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The emission-lines
“reverberate” to the
continuum changes.

tlag =Rswr /C

Reverberation Mapping:
BLR very close to BH.
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High velocity, ionized clouds
give rise broad emission lines.

Virial reverberation mass:

fRAV?
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BH G

f, scale factor;
AV, line width ;
R, RBLR = C tlag .



Cross-correlation function

Continuum

Ling

“Interpolation” method (ICCF)
(Gaskell & Peterson 1987),
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“Discrete” CCF method (DCF)

(Edelson & Krolik 1988),

as implemented by White & Peterson94
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Unbinned cross-correlation function
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Averaging over M pairs for which
At —6t/2 < t;—t; < At + 6t/2,

the discrete cross-correlation function is

DCF(At) = Z UDCF;

M

Uncertainties?



30,000 T T LR

10,000

R ~x .&V_E log(eT) = a — 2log(AV)

F 1Y 154D

Lag (dayvs)

Vi (ms™)

3000

r'-..‘L [ [ [ [ ] [ [
T 21900 N

HI iy i
. S IV 7. 141H)

He 11 }-..453‘6
(.j v }-.1 :'-“1'!’
STV L 1400

IIIrI||

SO TRALE te HeETAL640 7

NGC 5548 45"

IIiLLIE

l -
3000 (LALTT 240,040
Fpe (57 Peterson &

Wandel 1999

® : 1989 data from IUE and ground-based telescopes.

0: 1993 data from HST and IUE.
O  virial relationship with M = 6 x 107 M.

1000 oo |
1 10

Lag (days) Peterson 2011

Dotted lines: best fit slopes
Solid lines: best fit virial relationship

Highest ionization emission-lines

respond most rapidly to
continuum changes.

There is ionization stratification of

the BLR.




For gso with L<10"ergs™" :
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Expand the range to high L will require some 5-10 yr of observation
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single-epoch (S.E.) determination of the Msu from their luminosity
and with FWHM of emission-line.
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10° km/s

M,,=8.3-10°

Vestergaard & Peterson 2006

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

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

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

AF, (10-Merg /em?/s)

Object Z V. log[ALA(5100 A)]
lerg 5]
APM 0827945255 3911  15.20 47.7
PG 1247+268 2.042 15.60 47.0
PG 1634+706 1.337  15.27 46.7
HS 2154+2228 1.200 15.30 46.7
icoﬂtiﬂuum S [44081 445'0]

Ashore € [4450,4502] and Ajn,
Ashore € [5535,5695] and Ajon,

e [5202,5262] (CIV)

e [6025

,6085] (CII)

4 SiIVA1400 CIVAIE49D

Cinx1909

AR



2.1

-0.1

0.1

-0.1

0.1

C1v

FroT I T s
4 line B
:|||||||||||||||||||||||||||||||||I|:
:"'l"'"""l""""'|""""'|‘:
» L AE— 40 -
- con A
S TP PETETTT SRR
000 4000 5000 s000

£t {(JD-2450000%

CI11]
I LA T
o.1r line -
0 E
-0.1 -
-|||||||||||||||||||||||||||||||||||_
:"'l""""'|""""'|""""'|':
0.1 |k C it s =
- con 4
0F .
-0l F -
bl e L b g 1
2000 4000 BOO0 B000

t {JD-2450000%



C1v

line

Mmool gl sl g

L anE—.

con

2000 4000 §oon gnon

ol

£t {(JD-2450000%

DCF

0.5

-0,5

=3
D I

Cainea

con

, .— —_ C'-Iﬁ'_
b
'-:f + - -t_‘_ . +'_ -
.1

0

1000

2000

At

3

RN

IJIIlIIJ

0 1000 2000



THE AsTroPHYSICAL JOURNAL, 735:80 (16pp), 2011 July 10
2 2011, The American Astronomical Society. All rights reserved. Printed in the U5 A

AN ALTERNATIVE APPROACH TO MEASURING REVERBERATION LAGS IN ACTIVE GALACTIC NUCLEI
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ABSTRACT

Motivated by recent progress in the statistical modeling of quasar varability, 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
ol 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



Each
interpolated
point is a linear
combination of
all measured
points, based
on the available
information on
the
autocorrelation
function

Zu et al. 2011
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labilit 1 [ .
2;‘;;2;?;;,3%,‘,#;;& described by a (v (1)) = o2eap(— |t — ;] /)

Continuum-continuum Covariance

Amplitude o2 = 4527 /2

Damping time scale T
Line-continuum Covariance (si(ti)s.(t;)) = fdf’g(f?; — ') ((s.(')sc(t5))

Transfer function g(t —t') = A(ta — )~} per tp <t—t <ty

Mean lag tiag = (t1 +12)/2
Temporal width At =¢,—¢;

wit) -BLR uniform thin shell

(t1 ->0) ‘
-delta function 4'

(At ->0)
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tiag cirry = 252732 days

tiag civ = 107233 days

t!'.ag C1I11] ~ 2—-3 tf-ﬂ,g C'Iv

(Onken & Peterson 2002; Wandel & Peterson 1999v

tiag crin ® 2.4 tigg crv




To determine FWHM and velocity dispersion Gline (second moment of the profile)
and their associated uncertainties, we employ a bootstrap method

(Peterson+2004).
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Rms spectrum

}1;2

N
S() = {N 12 Fi(h) — F(J)]
i=1

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

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

" virial

relationship



FfRAV? | f=3 (Netzer 1990):
Mgy = I

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

Mgeyp (CIII| — Gjine) = 35752 -10%Mg
_ +39 '
tiag crn = 25275z days :>

AV, (CIV —rms spectrum) = 2012 £ 453 km/s
Mgen (CIV — 034, ) = 2.5%25 - 108 Mg
tEﬂH cIv — lﬂ?tgi dﬂyﬂ ° e e

S5 0836471 (LUV = 1.12 «10" erg/s, z = 2.172):

factor of 8 higher mass than PG 1247+268 (LUV = 1.94 10" erg/s, z=2.042);
FWHM and tiag : factor Y2 higher than PG1247+268.



Single-Epoch determination:

) 0.53
FWHM(CIV) |"[AL; (1350A)
My, =4.5-10% = [CIV) A Mo
10°km/s 107 ergs/s
Vestergaard & Peterson 2006
Mpcioar+267(10°Ms)  Mssosas+m (10 M)
Mg.,(CIV — FWHM) 3.0%37° 26"
Msg (CIV — FWHM) 335713 1007
PG 12474267 S5 0836471
Mz g, ;
(Mﬂev- ) FW H M(media) 1 4

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



R(HB)-Luv, Vestergaard & Peterson 2006;
slope a=0.53. ;
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Points confirm and accentuate the decrease in slope suggested by Kaspi et al. 2007




* tav has the same order of magnitude of the CIV delay of
S5 0836+71

* tav is factor of 2.4 larger than tamn

* There appears to be a virial relationship between Clli]
and CIV

e We estimated the mass of PG 12474268, the most
luminous QSO ever analyzed with RM

* |f the estimate is maintained, the CIV lag will confirm
and accentuate the decrease in slope of Luv-Rav relation.



2
Mgy = JRAV f = 3 (Netzer 1990):
G

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

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

— +32
tlﬂg cIV — 1[}?_54 dﬂyﬂ'
Mg, (CIV — FWHM) = 3.039. 108 M,

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



c v 2000

1500

1000

width

el

0
45
2000
B85.779.
44
1500 —
=1
- C
>~
5 1000 42 2
Iy
; 10
(@)
500 o

s
f=3

o N ——
0 200 400 GO0 800 1000 1200 1400 1600

40,5354, 034,88 Lag (ObS)

Lag (obs)

= CIN]

48

a7

46 r
)
—

s [
~

44 (D

2
o

42 8_

41

40

33



	Pagina 1
	Pagina 2
	Pagina 3
	Pagina 4
	Pagina 5
	Pagina 6
	Pagina 7
	Pagina 8
	Pagina 9
	Pagina 10
	Pagina 11
	Pagina 12
	Pagina 13
	Pagina 14
	Pagina 15
	Pagina 16
	Pagina 17
	Pagina 18
	Pagina 19
	Pagina 20
	Pagina 21
	Pagina 22

