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* Reverberation Mapping

* SPEAR (Stochastic Process Estimation for AGN Reverberation, Zu et al. 2011) to estimate
the lags between the AGN continuum and emission line light curves and
their statistical confidence limits.

» Spectrophotometric monitoring campaign at Asiago 1.82 m telescope,
for intermediate z, high luminosisty QSOs.

* The mass of PG 1247+267, the most luminous QSO ever analyzed
with RM



to the continuum changes.

The emission-lines “reverberate”

tlag

Reverberation Mapping:
BLR very close to BH.
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High velocity, ionized clouds
give rise broad emission lines.
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Virial reverberation mass:
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f, scale factor;
AV, line width ;
R, Retr = c At .



Transfer function

/ .

BLR uniform thin shell

1
Atri=r/c
gas
| cloud A1o=0
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Transfer function ¥ for a thin spherical shell
¢ within the range 0 <t’ <2 r/c
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((=(t; — At) — ) (y(t:) — 7))

Cross-correlation function CCF, ,(At) =

OOy
“Interpolation” metod (ICCF) “discrete” CCF method (DCF)
(Gaskell & Peterson 1987) (Edelson & Krolik 1988)
N Unbinned cross-correlation function
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@ : 1989 data from /UE and ground-based telescopes.

O : 1993 data from HST and IUE.

virial relationship with M = 6 x 10’ M,

Highest ionization emission-lines respond

most rapidly to continuum changes.
There is ionization stratification of the
BLR.




Kaspi et al. 2000, for gso with L < 10* ergs~!, obtain:

BLR size scales with
the 5100 A luminosity as

R ~ L"®

(Kaspi et al. 2005; Bentz et al. 2006, 2009)

log [Ryr(HB)/1t—days]

0
40 42 44 46

log [AL,(51004)/(erg s-)]

(Bentz et al. 2006)

Expand the range to high L will require some 5-10 yr of observation



From R-L relation: RpLr = GILI - JPLIEH — GELE (&V\JE

single-epoch (S.E.) determination of the Msx from their luminosity
and with FWHM of emission-line.

50

FWHMH  B) ) AL, (5100 A))
10 °km/s 10 “ ergs/s ®

Vestergaard & Peterson 2006

Empirical method for large statistical sample: cosmological evolution of the mass function.

M., =8.3-1O6(

S.E. relation requised the extrapolation to high luminosity and redshift of a relation whose
calibration performed for L < 10% ergs™ and z < 0.4

y

New campaign for spectrophotometric monitoring of luminous, intermediate redshift QSOs



From Kaspi et al. 2007
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Absence of Ha, HB, Hy observed
in the low redshift study of
Kaspy et al. (2000)
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AN ALTERNATIVE APPROACH TO MEASURING REVERBERATION LAGS IN ACTIVE GALACTIC NUCLEI

Ying Zu', C. S. Kocnanek! 2, AND BRADLEY M. PETERsON!-2
1 Department of Astronomy, The Ohio State University, 140 West [8th Avenue, Columbus, OH 43210, USA; vingzu @ astronomy.ohio-state.edu
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ABSTRACT

Motivated by recent progress in the statistical modeling of quasar variability, we develop a new approach to
measuring emission-line reverberation lags to estimate the size of broad-line regions (BLRs) in active galactic
nuclei. Assuming that all emission-line light curves are scaled, smoothed, and displaced versions of the continuum,
this alternative approach fits the light curves directly using a damped random_walk model and aligns them to
recover the time lag and its statistical confidence limits. We introduce the mathematical formalism of this approach
and demonstrate its ability to cope with some of the problems for traditional methods, such as irregular sampling.
correlated errors, and seasonal gaps. We redetermine the lags for 87 emission lines in 31 quasars and reassess the
BLR size—luminosity relationship using 60 HS lags. We confirm the general results from the traditional cross-
correlation methods, with a few exceptions. Our method, however, also supports a broad range of extensions. In
particular, it can simultaneously fit multiple lines and continuum light curves which improves the lag estimate
for the lines and provides estimates of the error correlations between them. Determining these correlations is
of particular importance for interpreting emission-line velocity—delay maps. We can also include parameters for

luminosity-dependent lags or line responses. We use this to detect the scaling of the BLR size with continuum
luminosity in NGC 5548.

Keyv words: galaxies: active — galaxies: nuclei — galaxies: Seyfert — quasars: general

Online-only material: color figures

doi:10.1088/0004-637X/735/2/80
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Quasar variability well describet by a
damped random walk; Py(f) = :
Power spectrum of the process is 1+ (277 f)?

2272

Amplitude o ol = E‘I%’/Z

Damping time scale T

2
(sc(ti)so(t;)) = o"exp(—|t; —t;| /T)  Covariance continuum-continuum

Covariance line-continuum (si(t;)s.(t;)) = /dt’g(ﬁ«; — 1) ((s.(t")s.(t;))

Transfer function g(t —t') = Aty —t1) 1 per tp <t—t <ty

Mean lag tiag = (t1 +2)/2 ()

Temporal width At = ¢, —#;




1 T T — T T
#
0,08
S oot ‘
< a +
n ¥
41| -
-0,05 - y
Co.q L Ll A I B . .
2000 3000 - Xelnls} ayelals] [=Ialule}
JO- 24720000

Log(Likelihood)

C

<

Log(Likelihood)

: gl
oD s o
L =R Eang®
- = e

-

1 & )
YE

& =

% 4 : a
500 1000 1500

Cinj



tiag crrp = 252152 days

tiag civ = 107225 days

t!'.ag CIII] ~ 2-—3 tiag IV
(Onken & Peterson 2002; Wandel & Peterson 1999)

tiag crin ® 2.4 tigg crv



To determine FWHM and Tline

o2 (A= (72 — 32 = [ / 2PN / [ P(i}di] ~ 2, with 7y = / 5 PGy / / PO)d),

and their associated uncertainties, we employ a bootstrap method.

1/2
1< ) “ N
Mean spectrum F(4) = N £E=1 Fi(2) Rms spectrum S(4) = {N 1 E F (4) — F(;i }

i=1

AV, (CIV —rms spectrum) = 2012 + 453 km/s
AV, (CII] — rms spectrum) = 1533 £ 583 km/s




Mgy

 fRAV?

G

f =3 (Netzer 1990):

AV, (CHI] —rms spectrum) = 1533 £ 583 km/s

tiag cunp = 252732 days

MRW(CI'II] — JliﬂE) = 35tg§ . 1DBME:|

AV, (CIV —rms spectrum) = 2012 £ 453 km/s

tiag crv = 107127 days

Mpey (CIV — Oyine) = 2.5775 - 10° Mg,

S50836+71 (LUV =1.12-10 ¥’ erg/s, z = 2.172): factor of 8 highter mass than
PG 1247+267 (LUV = 1.94 -10* erg/s, 2=2.042).
FWHM and tiag : factor % higther than PG1247+267.

AV, t
RxAV2E) 13+08=—"» [2229 _ 15403
AVerm tiag c1v



Single-Epoch determination:
0.53

FWHM(CIV) ) (AL, (1350 A)
10 ’ km/s 10 “ ergS/S Vestergac;)rd & Peterson 2006

M., =4.5.106(

M sso0s36+71( 10°M @)

26"
100"

Mpci2ar+267( 10°M ),
3.03°
33.5113

Mg, (CIV — FWHM)
Mz (CIV — FWHM)

PG 12474267 S5 0836471

11 4

( Ms.E, )
MRev. | pWw H M(media)

S.E. relation from R(HB)-LUV, not from R(CIV)-LUV.



R(HB)-Luv, Vestergaard & Peterson 2006;
slope @=0.53. 10° : ; : : . : —
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AL4(1350A) (erg s 1) Adapted from Chelouche, Daniel, Kaspi 2012

Points confirms and accentuates the decrease in slope suggested by Kaspi et al. 2007




* We used the SPEAR method to estimate continuum-line lags tav and
tan

* We estimated the mass of PG 1247+267, the most luminous QSO ever
analyzed with RM

* The CIV lag confirms and accentuates the decrease in slope of Luv-Rav
relation.



(sc(ti)sc(t;)) = o%exp(—|t; —t;| /T)  Covariance continuum-continuum

Light curve of a line si(t) = [dt’g(t —t)s.(t)

Covariance line-continuum (sq(t; [dt (t; — ') ((so(t)sa(t;))

(si(t;)si(t;)) = ] dt'dt"g(t; —t')g' (t; — ") {(5.(t')s.(t")) Covariance line-line

Transfer function g(t —t') = Aty — t1) 71 t<t—t <ty

Mean lag tiag = (f1 +12)/2

Temporal width At = ¢, —#; wit)




 fRAV?
e

f =3 (Netzer 1990):

Mgy

AV, (CHI] —rms spectrum) = 1533 £ 583 km/s Mge, (CIII] — Gynp) = 35742 - 108Mg
_ +39
tiag crinp = 25275z days
AV (CIHI — mean rms spectrum) = 3344 + 1976 km/s Mge, (CIII| — FWHM) = 41772 - 108 M

AV, (CIV —rms spectrum) = 2012 + 453 km/s
Mgey (CIV — 0yine) = 2.5175 - 10°Mg

— +32
tlﬂg cIV — 1{]'?_54 dﬂyS
Mgen (CIV — FWHM) = 3.013%. 108 M,

AVewuy (CIV — rms spectrum) = 4346 + 1013 km/s
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