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Quasar Broad Lines

Why Study Quasar Broad Lines?

Strong optical and UV emission lines
Reflect the quasar central engine, its evolution, its
environment.

Eigenvector 1
Spectral Energy Distribution
Probe of chemical evolution
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AGN Emission Lines

observed primarily in
the optical and UV

Doppler broadened
by motion in the
gravitational field of
the black hole

Powered by
photoionization

A broad range of
widths and
ionizations are
observed
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Photoionization Equilibrium

Photons with energy
greater than 13.6 eV
will ionize hydrogen

Photons ionize atoms
according to their
ionization potential

Ions recombine with
rates dependent on
density

Result depends on
ionization parameter:
U= φ/nHc (Hamann et al. 2002)
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Thermal Equilibrium

Photoelectrons
heat the gas

Cooling by
radiative
recombination
=> H, He

Cooling by
collisional
excitation of
e.g., C+3

(Hamann et al. 2002)
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AGN Emission Lines

Under
normal cir-
cumstances,
recombina-
tion lines
Lyalpha and
CIV (and
other lines
from
lithium-like
ions) are
expected to
be strong.

CIV

Lyα
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Cloudy

Created/maintained by Gary Ferland.

Input continuum properties: ionizing photon flux, spectral
energy distribution.

Input gas properties: density, thickness.

Output: predicted emission-line fluxes.

Compare with observed emission-line fluxes.
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Early Photoionization Models

Early photoionization models based on models applied to
nebulae in our Galaxy

Poor signal-to-noise ratios and poor resolution hampered
early models.
Important developments:

separation of NLR and BLR
discovery of the partially-ionized zone which required
multi-level hydrogen atoms
Able to explain low Lyα/Hβ due to large optical depth

Darrin Casebeer & Karen Leighly Broad Line Region
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The Standard Model

One zone - consistency of line profile

Ionization parameter −2.8 ≤log(U)≤ −1.5 from CIV, CIII]
and Lyα

Densities were constrained to be less than 1010 cm−3

Shape of the ionizing continuum based on extrapolation of
observed continuum, and HeII.

The covering fraction 10% based on observed eqw of Lyα

The column density 1023 cm−2 based on truncating
CII]/Lyα

Darrin Casebeer & Karen Leighly Broad Line Region
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Reverberation Mapping

First large IUE and ground-based results mid 1980s (e.g.
Peterson 1988)

Short time lags for high-ionization lines ==> 10x smaller
radius

Emission lines could see fainter continuum than direct
observer, for example a flattened distribution

Or U is unchanged requiring a much higher density
∝ 1011cm−3

Darrin Casebeer & Karen Leighly Broad Line Region
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Reverberation Mapping

What was the effect on photoionization models of the
BLR?

Density too high for CIII]

Rees, Netzer & Ferland 1989: emission of high density
clouds

Rule out high density don’t see (free-free, Balmer, Paschen)

Ferland et al. 1992: stratification
Highest densities only required for high ionization lines

Darrin Casebeer & Karen Leighly Broad Line Region
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HIL and LIL

In 1980’s S. Collin & collaborators pointed out that
simultaneously producing high- and low-ionization lines in
the same cloud is difficult.

Low-ionization lines require high covering fractions

Must be out of our line of sight

==> Low-ionization lines produced in accretion disk

In addition other sources of heat may increase
low-ionization line flux

CII] mainly emitted in partially ionized zone

High columns are therefore not ruled out

Darrin Casebeer & Karen Leighly Broad Line Region
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Radial stratification - reverberation mapping
Ionization stratification - HIL & LIL

Observational Support

Leighly & Moore (2004); also Gaskell 1982, Wilkes 1984,
Marziani et al. 1996, Richards et al. 2002
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Not Always true

Casebeer, Leighly & Baron
(2006)
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Optically Thin Gas

Is the
high-ionization
line-emitting
gas optically
thin to the
Lyman
continuum?

Saturation of
CIV at high
continuum
luminosities
(Wamsteker &
Colina 1986)
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(Wamsteker & Colina 1986)
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Optically Thin Gas

(Leighly & Moore 2004)

profile studies show low-ionization lines are narrow and
symmetric. (Leighly & Moore 2004; Ferland et al. 1996)
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Optically Thin Gas

Investigated in detail by Shields et al. 1995

Can explain saturation behavior of CIV

May also explain UV absorption lines

May also explain X-ray warm absorber

Darrin Casebeer & Karen Leighly Broad Line Region
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Optically Thin Gas

Harder SEDs

line ratios can be very sensitive to optically thin gas.
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Spectral Energy Distribution

FeII

CII

CIII

CIV

HeII

NV

OVI
HI

kT=290eV

kT=10eV
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EUV Bump

Emission lines should be able to determine shape of EUV

Krolik and Kallman (1988) did this with 3 SED

Korista et al. investigated effect of no BBB

Zheng et al. (1997) produced HST composite spectrum

They found a turnover towards shorter wavelength

Laor et al. (1997) found soft excess pointed towards UV

Darrin Casebeer & Karen Leighly Broad Line Region
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EUV Bump

Krolik &
Kallman
1988 -

Korista et
al. 1996 -
HeII
emission

106 LAOR ET AL. Vol. 477

FIG. 6.ÈComposite opticalÈsoft X-ray spectrum for the RQQs and
RLQs in our sample (thick solid line). The three X-rayÈweak quasars, and
PG 1114]445, which is a†ected by a warm absorber, were excluded from
the composite. The composite uses andSa

ox
T \ 1.482(^0.025) Sa

x
T \

\ 1.69(^0.07) for the RQQs and andSa
ox

T \ 1.445(^0.07) Sa
x
T \

1.22(^0.16) for the RLQs. Note that despite the fact that RLQs are bright-
er at 2 keV, they are fainter at 0.3 keV. The & FerlandMathews (1987)
spectral shape assumes a hard X-ray power law down to 0.3 keV and a very
steep component below 0.3 keV. This spectral shape is inconsistent with
the PSPC results. The far-UV emission can be parameterized as a cuto†
power law. The spectrum shown here has K, which is closeTcut \ 5 ] 105
to the upper limit on The et al. FUV composites forTcut . Zheng (1996)
RLQs and RQQs are plotted in a thin solid line. They suggest that the
FUV power law extends into the soft X-ray regime, with no extreme UV
spectral break and no steep soft component below 0.2 keV.

would not be valid, and RLQs need to have a di†erent
X-ray emission process, rather than just an additional com-
ponent.

The di†erence between RLQs and RQQs may actually be
unrelated to the radio emission properties, as discussed in
° 4.4.

also displays a simple cuto† power-law model ofFigure 6
the form with andL l P laoe~hl@kTcut a

o
\ [0.3 Tcut \ 5.4

] 105 K. This is an alternative way to interpolate between
the UV and soft X-ray emission, and it is also a reasonable
approximation for an optically thick thermal component.
The lack of a very steep low-energy component down to 0.2
keV allows us to set an upper limit on The upper limitTcut.is set using and the slope from 3000 to rest-framea

o
a
os@

, A!
0.15(1 ] z) keV (the lowest energy where the Galactic
absorption correction error is ¹30%), given by

a
os@

\ [2.685a
ox

[ (17.685 [ log l
s@
)a

x
]/log (l

s@
/1015) ,

where (1 ] z).The upper limit on thelog l
s@

\ 16.560 ] log
cuto† temperature is related to the spectral slopes byT cutul

T cutul \ 4.8 ] 10~11(l
s@

[ 1015) log e
(a

o
[ a

os@
) log (l

s@
/1015)

K .

We Ðnd a rather small dispersion in withT cutul ST cutul T \
(5.5 ^ 2.6) ] 105 K, averaged over the complete sample

which corresponds to a cuto† energy of 47 eV, or(Table 4),
about 3.5 rydbergs. This value of corresponds veryT cutul
closely to the far-UV continuum shape assumed by (seeMF
Fig. 6).

et al. Ðtted such a cuto† model directly toWalter (1994)
six quasars and Seyfert galaxies, Ðnding SEcutT \ 63 ^ 12
eV, or K, while et al.STcutT \ (7.3 ^ 1.4) ] 105 Rachen

Ðnd, using such a model,(1996) STcutT \ (6.3 ^ 2.3) ] 105
K for seven quasars and Seyfert galaxies. These values are
consistent with our results. The small dispersion in Tcut

reÑects the small dispersion in in our sample, which is ina
osmarked contradiction to the dispersion predicted by thin

accretion disk models, as further discussed in ° 4.5.

4.1.1. T he Far-UV Continuum

et al. have constructed a composite quasarZheng (1996)
spectrum based on HST spectra of 101 quasars at z [ 0.33.
They Ðnd a far-UV (FUV) slope (1050È350 ofA! ) SaFUVT \
[1.77 ^ 0.03 for RQQs and forSaFUVT \ [2.16 ^ 0.03
RLQs, with slopes of D[1 in the 2000È1050 regime. TheA!
Zheng et al. mean spectra, presented in togetherFigure 6,
with the PSPC mean spectra, suggest that the FUV power-
law continuum extends to the soft X-ray band. In the case of
RQQs there is remarkable agreement in both slope and
normalization of the soft X-ray and the FUV power-law
continua. RLQs are predicted to be weaker than RQQs at
D100 eV by both the FUV and the PSPC composites. It
thus appears that there is no extreme UV sharp cuto† in
quasars, and that the fraction of bolometric luminosity in
the FUV regime is signiÐcantly smaller than assumed.

The UV to X-ray continuum suggested in is veryFigure 6
di†erent from the one predicted by thin accretion disk
models and suggested by photoionization models. In(° 4.5)
particular, it implies about a 4 times weaker FUV ionizing
continuum compared with the continuum that wasMF
deduced based on the He II j1640 recombination line.

One should note, however, that the Zheng et al. sample is
practically disjoint from our low-z sample, so it may still be
possible that low-z quasars have a di†erent FUV contin-
uum.

4.2. Intrinsic Absorption
As shown in the H I column deduced from ourFigure 2,

accurate 21 cm measurements is consistent for all objects
with the best-Ðt X-ray column. It is quite remarkable that
even in our highest S/N spectra the 21 cm and X-ray
columns agree to a level of about 1 ] 1019 cm~2, or
5%È7%. This agreement is remarkable, since the 21 cm line
and the PSPC are actually measuring the columns of di†er-
ent elements. Most of the soft X-ray absorption is due to
He I or He II rather than H I, and the H I column is indirect-
ly inferred assuming the column ratio H I/He I \ 10. The
fact that the 21 cm line and the PSPC give the same H I

column implies that the H I/He column ratio at high Galac-
tic latitudes must indeed be close to 10. The dispersion in
the H I/He column ratio is lower than 20% (based on
typical quasars in our sample), and may even be lower than
5% (based on our highest S/N spectra). There is therefore
no appreciable Galactic column at high Galactic latitudes
where the ionized fraction of H di†ers signiÐcantly from the
ionized fraction of He, as found for example in H II regions
(e.g., Osterbrock 1989).

The consistency of the 21 cm and X-ray columns also
indicates that the typical column of cold gas intrinsic to the
quasars in our sample must be smaller than the X-ray NHuncertainty, or about 3 ] 1019(1 ] z)3 cm~2. An additional
indication for a lack of an intrinsic cold column in quasars
comes from the fact that the strong correlations of witha

xthe emission-line parameters described above become(° 3.3)
weaker when we use from the free Ðt rather thana

x
NH a

xfrom the Ðt with This indicates that is closer toNH IGal. NH IGal
the true than the free (see discussion in InNH NH Paper I).
our highest S/N spectra we can set an upper limit of
D2 ] 1019 cm~2 on any intrinsic absorption. As discussed

(Laor et al. 1997)
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Emission Lines in RE 1034+39

RE 1034+39 is
a low-luminosity
NLS1 known for
its hard (X-ray
dominant SED)

Coordinated
FUSE, EUVE
and ASCA
observations.

RE 1034+39

AGN Continuum

HST+FUSE

ASCA

EUVE

(Casebeer, Leighly & Baron 2006)
Darrin Casebeer & Karen Leighly Broad Line Region
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FUSE Spectra

Strong
high-ionization
line emission
(e.g., OVI)

Narrow and
symmetric lines
- no wind.

Weak
low-ionization
line emission

OVI

OVI

CIII NIII
HeII

βLy

(Casebeer, Leighly & Baron 2006)
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Narrow, Symmetric Emission Lines

All the lines are
narrow and
symmetric - no wind
is present.

(Casebeer, Leighly & Baron 2006)
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Cloudy Models

✛

✛

(Casebeer, Leighly & Baron 2006)

Cloudy modeling shows that emission-line strengths and
ratios are best produced by hard SED.

Darrin Casebeer & Karen Leighly Broad Line Region
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PHL 1811

Optically the second
brightest quasar beyond
z = 0.1(mB = 14.4, z =
0.192).

Undetected in ROSAT
All Sky Survey

Coordinated HST &
Chandra observations

Anomalously X-ray weak
in 7 observations
between 1990 and 2004 (Leighly et al. submitted)

Darrin Casebeer & Karen Leighly Broad Line Region
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PHL 1811 vs Francis Composite

CIV

βH [OIII]

(Leighly et al. 2006 submitted)
Darrin Casebeer & Karen Leighly Broad Line Region
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Wind-Filtered Continua

Objects with
blue-shifted
high-ionization lines
have strong
low-ionization lines
(e.g., SiII, FeII).

Implies emission very
far from the black
hole, unless.... X−rayUV

N+4

O+3

He+2

C+3

Si+3

C+2

Si+2

Al+2

H+

C+

Si+

Fe+

Mg+

O+5

(Leighly 2004)
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Wind-Filtered Continua

Filtering
continuum
through the
wind softens it,
leading to
strong
low-ionization
lines. Continuum source Wind

Line−emitting Gas

(Leighly 2004)
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Wind-Filtered Continua

Filtering
continuum
through the
wind softens it,
leading to
strong
low-ionization
lines.

X−rayUV

N+4

O+3

He+2

C+3

Si+3

C+2

Si+2

Al+2

H+

C+

Si+

Fe+

Mg+

O+5

(Leighly 2004)
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LOC model: Motivation

Emission lines in the same object may have different
profiles

Emission lines response to changes in continuum
luminosity have different time lags

Darrin Casebeer & Karen Leighly Broad Line Region
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Background of Locally Optimally Emitting Cloud
Models

First introduced
by Baldwin
(1995)

Darrin Casebeer & Karen Leighly Broad Line Region
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Different Radial Distributions

0
R

R
−1

R
−2
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Locally Optimally Emitting Cloud Models Baldwin
(1995)

TABLE 1

OBSERVED AND PREDICTED LINE INTENSITIES

Emission Line Observed Intensitya Maximum Reprocessing LOC Integrationb

(1) (2) (3) (4)

O VI λ1034+Lyβλ1026 0.1–0.3 0.28 0.16
Lyα λ1216 1.00 1.00 1.00
N V λ1240 0.1–0.3 0.06 0.04

Si IV λ1397+O IV] λ1402 0.08–0.24 0.08 0.06
C IV λ1549 0.4–0.6 0.54 0.57

He II λ1640 + O III] λ1666 0.09–0.2 0.11 0.14
C III]+Si III]+Al III λ1900 0.15–0.3 0.28 0.12

Mg II λ2798 0.15–0.3 0.38 0.34
Hβ λ4861 0.07–0.2 0.08 0.09

(Baldwin et al. 1995)
a Intensity relative to Lyα λ1216, combining data from Baldwin, Wampler, & Gaskell (1989), Boyle (1990), Cristiani &
Vio (1990), Francis et al. (1991), Laor et al. 1995, Netzer et al. (1995), and Weymann et al. (1991).
bCo-addition of emission from clouds as described in the text.

Darrin Casebeer & Karen Leighly Broad Line Region
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RE1034 and PHL1811

TABLE 1

OBSERVED AND PREDICTED LINE INTENSITIES

Emission Line LOC Integration RE1034 LOC RE1034 measured PHL1811 measured
(1) (2) (3) (4) (5)

O VI λ1034+Lyβλ1026 0.16 0.52 0.51 a
Lyα λ1216 1.00 1.00 1.00 1.00
N V λ1240 0.04 0.18 0.18 1.4
C IV λ1549 0.57 1.11 0.54 0.77

He II λ1640 + O III] λ1666 0.14 0.25 0.11 0.12
Mg II λ2798 0.34 0.47 0.11 0.18

a not measured in PHL1811

Darrin Casebeer & Karen Leighly Broad Line Region



Outline
Introduction

Early photoionization models => standard model
More Recent Advances

Summary

Optically Thin Gas
Spectral Energy Distribution
Locally Optimally Emitting Cloud Model
Metallicity
Turbulence

RE1034 and PHL1811

TABLE 1

OBSERVED AND PREDICTED LINE INTENSITIES

Emission Line LOC Integration RE1034 LOC RE1034 measured PHL1811 measured
(1) (2) (3) (4) (5)

O VI λ1034+Lyβλ1026 0.16 0.52 0.51 a
Lyα λ1216 1.00 1.00 1.00 1.00
N V λ1240 0.04 0.18 0.18 1.4
C IV λ1549 0.57 1.11 0.54 0.77

He II λ1640 + O III] λ1666 0.14 0.25 0.11 0.12
Mg II λ2798 0.34 0.47 0.11 0.18

a not measured in PHL1811
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RE1034 and PHL1811
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Emission Line LOC Integration RE1034 LOC RE1034 measured PHL1811 measured
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N V λ1240 0.04 0.18 0.18 1.4
C IV λ1549 0.57 1.11 0.54 0.77

He II λ1640 + O III] λ1666 0.14 0.25 0.11 0.12
Mg II λ2798 0.34 0.47 0.11 0.18

a not measured in PHL1811

Darrin Casebeer & Karen Leighly Broad Line Region
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Metallicity in Quasars

Quasars can be seen a long distance; their emission lines
are amenable to chemical evolution studies

Nitrogen is a sensitive probe of metallicity
[N/H] ∝ [O/H]2 ∝ [Z/Z�]2

FeII/MgII may be a probe of the onset of the first star
formation in the universe.

Darrin Casebeer & Karen Leighly Broad Line Region
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Metallicity Studies

Hamann et al. (2002)

Best line ratios are close together in ionization potential
and excitation potential, and critical density

Should not be important coolants

==> best is [NIII]/[OIII]

Quasar metallicity solar or higher

Darrin Casebeer & Karen Leighly Broad Line Region
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FeII/MgII

FeII/MgII
doesn’t change
appreciably to
z=6 (Dietrich et
al. 2003)

But FeII is an
important
coolant

Evidence that
FeII has
multiple
excitation
mechanisms (Leighly & Moore 2006)
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Metallicity and Cooling

The abundances will
change the cooling
and structure in the
gas (Ferland et al.
1996; Snedden &
Gaskell 1999; Leighly
2004).

1
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.
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(Ferland et al. 1996)
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Metallicity and Cooling

(Leighly 2004)
Leighly (2004) found this cooling allowed her to explain
weak CIV
Major coolents hardly change, minor coolents OIV]
increase

Darrin Casebeer & Karen Leighly Broad Line Region



Outline
Introduction

Early photoionization models => standard model
More Recent Advances

Summary

Optically Thin Gas
Spectral Energy Distribution
Locally Optimally Emitting Cloud Model
Metallicity
Turbulence

Microturbulance

Microturbulence may be present and may be responsible
for smooth line profiles

Can strongly affect line fluxes and ratios

Darrin Casebeer & Karen Leighly Broad Line Region
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Microturbulence

Lines escape more
easily due to reduced
opacity

FUV lines
predominantly excited
by continuum
pumping strongly
affected

Semiforbidden lines
influenced the least

More effective on
lines that are not
important coolants
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j1787, appear in both tables. The fact that they are both
measurable and very sensitive to turbulence means that
they will be particularly good diagnostics of turbulence.

We do not explore the e†ects of turbulence on the full
Fe II spectrum. The Fe II j1787 feature is singled out
because it is a strong, easily measured, feature in some
objects. Verner et al. (1999) discuss some e†ects of turbu-
lence on the full Fe II spectrum.

2.4. Consequences of Turbulence
Increasing has two major e†ects on the spectrum.VturbFirst, the line optical depths decrease as a lineÏs opacity

spreads over a larger frequency range. The result is that
lines escape more freely and they become brighter. The
second e†ect is that direct optical pumping by the incident
continuum, as treated in Ferland (1992), becomes more
important. This is because a line only efficiently absorbs the
continuum over its Doppler width, so that as increases,Vturbcontinuum pumping does too. These e†ects occur for all
permitted lines, but the far-ultraviolet (FUV) lines, pri-
marily excited by pumping with the incident continuum, are
selectively more enhanced. Collisional excitation (a signiÐ-
cant excitation mechanism for UV lines) is inefficient for
FUV lines because they have a much higher excitation
potential than the mean kinetic energy of the free electrons
in the gas.

All lines change by some extent, if only because the
overall temperature of a cloud changes with increasing
microturbulence. The temperature tends to be lower at very
large because line photons escape more readily andVturbcool the cloud more efficiently. Intermediate values of Vturbproduce a hotter cloud, due to continuum pumping of lines
followed by their thermalization.

Intercombination lines such as C III] j1909 change
because of the change in temperature. Continuum pumping
is unimportant for intercombination lines because they tend
to have small optical depths. The ratio of FUV to inter-
combination lines of the same ion (for instance, C III j977/
C III] j1909) therefore tends to be a strong function of Vturbwhile having no direct dependence on the ionization or
composition of the cloud. These ratios are ideal candidates
for indicators of microturbulence, provided that the cloud
density is below the critical density of the intercombination
line (typically 1010 cm~3).

Tables 1 and 2 show that most lines become brighter at
large The e†ects of microturbulence on the equivalentVturb.
widths of Table 1 are shown graphically in Figure 1. In the
Ðgure microturbulence is increased from 0 to 104 km s~1
and the lines are presented relative to their equivalent width
at 0 km s~1. Because most of the lines tend to increase by
the same amount (D1 dex), their relative ratios will not be
particularly good indicators of turbulence. Some exceptions
are Si II j1260, Si II j1305, C II j1335, Si II j1260, and Fe II

j1787, for which the increase is much larger. Although the
changes are great, the lines are very weak, and so not
subject to the thermostat e†ect. Figure 2 shows the inten-
sities of these lines relative to intercombination lines and
the Si II j1808 line, which has a similarly weak response to
microturbulence. The ratios increase by 1.0 to 2.0 dex as

increases from 0 to 104 km s~1 making them reason-Vturbable turbulence-sensitive indicators. Note that Ðve of the six
line ratios involve the same ion and are therefore abun-
dance independent. In ° 5 we hope to use these to measure
turbulence in some objects.

Ratios involving permitted lines have the advantage of
little direct dependence on density. It turns out that Si II is

FIG. 1.ÈThe dependence on of frequently measured quasar emission lines of the single-cloud model. Intensities are normalized to the value whenlog(Vturb)turbulence is not present. Most lines grow stronger with increasing log(Vturb).(Bottorff et al. 2000)
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Summary

Cloudy is the current state of the art

In some cases BLR clouds are optically thin

The spectral energy distribution is important

LOC models can replicate some observations

More may need to be done for metallicity at high Z

Turbulence may be important for the BLR

Darrin Casebeer & Karen Leighly Broad Line Region
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