sunyaev 1973
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Selection criterion based on UV intermediate 1onization lines

in extreme Pop. A (xA) sources
(Negrete et al. 2012; Marziani & Sulentic 2014)

5 16750 1800 1850 1900 1950 2000
: | )

Ad

Optical (z<1) Ryerr = 1(FelIA4570)/1(HR)>1

UV (z>1.4) I(AITITA1860)/1(SilTT]A1892)>0.5
I(SiTITIA1892)/1(SilTIT]A1909)> 1

UV: ~200 sources ~3000 sources from DR4



3 preliminary quasar samples L Rl ot
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Consistency of optical and UV selection criteria

and virial broadening estimators

Additional verification of selection criteria 1s needed; few objects

have both the 1900 blend and the H spectral range covered

FWHM(Hp) consistent with the
FWHM of SillI]1892 and
AlIIT1860
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C

Dispersion in [/LLg4d and a posteriori verification:

Systematic
itterences are

less than 0.08

C

ex; a concern

for cosmological

O

applications

log [/LLgdq=-0.05

dlog QQm=0.05

HB sample: —0.082 = 0.147
Sample 1: -0.071 + 0.129
Sample 2: —0.153 = 0.232
Sample 3: —0.156 + 0.096
Full sample: —0.116 + 0.131
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Applying Eddington
“standard candles”
to estimate (2m (and (24)



Virial Black Hole Mass

=1 = 77LEdd — COIlStUMBH

geometry
dynamics

e 0

G

FHWM
I'BLR s, FWZI

Mgy : if dv = FWHM, isotropy : Y2AFWHM — f = 0.75

/= 2.0 more appropriate for Pop. A sources
Collin et al. (2006)



The distance of the BLLR

from the central photoionzing continuum source

SRS
1onization e f o mdy
parameter =

4 T'BLLRNeC

f+oo G 2

0 hv

ArUnec

EBER-—=

| = e

I'BLR = = —ﬁ-—dy
(477(3) R S 1%

N—— diagnostics N, ——

const. # ionizing photons

N



Relation for luminosity not dependent on =
assuming the Eddington ratio 1s known,
and that the vimal relation applies with rgrr @ L0-5

75
Lg4q

—7 e GRSV

fraction of iontzing luminosity

=

2 2
[ ~78 104 Mik0sly 1 vioo ergs”
Vig.42 1016 (PU)9.6

\

average frequency of ionizing photons Marziani & Sulentic 2014
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Results:
comparing “virial
luminosity” Z(v) and
luminosity L(z)

estimated from z

2 2
1
L ~7.810* 71 0.5/ Ui o o
Viz.a2 1016 (nU)9.6

= Angdol, O O A ) 105

A = Alog L(z) =log L(v) — log L(2)

Alog L(z) = Alog L + ((2)

AlogL(z) =a+b-z




Results for samples 1,2,3:
n =92, rms(logl)=0.365

' A A 1

Q,0.19:55 o)

assuming Hy and 2y + Q4 = 1.0

L A A A l A A A 1 l L L A A l

L ) L L} l Ll L 1

O %

Marzianmi & Sulentic

2014




Results for mock

sample:
= 200,
rms(log/,)=0.2
(assuming concordance

ACDM)

1 1]

mock sample n=200, rms=02
A = 0011 bro, = 0.0042£0.0168
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A simplified error budget for

statistical errors

Lrn7g104lirosls 1

<=

v erg s
1000

Vig.a2 1016 (nU )96

L= Ayd (O S =10

Main source of statistical
error: FWHM

measurement errors

Table 4. Error budget.

Parameter p dlog p“

Virial luminosity
AEdd 0.13
K /() 0.020-0.033
10msY 0.050-0.100

fs 0.043-0.087

FWHM 0.065
Prop. err. 0.379-0.418
z-based luminosity

L. 0.043

4 0.000-0.001
B.C. 0.043-0.087
Anisotropy 0.085-0.15

Prop. err. 0.105-0.179
Total err. 0.394-0.455

“Estimated statistical errors for the actual sample of
92 sources presented in this paper.




Effect of anisotropy for an accretion disk assimilated
to a Lambertian radiator of + a limb darkening term a

P_g [ 15 [cos(6 + 64) (1 + acos(f + 04)] sin Hd6
=Ly,

[ sin 6df VAR

_ _ 2
| {ﬁ [cos(f + 04) (1 + acos(f + 6a)] — 11 [cos(f + 04) (1 + acos(f + Gd)]} sin 6d6

Eftect estimated around 10% - 20%

Ideally, luminosity equations should be written
for a standardized value of 0



Constraining the continuum of xA sources

log e

10 1000 10* 10> 108 107

M&F 1987

~

1 2
log €[Rydberg]

NLSyl SEDs: optical/UV/soft X Grupe et al. 2010; hard X: Panessa et al. 2011



Statistical errors

are presently rms = 0.37 dex

Efforts should be oriented toward obtaining a larger sample

(2400 sources)

Find a reliable orientation estimator

Systematic errors

1) trends involving Rreir and AITIT A1860/SIIT]A1892
2) SED and bolometric correction dependent on L,

Slog 1/LLE4d=-0.05 — 8log (Im=0.05

an analyots i possible only on a larger sample of real data



Quasar data could cover almost uniformly the
range between 0 and 4

0,=0.0, Q,=1.0

CMB
z~1000

0,=0.28, 0,=0.72




(Perlmutter et al. 1997, 1999) |
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Cosmological parameters from

10-15 years
ago
(1998-2003)
....only few
Supernovae

_______________ Constant Dooeleraﬁon,_q,z:._dgdzﬂ

Coasting, q(z)=0
— - Acceleration+Deceleration, q,=-, dg/dz=++
— — Acceleration+Jerk, q,=-, j=++

10

Riess et al. 2004

Supernovae

Hubble diagram

with type I[a Supernovae
Supernova Cosmology Project
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Supernova Legacy Survey
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Mock sample of 400 quasars & supernova
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0,00 =00 ]
0,01 0,=00 |

Only statistical errors
are included

Campbell et al. (2013)

legacy survey comparison
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Conclusions

Quasars’ potential for cosmographic studies has not been yet exploited

A promising method involves the 1dentification of quasars that may
serve as "Eddington standard candles”

“Eddington standard candles” could cover a range of distances where
the metric of the Universe has not been “charted” as yet

Work 1s 1n progress on a ~1000 candidates DR7 sample: highest S/IN
SDSS spectra

Realistic expectations are to obtain a reliable tully independent
estimate of at least {(Jy once systematic effects are taken into account



