ACTIVE GALACTIC NUCLEI:
optical spectroscopy.




Second Lecture

Reverberation Mapping experiments

& virial BH masses estimations




Primary Stellar, gas Megamasers
Methods: dynamics
Fundamental MBH _ G* ---------------------- :
Empirical .
Relationships: \
"
Secondary Fundamental [O 1] line width
Mass plane: V= 6.2 Mg,
Indicators: X, = 0.
— Mgy

y 3

Application: BL Lac =
(Peterson B.M., 2004)

e




How' can we measure BH
masses?

m Viriall mass measurcments based on motions
ol stars and gas m nucleus.

o Stars

Advantage: gravitational forces only

Disadvantage: requires high spatial resolution

e (Gas

Advantage: can be found very close to nucleus

Disadvantage: possible role of non-gravitational forces
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Possible Viral Estimators

Source Distance Mass estimates from the
X-Ray Fe K? 3-10 R virial theorem:

Broad-Line Region 600 R

Megamasers 410" Ry 0
Gas Dynamics 8 710°R e
‘ . = scale length

: 6
Stellar Dynamics 10" Rs = velocity dispersion

In units of the Schwarzschild radius ~ unity, depends on

Rs =2GMIc?=3 _ 10" My cm. . .
s o 8 M geometry & kinematics
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S Viralhiviass
Estimates

s Reverberation Mapping: Ry, .=¢ .

Ve~ FWHM

Radius — Lui: 3R WEINIY-NIE - (Kaspi et al. 2005;
R. . o LZH )0-63 Bentz et al. 2006)
BLR o

Ry L (13504)056

m Scaling RelationshipS'
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M, o« FWHM




Reverberation Mapping: basics

AGN variability both mn emission lines and continuum, with a
short time delay

The delay of the emission lines response to a continuum variation
1s a measure of the BLR radius

Ww My «w#

| JD2449773 (high state) N G C 5 5 4 8 -

JD2448733 (Low state)

F,(5100 A)

IIIIIIIIT_Iu IIIIIII_

111 I L1 I I | I | | I L1 11 I | r
48000 49000 50000 51000 52000 s000-
JD - 2,400,000 Wavelength (3)

= The kinematics and geometry of the BLR can be constrained by
measuring the emission-line response to continuum variations.
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[Reverberation Mapping:
assumptions

Continuum originates in a single central source.

Light-travel time 1s most important time scale.

Vv

There 1s a simple, though not necessarily linear,
relationship between the observed continuum and
the 10on1zing continuum.
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TThe Transier Equation

Under these assumptions, the relationship between
the contmuum and emission lines 1s:

L.t = [¥Fr)C(t-1)dr

Emission-line_u_‘
light curve

Time delay (days)

Transfer function 1s line response
to a o-function outburst

—10000 0 10000

Transfer function 1s essentially a Velocity (km s™)
“velocity-delay map” Simple
velocity-delay map
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IThe velocity-delay map

There has been limited success with efforts to obtain the

one-dimensional transfer function, or “delay map”.

]_—I—II|IIIIIIII|II—I—

Integrate over time
delay to get the -
line profile

III|III
~10000 0 10000

Velocity (kms™)

Time delay (days)

—IIIII|IIII|III-I—

Integrate over
—II||||||I||||||— VelOCitytOget B

~10000 0 10000 the delay map 0
Velocity (km s™)

RN R N A
0 10 20

Time delay (days)
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Recovering velocity-aelay maps

Reconstruction of velocity-
delay maps from real data
requires:

e High §/N 1n each spectrum

e High §/N 1n phot. light curve

* Moderately high spectral
resolution

» Long experiment duration
* Dense sampling

C IV and He Il in NGC 4151
Ulrich & Horne (1996)
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[Reverberation Mapping:

the emission-line lags

Rather than attempt to obtain the velocity-delay map, it 1s
most common to determine the cross-correlation function,
obtaining the “lag” (mean response time)

CCF (1) = ]0 ¥ (7)ACF (1 —7)d7

49200 49250 49300
Julian Date (-2400000)




everperaton Viapping Kesults
(1)

s No experiment yet has recovered a
reliable velocity-delay map.

s However, emission-line lags have

been measured in 37 AGN, 1n some
cases for multiple emission lines.
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NG 5548 Light Curves and Cross-Correlation Functions

Beverberation
Viapping

Results

ol AGNs with multiple
M lag times show that
B highest 1onization

IN cmission lines

i respond most rapidly

g

ale di Astrofisica: VIII ciclo (2005/06)




Reverberation Viapping takle

MASSES DETERMINED FROM REVERBERATION MAPPING®

Galaxy Hubble D BS B/T Mglbul)  rpe  FWHMHD)
Type {Mpc) {mag) {mag) {ledy  (lms™Y)
(1) (2) (3) (4) (5) (6} | (7} | (8)

ac 120 S0 132 13.63 0.24 —20.42 : : 2300
Ark 120 S0/a 121 13.64 0.86 —21.61 : ‘ : 5450
Fairall 9 4?7 188 13.50 0.08 —20.13 DR : 4200
Mk T9 YBb 89 13.32 0.20 —20.12 18 : 6200
Mk 110 Pair? 141 16.00 — — SR : 2500
Mrk 279 ) 118 14.43 0.08 ~17.87 : ] : 5360
Mrk 335 S0/a 103 1385 0.64 —20.73 ‘ ‘ 1800
Mrk 5089 comp 138 13.00 012 —20.39 : ] : 2800
Mk 590 Ya: 105 13.66 047 —20.63 : | : 2300
Mk 817 47 126 14.50 0.50 —20.88 3 ; 3 4100
NGC 3227 YABa 20.6 11.18 0.52 -19.68 : ‘ : 3800
NGC 3516 YRO: a8.9 12.14 0.61 —20.27 3 ] 3 ATE0
NGC 3783 YBa 8.5 12.04 0.33 -19.68 ‘ : ‘ 2980
NGC 4151 SABab 20.3 10.71 0.36 -19.72 : : : 4670
NGC 4593 SBb 9.5 11.43 0.48 —20.76 : ‘ : 3720
NGC 5548 80/a 67.0 12.81 0.47 —20.50 St | B 5610
NGC 7469 YABa 65.2 12.64 0.40 —20.44 ‘ ‘ ‘ 3388

Note.— Cola.: (1) Galaxy name; (2) Hubble type from de Vaucouleurs et al. 1881; (3) distance from Tully 1988 or
derived by assuming Hg = 75 km s—! Mpe—1; {4) total apparent blue magnitude corrected for Galactic and internal
extinction, from de Vaucouleurs et al. 1881; (5) ratio of bulge to total luminosity (host galaxy plus AGN); Mrk 110 is
too disturbed to yield a reliable photometric decomposition; (6) absolute blue magnitude of the bulge component; (7) lag
{in light days) between the continium and the HF light curves; (8) FWHM of the broad HF ernission line; {8) virial mass
derived from rprr and FWHM{H 7).

2A1l Seyfert 1 miclei studied to date with reverberation mapping of the HF line. Optical monitoring, data exist for 3C
380.3, but it was not included because the profiles of its Balmer lines are very complicated. References for the data entries
have been omitted for brevity.
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BM & AGN BH masses: a virialized

r T | T T T 1
: - - C II1] 21909 -
NGC5548: - __
nghGSt } Si IV ) 1460
.| . . 2 10 C1va1s49 I—};f  He I1 34686 —
1onization é i % C IV 11549 E
lines have X i — ISV A1400 ]
sm all es t 3 He ¥ 11640 *““"*"“""I He 11 11640 ]
"~ NGC5548
lags and i | | ; oo | I
3000 10,000 20,000

largest
Doppler

Viwan (km s™)
[] Filled circles: 1989 data from /UE and ground-based telescopes
: [] Open circles: 1993 data from HST and [UE.
Wldths . Dotted line corresponds to virial relationship with M=6 107 M

Peterson and Wandel 1999
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BM & AGN BH masses: a virialized

10% m

30,000 =117 —

10,000

Viwaw (km s™)

3000

1000

1
Onken & Peterson (2002)
Peterson & Wandel (2000) Lag (days)

Scaling between lines
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BH masses from Reverbera’uon
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Calibration of the
Reverberation Mass Scale

v 1o | _EWHM T AL
- 10°Km-s™ | | 1 (Onken et al. 2004)

44 -1
0" erg-s

Determine scale factor f [EES-aakiahadd S'°Pe

that matches AGN
masses from RM to the

(quiescent-galaxy)
Mg -o - relationship

Current best estimate:

Bulge velocity dispersion o, (km/sec)
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Reverberation Viapping takle

MASSES DETERMINED FROM REVERBERATION MAPPING®

Galaxy Hubhble D B. B/T M g{bul) rRLR FWHM{H3)
Type {Mpc) (mag) {(mag) {1t} { km s~1)
(1) (2) (3) (4) (5) (6) (7} {8)

ac 120 S0: 132 13.63 0.24 —20.42 44 2300
Ark 120 S0/a 121 13.64 0.86 —21.61 39 5450
Fairall 9 4?7 188 13.50 0.08 —20.13 23 4200
Mk T9 YBb 89 13.32 0.20 —20.12 18 6200
Mk 110 Pair? 141 16.00 — — 20 2500
Mrk 279 ) 118 14.43 0.08 ~17.87 10 5360
Mrk 335 S0/a 103 1385 0.64 —20.73 17 1800
Mrk 5089 comp 138 13.00 012 —20.39 80 2800
Mk 590 Ya: 105 13.66 047 —20.63 21 2300
Mk 817 47 126 14.50 0.50 —20.88 16 4100
NGC 3227 YABa 20.6 11.18 0.52 -19.68 17 3800
NGC 3516 YRO: a8.9 12.14 0.61 —20.27 ATE0 2.3 107
NGC 3783 YBa 8.5 12.04 0.33 -19.68 2980 1.0x107
NGC 4151 YABab 20.3 10.71 0.36 -19.72 4670 1.8x107
NGC 4593 SBb 9.5 11.43 0.48 —20.76 3720 8.1x108
NGC 5548 80/a 67.0 12.81 0.47 —20.50 5610 8.8x107
NGC 7469 YABa 65.2 12.64 0.40 —20.44 3388 2.1 x 107

Note.— Cola.: (1) Galaxy name; (2) Hubble type from de Vaucouleurs et al. 1881; (3) distance from Tully 1988 or
derived by assuming Hg = 75 km s—! Mpe—1; {4) total apparent blue magnitude corrected for Galactic and internal
extinction, from de Vaucouleurs et al. 1881; (5) ratio of bulge to total luminosity (host galaxy plus AGN); Mrk 110 is
too disturbed to yield a reliable photometric decomposition; (6) absolute blue magnitude of the bulge component; (7) lag
{in light days) between the continium and the HF light curves; (8) FWHM of the broad HF ernission line; {8) virial mass

derived from rprr and FWHM{H 7).
2A1l Seyfert 1 miclei studied to date with reverberation mapping of the HF line. Optical monitoring, data exist for 3C

380.3, but it was not included because the profiles of its Balmer lines are very complicated. References for the data entries
have been omitted for brevity.
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BH masses from RM: finale

m Reverberation-based masses are real mass measurement.

m Reverberation-based masses are not high-precision
measurements.

* ~30% uncertainty 1n precision
= Time lags and line widths measurement errors?

e ~35% uncertainty 1n zero-point calibration

= How well is scaling factor f determined?
e ~0.5 dex uncertainty in accuracy for any given AGN
s Unfortunately, reverberation-mapping techniques are
also very telescope- and time-consuming, especially for
the more distant and fainter AGNs and for the
(intrinsically) more luminous quasars, which vary on
longer timescales.
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(Kaspi et al. 2005)
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Bg g-IUMINOSItY relationship:
Improvements (I)

[ m pre—correction
L o uncerrected

X excluded

NGC 3516
NGC 3227

NGC 4051 *

PG 2130+099 X

X nee 7489
Jq IC 4329A

e e e NN
1 |||||||| T |||||||| T ||||||\| T —rrrrg

a = 0.67+0.07
Kaspi et al. 2005 1

L m corrected
- o uncorrected

?

a = 0.52+0.04 _

This work

102 103 10%

AL, (5100 R)

1 045

Bentz et al. 2006 used HST ACS
images to decompose light into
nuclear and starlight components.

Starlight components are stronger
than previously supposed and the
effect 1s to flatten radius-luminosity
relationship.

The new slope is consistent with the
0.5 value, expected from the naive

theoretical assumption that all AGN
have, on average, the same ionizing
spectrum, 1ionization parameter and
gas density in the line-emitting region.
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Bg g-IUMINOSIty relationship:
Improvements (1I)

Current studies span 4 orders of
magnitude, but there 1s a wider
luminosity range to be explored.
Moreover, we need to extend the
relationship to line in the UV range,
to be exploited with high-z AGN.

Up to now there are only a few
AGNs with CIV measurements.

Peterson et al. (2005) added up
NGC4395, four orders of magnitude
lower in luminosity.

Kaspi et al. are monitoring (spec &
phot) 11 quasar, with 2.1< z < 3.2
and up to ALAM5100 A) =107 erg/s

3C390.3

NGC 5548

_+,
NGC 3783 #
e

NGC7469

C 1V lag [days]

10"

UV continuum luminosity XLK(BSO A) [ergs s'l]
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the mean best-fitting slope
" oo indexes are:

> =0.52+005 for the optical
continuum and the broad H
luminosity

> ~0.56 = 0.05 for the UV
continuum luminosity

> =~ 0.70 £0.14 for the X-ray

AL, (1450 A) AL, (1450 A)

1 044 45 46 42 43 1 044

AL 5100 A , oo " lumino Slty

There 1s an 1ntrinsic scatter of
40% 1n these relations.
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Why BLR size scales with
IUmInosIty: ?

To first order, AGN
spectra look the same: T

S __Oom)

2;0, 2; .5
:I , 2
H H
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=> Same 10nization parameter U

—_

C e “‘*"":‘J“%ﬂ’ﬂf" ’9 7
: 'SDSS composites, by luminosity WQ@M
= Same denSIty Ny Vanden Berk et al. (2004) '”’“'.‘-i

| L L 1 ) L | J J | [ TR S T '
1200 1600 2000 2400 2800
l Wavelength, A (4)
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masses to single epoch mass

estimate
Mg = f (ct V2 /QG)

virial mass recipe radius—Luminosity Relation

Mpg,, < (FWHM)Z L -
A virial mass estimator

Assuming that such estimate 1s valid for all active galaxies,
at each L & z, for different emission lines (especially UV
ones) and that 1t 1s applicable also at single-epoch spectra,
this 1s a powerful instrument for measuring ( ) the
black hole masses in large ensemble of AGN.
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Ingle-epoch viriall mass
estimates

M 45, 106(FWHM(CIV)) 6L, (1350A) )
BH — T N S

0°’km/s 10“ergs/s

M 47108 EVHMMgID) EL,(30004) )"
o 10°km/s 10*ergs/s

M. =83-10° FWHMH a) éL, (5100A)
BH 10°km/s

10* ergs/s

10°km/s

M,, = 4.6°106(

FWHM(H a))z( L(Ha) \

10* ergs/s
(Hy=70 km/s/Mpc;  =0.7)
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Black Hole Virial Masses:
plind spots

s Many underlying assumptions:
 Virial hypothesis

* R, r-L relationship holds true for all L,z
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Black Hole Virial Masses:
plind spots

s Many underlying assumptions:

m They are secondary mass indicators:

« SE measurements = multi-epoch (RM) data
« Mgll & CIV FWHMs as proxies of H FWHM

« Simple correlation between different L
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Black Hole Virial Masses:
plind spots

s Many underlying assumptions:

m They are secondary mass indicators:

m Measurements errors and biases:

« FWHM measurement difficulties:
= Blending, NL subtraction u
= Noisy spectra u

e Continuum definition

= Non-variable components (host galaxy, radio)
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Using Vallffor BLR velocity
dispersion

©

m 0.8 z 1.3 range

n Mgll and H have
similar FWHMSs

Complications:

()]
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Requires template :
fitting

L | 1 " 1 L L f 1 1 L L 1 " L L 1 f 1 | h E
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The prize: masses ofi distant
QSOs

Easy measurements 1n huge quasar samples (LBQS, SDSS, 2dF...)
from the local Universe up to the highest redshifts (z=6.4)

CIv {'[

H
SDSS DR3: 24,000 Objects

lllllllllllllill

Redshift
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BH Virial Masses:
appllcatlons

s BH masses evolution
* no evolution
* limiting black hole mass

* BH mass decrease at
high z (?)

s Eddington ratio
e No Super Edd. Accretion

Redshift
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