
ACTIVE GALACTIC NUCLEI:ACTIVE GALACTIC NUCLEI:
optical spectroscopyoptical spectroscopy

From AGN classification toFrom AGN classification to
Black Hole mass estimationBlack Hole mass estimation



Reverberation Mapping experimentsReverberation Mapping experiments

& & virialvirial BH masses estimations BH masses estimations

Second LectureSecond Lecture
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(Peterson B.M., 2004) 

Estimating AGN black holeEstimating AGN black hole
massesmasses
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How can we measure BHHow can we measure BH
masses?masses?

 Virial mass measurements based on motionsVirial mass measurements based on motions
of stars and gas in nucleus.of stars and gas in nucleus.
•• StarsStars

AdvantageAdvantage: gravitational forces only: gravitational forces only

DisadvantageDisadvantage: requires high spatial resolution: requires high spatial resolution

•• GasGas
AdvantageAdvantage: can be found very close to nucleus: can be found very close to nucleus

DisadvantageDisadvantage: possible role of non-gravitational forces: possible role of non-gravitational forces
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Source Distance   
X-Ray Fe K ?  3-10 RS 

Broad-Line Region  600 RS 
Megamasers  4 ?104 RS 
Gas Dynamics  8 ?105 RS 
Stellar Dynamics  106 RS 

 

 In units of the Schwarzschild radius
RS = 2GM/c2 = 3 _ 1013 M8 cm .

Mass estimates from the
virial theorem:

M = f (r Δv2 /G)
where
r   = scale length
Δv = velocity dispersion
f    ≈ unity, depends on
geometry & kinematics

Possible Possible VirialVirial Estimators Estimators
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BLR BLR VirialVirial Mass Mass
EstimatesEstimates

MMBHBH =  = ff  vv22 R RBLRBLR/G/G

 Reverberation Mapping: Reverberation Mapping: RRBLRBLR==cc__,,

vvBLRBLR==FWHMFWHM

      Radius Radius –– Luminosity Relation: Luminosity Relation:

 Scaling Relationships:Scaling Relationships:

MMBHBH  ∝∝  FWHMFWHM2  2  LL  __

  RBLR ∝ L_(5100Å)0.52

  RBLR ∝ L(H_)0.63

  RBLR ∝ L_(1350Å)0.56

((KaspiKaspi et al. 2005; et al. 2005;
BentzBentz et al. 2006) et al. 2006)
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Reverberation Mapping: basicsReverberation Mapping: basics
 AGN variability both in emission lines and continuum, with a

short time delay
 The delay of the emission lines response to a continuum variation

is a measure of the BLR radius

 The kinematics and geometry of the BLR can be constrained by
measuring the emission-line response to continuum variations.

Continuum

Emission line

NGC5548
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1 Continuum originates in a single central source.
• Continuum source is much smaller than BLR

Continuum source not necessarily isotropic

2 Light-travel time is most important time scale.
• Cloud response instantaneous

ν τrec  = ( ne αB)−1 ≈ 0.1 n10
−1 hr

• BLR structure stable
ν τdyn  = (R/VFWHM) ≈ 3 – 5 yrs

3 There is a simple, though not necessarily linear,
relationship between the observed continuum and
the ionizing continuum.

Reverberation Mapping:Reverberation Mapping:
assumptionsassumptions
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The Transfer EquationThe Transfer Equation
Under these assumptions, the relationship betweenUnder these assumptions, the relationship between

the continuum and emission lines is:the continuum and emission lines is:

Simple 
velocity-delay map

Transfer function is line response
to a δ-function outburst

Transfer function is essentially a
“velocity-delay map”

Emission-line
light curve

“Transfer
Function”

Continuum
Light Curve
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The velocity-delay mapThe velocity-delay map
 There has been limited success with efforts to obtain the 

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

Integrate over time
 delay to get the 

line profile

Integrate over 
velocity to get 
the delay map
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Recovering velocity-delay mapsRecovering velocity-delay maps
  Reconstruction of velocity-
delay maps from real data
requires:

• High S/N in each spectrum
• High S/N in phot. light curve
• Moderately high spectral

resolution
• Long experiment duration
• Dense sampling

 To date, such specifications
have never been fulfilled. C IV and He II in NGC 4151

Ulrich & Horne (1996)



Rather than attempt to obtain the velocity-delay map,  it is
most common to determine the cross-correlation function,

obtaining the “lag” (mean response time)

Reverberation Mapping:Reverberation Mapping:
the emission-line lagsthe emission-line lags
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Reverberation Mapping ResultsReverberation Mapping Results
((II))

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

 However, emission-line lags have
been measured in 37 AGN, in some
cases for multiple emission lines.
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ReverberationReverberation
MappingMapping
ResultsResults

AGNs with multipleAGNs with multiple
lag times show thatlag times show that
highest ionizationhighest ionization
emission linesemission lines
respond most rapidlyrespond most rapidly

IonizationIonization
stratificationstratification



Marco Mignoli: AGN Optical Spectroscopy - Scuola Nazionale di Astrofisica: VIII ciclo (2005/06)Marco Mignoli: AGN Optical Spectroscopy - Scuola Nazionale di Astrofisica: VIII ciclo (2005/06) 1515

Reverberation Mapping tableReverberation Mapping table
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��  Filled circles: 1989 data from IUE and ground-based telescopes

� Open circles: 1993 data from HST and IUE.

Dotted line corresponds to virial relationship with M = 6 _ 107 M�.

NGC5548:
Highest
ionization
lines have
smallest
lags and
largest
Doppler
widths.

Peterson and Wandel 1999

RM & AGN BH masses: a RM & AGN BH masses: a virializedvirialized
BLRBLR
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Onken & Peterson (2002)
Peterson & Wandel (2000)

GvfcM 2
BH Δ= τ

For AGNs with reverberation
measurements for multiple

emission lines, there is virial
relationship between line

widths and time lags

Scaling between linesScaling between lines

RM & AGN BH masses: a RM & AGN BH masses: a virializedvirialized
BLRBLR

1.2 ×107 M

3×108 M
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Peterson et al. (2004) considered 117 independent broad line time
series on 35 separate AGNs, in order to improve the precision of RM-
based black hole masses they concluded that:
1. the time delay _ is better obtained by using the cross-correlation
function centroid (instead of the cross-correlation function peak);
2. for line-width measurement, it is important to measure the width of the
variable part of the emission line, so the FWHM has to be measured in
the rms spectrum from the many spectra produced in the monitoring
campaign. It is also possible to employ the mean spectrum, provided that
contaminants (the non-variable narrow emission-line components) are
effectively removed.
Using these caveats, the precision of RM-based black hole mass measu-
rements is typically about 30%. Unfortunately, there is a significant
systematic uncertainty in AGN masses embodied in the scaling factor f
which remains unknown.

BH masses from ReverberationBH masses from Reverberation
MappingMapping
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Calibration of theCalibration of the
Reverberation Mass ScaleReverberation Mass Scale

MBH= f (FWHM)

Determine scale factor f
that matches AGN

masses from RM to the
(quiescent-galaxy)
MBH-σ* relationship

Current best estimate:
f ≈ 5.5 _ 6.6

Tremaine slope

Ferrarese slope

(Onken et al. 2004)







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Reverberation Mapping tableReverberation Mapping table
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 Reverberation-based masses are real mass measurement.
 Reverberation-based masses are not high-precision

measurements.
• ~30% uncertainty in precision

 Time lags and line widths measurement errors?
• ~35% uncertainty in zero-point calibration

 How well is scaling factor f determined?

• ~0.5 dex uncertainty in accuracy for any given AGN
 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.

BH masses from RM: finaleBH masses from RM: finale
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RRBLRBLR vs. Optical luminosity vs. Optical luminosity
((51005100ÅÅ))

RBLR∝
_L5100

(0.67±0.05)

(Kaspi et al. 2005)
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RRBLRBLR-luminosity relationship:-luminosity relationship:
improvements improvements ((II))

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 is 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, ionization parameter and
gas density in the line-emitting region.

RBLR∝  [_L5100](0.518±0.039)
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RRBLRBLR-luminosity relationship:-luminosity relationship:
improvements improvements ((IIII))

 Current studies span 4 orders of
magnitude, but there is 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 λLλ(5100 Å) = 1047  erg/s
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BLR size vs. variousBLR size vs. various
luminositiesluminosities

RRBLRBLR  ∝∝  LL__

the mean best-fitting  slopethe mean best-fitting  slope
indexes are:indexes are:

 __  ≈≈  0.67 0.67 ±± 0.05 0.05 for the optical for the optical
continuum and the broad Hcontinuum and the broad H__
luminosityluminosity

 __  ≈≈  0.56 0.56 ±± 0.05 0.05 for the UV for the UV
continuum luminositycontinuum luminosity

 __  ≈≈  0.70 0.70 ±± 0.14 0.14 for the X-ray for the X-ray
luminosity.luminosity.

There is an  intrinsic scatter ofThere is an  intrinsic scatter of
40% in these relations.40% in these relations.

__  ≈≈ 0.52  0.52 ±± 0.05 0.05
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Why Why BLRBLR size scales with size scales with
luminosity ?luminosity ?

2
HH

24

)H(

rn

L

cnr

Q
U ∝=

π

To first order, AGN
spectra look the same:

⇒ Same ionization parameter U

⇒ Same density nH

r ∝ L_

SDSS composites, by luminosity
Vanden Berk et al. (2004)
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From reverberation-basedFrom reverberation-based
masses  to single epoch massmasses  to single epoch mass

estimateestimate

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

RRBLRBLR  ∝∝  __LL__
__

radiusradius––Luminosity RelationLuminosity Relation
MMBHBH= f (c= f (cττ  v  v22 /G) /G)

virial mass recipe ++

MMBH BH ∝∝ ( (FWHMFWHM))22  __LL__
__

A virial mass estimator
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Updated (2004) Scaling Relationships:Updated (2004) Scaling Relationships:

 CCIVIV::

 MgMgIIII::

 HH__::

Single-epoch Single-epoch virialvirial mass mass
estimatesestimates
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How these relationships have beenHow these relationships have been
shaped?shaped?

HH__--__LL__51005100ÅÅ1. CALIBRATION OF SINGLE-EPOCH OPTICAL MEASUREMENTS:
The single-epoch FWHM(H_) and continuum luminosities are compared
with the multi-epoch equivalents to test how representative the single-
epoch measurements are and whether systematic offsets between these two
sets of measurements exist.

2. CALIBRATION OF SINGLE-EPOCH MASS ESTIMATES: compare and
calibrate, if necessary, the single-epoch masses measurements with central
mass determinations from reverberation mapping.

3. CALIBRATIONS RELIABILITY: the optical single-epoch mass estimates
have a good probabilities of obtaining reliable mass estimates (very few
outliers). The 1_ uncertainty is a factor of 3 or better with no significant
zero-point offset.

““A single-epoch spectrum is  a good (?) A single-epoch spectrum is  a good (?) snapshotsnapshot of the of the
intrinsic AGN spectrum at any random given timeintrinsic AGN spectrum at any random given time””

Vestergaard 2002, ApJ 571:733  
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How these relationships have beenHow these relationships have been
shaped?shaped?

CCIVIV--__LL__13501350ÅÅ
1. CALIBRATION OF SINGLE-EPOCH UV  MEASUREMENTS:  The single

epoch FWHM(CIV) and ultraviolet continuum luminosities are compared
with the reliable optical masses (both from RM and SE virial estimates).

2. VERIFICATION OF THE UV MASS ESTIMATES: compare and calibrate,
if necessary, the mass estimated from FWHM(CIV) and _L_1350Å with central
masses measured (and/or estimated) on well-established optical data.

“The fit is consistent with a unity relationship to within 0.5_
indicating that the UV calibration is robust.”

Vestergaard 2002, ApJ 571:733  
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How these relationships have beenHow these relationships have been
shaped?shaped?

MgMgIIII--__LL__30003000ÅÅ
1. MgII is a better proxy for H_ than CIV: both MgII and  H_ are low-ionization

lines (~ same RBLR, also supported by similar FWHM). Moreover both lines
are observable at intermediate redshifts and is therefore possible to directly
compare the results.

2. CALIBRATION OF THE MgII-_L(3000) MASS ESTIMATOR: calibrate the
correlation between BLR radius and continuum luminosity at 3000Å and tune
the MgII FWHM as a substitute for H_ on a certified AGN sample.

3. CERTIFICATION OF THE NEW MASS ESTIMATOR: compare the masses
obtained from FWHM(MgII) and _L3000 with the masses measured both with
RM or estimated in optical (H_ – _L5100).

McLure, & Jarvis MNRAS 337,109 
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Black Hole Black Hole VirialVirial Masses Masses::
blind spotsblind spots

 Many underlying assumptions:
• Virial hypothesis

• RBLR-L_ relationship holds true for all L,z
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Black Hole Black Hole VirialVirial Masses: Masses:
blind spotsblind spots

 Many underlying assumptions:

 They are secondary mass indicators:
• SE measurements ≈ multi-epoch (RM) data

• MgII & CIV FWHMs as proxies of H_ FWHM

• Simple correlation between different L_
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Black Hole Black Hole VirialVirial Masses: Masses:
blind spotsblind spots

 Many underlying assumptions:

 They are secondary mass indicators:

 Measurements errors and biases:
• FWHM measurement difficulties:

 Blending, NL subtraction

 Noisy spectra

• Continuum definition
 Non-variable components (host galaxy, radio)
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Using Using MgMgIIII  forfor  BLRBLR  velocityvelocity
dispersiondispersion

 0.80.8  __ z  z __ 1.3  1.3 rangerange
 MgIIMgII and H and H__ have have

similar similar FWHMsFWHMs
 Complications:Complications:
        FeIIFeII contamination of contamination of

line and continuumline and continuum

(Vestergaard & Wilkes 2001)
Requires template
         fitting
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Measuring the broad MgMeasuring the broad MgIIII
FWHM in real spectraFWHM in real spectra
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  The prize: massesThe prize: masses of  of distantdistant
QSOsQSOs

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

H_
CIV



Marco Mignoli: AGN Optical Spectroscopy - Scuola Nazionale di Astrofisica: VIII ciclo (2005/06)Marco Mignoli: AGN Optical Spectroscopy - Scuola Nazionale di Astrofisica: VIII ciclo (2005/06) 3838

BH Virial Masses:BH Virial Masses:
applicationsapplications

 BH masses evolutionBH masses evolution
•• no evolutionno evolution

• limiting black hole mass

• BH mass decrease at
high z (?)

 Eddington ratioEddington ratio
•• No Super Edd. AccretionNo Super Edd. Accretion

 FINAL GOAL:FINAL GOAL:
Cosmological evolutionCosmological evolution
of the BH mass functionof the BH mass function


