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The broad-band spectrum of active 
galaxies 

•  ~flat over 
6-8 decades 

•  Very 
different 
from stars 

•  Most are 
strong X-ray 
sources 



Active Galaxies can be classified by their 
optical spectra  

•  Emission lines divide into  
•  Broad (v>1000 km/s) 

primarily permitted 
lines 

•  Narrow (v<1000 km/
s) includes forbidden 
lines 

•  Forbidden line strengths 
constrain broad line 
density, size  

•  A lot of gas is moving 
around; where is it 
going? 
 



There	  is	  a	  range	  of	  line	  proper3es	  for	  
different	  types	  of	  AGN	  



HST/COS	  spectrum	  of	  Mkn	  290	  
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UV	  spectra	  are	  even	  more	  spectacular	  

•  Line	  profiles	  are	  very	  
smooth	  

•  Lines	  from	  diverse	  
ioniza3on	  stages	  
have	  very	  similar	  
profiles	  

•  Warm	  absorber	  lines	  
and	  foreground	  lines	  
are	  narrow,	  
superimposed	  on	  
emission	  



Similari3es	  in	  the	  line	  
profiles	  lead	  to	  a	  very	  

simple	  model	  

•  Clouds	  radiate	  in	  all	  lines	  
owing	  to	  ioniza3on	  
stra3fica3on	  within	  a	  
cloud	  

•  Very	  large	  numbers	  of	  
small	  clouds	  are	  implied	  

•  Small	  filling	  factor	  
•  Clouds	  are	  ~spherically	  

distributed	  around	  center	  
•  Cloud	  veloci3es	  are	  

~isotropic	  
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Clavel	  et	  al.	  1991	  	  

Cross	  correla3on	  
coefficients	  
lines	  vs.	  uv	  con3nuum	  

NGC	  5548	  	  

•  à	  Cross	  correla3on	  coefficients	  
are	  not	  the	  same	  for	  all	  lines	  

•  shorter	  lags	  for	  high	  ioniza3on	  
lines	  

•  smaller	  correla3on	  for	  low	  
ioniza3on	  lines	  

•  con3nuum	  shows	  no	  obvious	  
wavelength	  dependence	  à	  disk?	  

•  à	  and	  how	  can	  single	  popula3on	  
of	  clouds	  explain	  this?	  

•  If	  there	  is	  a	  distribu3on	  of	  
condi3ons,	  what	  determines	  it?	  

•  Why	  is	  it	  apparently	  universal?	  



Broad	  lines	  contain	  informa3on	  about	  
cloud	  dynamics	  	  

The Astrophysical Journal, 794:49 (13pp), 2014 October 10 Tremaine et al.

Figure 3. Predicted mean redshift due to relativistic effects in the full quasar sample (left) and the high-quality sample (right). Optically thick disk models with
intrinsic dispersion s = 500 km s−1 and a range of maximum unobscured inclinations Imax are denoted by solid lines, and models with Imax = 45◦ and a range of
intrinsic dispersions are shown as dashed lines—these are difficult to distinguish because they almost coincide.
(A color version of this figure is available in the online journal.)

Figure 4. Same as the left panel of Figure 3, but for optically thin disks.
(A color version of this figure is available in the online journal.)

our quasar sample. This is an order of magnitude larger than
the virial BH mass estimates based on the average conversion
factor between the line width and rms velocity, which is empir-
ically calibrated using the relation between BH mass and stellar
velocity dispersion (Shen 2013; Kormendy & Ho 2013).

In contrast to the unsatisfactory agreement for large or small
values of the maximum opening angle Imax, all the data for

σ ! 3500 km s−1 is bracketed by the model curves for disks
with Imax in the range 30◦–45◦. Compared to the strong effect
of the maximum inclination, the intrinsic disk dispersion s has
almost no effect: the three curves for Imax = 45◦ with intrinsic
dispersions ranging from 0 to 1000 km s−1 lie almost on top of
one another in Figure 3. The differences between optically thick
and thin disks are also small.

8

•  Broad	  line	  cloud	  speeds	  	  ~104	  km	  
s-‐1	  	  

•  special	  rela3vity	  	  à	  line	  centroid	  
will	  be	  blueshiaed	  rela3ve	  to	  the	  
galaxy	  

•  line	  width	  is	  a	  measure	  of	  the	  
isotropic	  velocity	  distribu3on	  

•  à	  	  test	  models	  for	  the	  3d	  velocity	  
field	  

•  Observed	  sloan	  sample	  (~105	  
objects)	  consistent	  with	  	  disk-‐like	  
distribu3on	  	  

•  Best	  fit	  requires	  keplerian	  disk	  	  
•  Small	  net	  radial	  flow	  
•  obscured	  when	  i<30o	   Tremaine	  et	  al.	  (2012)	  	  



A	  solu3on?	  	  Disk	  Wind	  model	  
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•  Broad	  emission	  lines	  are	  formed	  by	  a	  
wind;	  smooth	  flow	  

•  Wind	  originates	  from	  accre3on	  disk	  
local	  UV	  radia3on	  

•  Dominant	  line	  forma3on	  mechanism	  
is	  resonance	  scaiering	  

•  Broadening	  is	  predominantly	  from	  
ordered	  oujlow	  and	  rota3on	  

•  Innermost	  region	  is	  highly	  ionized	  by	  
X-‐rays	  from	  center	  

•  Launching	  radius	  is	  R~2GM/v2~100	  RG	  
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Warm	  absorber	  in	  UV	  produce	  narrow	  features	  
superimposed	  on	  broad	  emission	  lines	  

N. Arav et al.: Multiwavelength campaign on Mrk 509. X.

Fig. 1. Comparison of spectral features in the COS (black) and STIS
(red) spectra of Mrk 509. Normalized relative fluxes are plotted as a
function of velocity relative to the systemic redshift of z = 0.034397.
The boundaries of the 9 absorption troughs used in our analysis are
shown along the top (see Table 1). The centroids of the individual
Gaussian components identified in Paper VI are shown by the vertical
dotted blue lines.

trough as observed in the COS spectrum, the mean fractional
difference between the COS and STIS troughs normalized by
the mean COS transmission, and the mean fractional error in this
difference, again normalized by the mean COS transmission.

As one can see in Fig. 1 and Table 1, the absorption in
Mrk 509 showed little variation between the 2001 STIS spec-
trum and the 2009 COS spectrum. Our criterion for a signifi-
cant variation requires that both the red and the blue components
of a trough show a difference of >2σ. In Table 1, this means
that the absolute value in the last column is greater than 2. In
Paper VI, we noted a significant difference in the N v absorption
in trough T1, and that is apparent in the comparison shown in
Table 1. Both the red and blue doublets of N v show more than a
2σ difference in transmission between the COS and STIS spec-
tra. However, no other trough in N v or Si iv meets this criterion,
and only trough T2 in C iv shows such a significant difference.

2.2. Column density determination

For each epoch, we determine the ionic column densities asso-
ciated with the nine components (T1–T9) shown in Fig. 1 by
modeling the residual intensity observed accross the absorption
troughs. Assuming a single homogeneous emission source F0

whose spatial extension is normalized to 1, the transmitted flux
Fi(v) for a line i can be written as

Fi(v) = F0(λ(v))
! 1

0
e−τi(x,v)dx (3)

where v is the radial velocity of the outflow and τi(x, v) is the
optical depth of the absorber accross the emission source. In this
relation, we implicitly reduced the number of spatial dimensions
from two to one. This assumption, whose validity is discussed
in Arav et al. (2005), allows us to derive meaningful quanti-
ties from the fitting of residual intensity profiles. We consider
two common models for the absorber: the apparent optical depth
(AOD) model where the absorbing material is simply character-
ized by τi(x, v) = τi(v) and fully covers the emission source, and
the partial-covering (PC) model in which the material with τi(v)
only covers a fraction C(v) of the emission source at a given ve-
locity. Once computed over the width of the trough, the optical
depth solution τi(x, v) is transformed into column density using
the relation

Nion(v) =
3.8 × 1014

fiλi
⟨τi(v)⟩ (cm−2 km−1 s) (4)

where fi, λi and ⟨τi(v)⟩ are respectively the oscillator strength,
the rest wavelength and the average optical depth accross the
emission source of line i (see Edmonds et al. 2011 for details).
The main uncertainty in the fitting procedure, and thus in the
derived column density, comes from the assumption about the
spatial distribution of the absorbing material.

The PC model is considered in order to account for the fact
that in AGN, when one observes at least two lines from the same
ion, the apparent optical depth ratio Rapp

i j between the lines i
and j does not always follow the expected laboratory value
Rlab

i j = λi fi/λ j f j. This observation can be explained if the ab-
sorber only partially covers the emission source (e.g. Hamann
et al. 1997; Arav et al. 1999). In the case of doublet lines like
C iv, N v, and Si iv, Rlab

br ≃ 2; i.e., the blue transition of the dou-
blet is twice as strong as the red one. Therefore, the residual in-
tensity in the blue line should lie between Ib = I2

r (AOD model)
and Ib = Ir (fully saturated trough in the PC model). In the upper
panels of Fig. 2 we plot the COS C iv and N v line profiles as
well as the expected residual intensity for the strongest transi-
tion assuming the AOD scenario, highlighting the allowed phys-
ical range of values for Ib based on the observation of Ir. While
several kinematic components show a significant departure from
the AOD prediction, suggesting a partial covering of the emis-
sion source, none of the unblended components exhibits a strong
saturation effect (i.e. Ib ≃ Ir) with the exception of C iv in com-
ponent T1. This allows us to determine accurate ionic column
densities as well as quantitatively examine the variations in the
absorber between the STIS and the COS epochs.

In the lower panels of Fig. 2 we display the Nion(v) solution
derived for C iv and N v for the COS epoch for both the AOD
(computed on the weakest line of the doublet) and PC absorber
models. The PC solution can only be computed if one observes at
least two unblended lines from the same ion. Given the blending
of the blue C iv line in trough T7 and the non-detection of C iv
in troughs T8 and T9 we do not report column for these troughs
using the PC model, but only provide a lower limit based on the
AOD model. Trough T1 is strongly saturated in C iv as revealed
by the perfect match of the shape of the blue and red component
line profiles. This only allows us to place a conservative lower
limit on the column density by assuming an optical depth of at
least τ = 4 across the line profile of the red component. Looking

A33, page 3 of 13

(Arav	  et	  al.	  2012)	  

Mrk	  509	  

•  UV	  Lines	  can	  be	  resolved	  using	  
COS	  and	  STIS	  	  

•  à	  FWHM~300	  km	  s-‐1,	  	  
•  v~500	  –	  1000	  km	  s-‐1	  
•  Smaller	  than	  apparent	  X-‐ray	  

widths	  
•  Column	  can	  be	  es3mated	  from	  

doublet	  ra3ons	  à	  Evidence	  for	  
par3al	  covering	  in	  some	  lines	  

•  Approximate	  correspondence	  in	  
velocity	  and	  ioniza3on	  
parameter	  with	  X-‐ray	  warm	  
absorber	  components	  



Warm	  absorbers	  can	  show	  strong	  
variability	  

indicate a predominantly poloidal outflow. This
is more readily explained by magnetically con-
fined acceleration than by radiative acceleration,
which would lead to a more radial or equatorial
outflow.

Evidence is accumulating for strong variations
in the x-ray absorption properties along the line
of sight for both type-1 and type-2 AGNs. X-ray
absorbers show changes from Compton-thin to
Compton-thick columns, changes in covering frac-

tion, eclipse or occultation events, variations in
the ionization state, and velocity of some of their
major components (10–18). Observations so far
suggest that these examples of circumnuclear
absorbing gas are inhomogeneous and clumpy,
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Fig. 2. UV absorption
lines in the COS
spectrum of NGC
5548. (A) The combined
normalized spectra
from summer 2013 have
been binned for clarity.
For the Si IV, C IV, and N V
doublets, the red and blue
profiles are registered
relative to the respective
red and blue wavelengths
of the doublets. The
smooth solid lines are
fits to the BAL profile
with 1:1 ratio for the
doublets. The dotted
vertical lines show the
locations of the narrow
velocity components
defined in (8), with an
additional component
6 near 0 velocity. (B)
Time variability of the
equivalent width (EW) of
the C IV and Si IV broad
absorption troughs
(including the 2014
measurement). Error
bars are T1 SD. (C) EWs
of the C IV and Si IV
broad absorption
troughs, showing an
anticorrelation with the Swift soft x-ray flux (0.3 to 1.5 keV). Error bars are T1 SD.
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Fig. 1. X-ray and UVspectra of NGC 5548. All data have been rebinned for clarity. Error bars are T1 SD. (A) The heavily obscured x-ray spectrum during summer
2013.The unobscuredChandra LETGS spectrum taken in 2002 is shown for comparison.The 2013 spectrum is obtained from 12XMM-Newton [European Photon
Imaging Camera–pn detector (pn) and RGS], two NuSTAR, and four INTEGRAL observations; these latter two data sets were taken when the hard x-ray flux was
10% higher than the average >10-keV flux of the XMM-Newton data. (B) Averaged 2013 COS spectrum Fl as a function of wavelength compared with the 2002
STIS spectrum, showing the broad UV absorption lines in 2013.
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ngc	  5548	  

(Kaastra	  et	  al.	  2014)	  



T. 

X-ray continuum spectra of AGN show a 
~power law shape 

•  In the 2-10 keV 
band, remarkable 
uniformity of X-ray 
continuum spectra 
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HEAO-‐1	  spectra	  



Predicted	  AGN	  X-‐ray	  spectrum	  
788 NETZER Vol. 473

FIG. 5.ÈBottom : Calculated spectra for two values of assumingU
X
,

thermal line widths. The dotted lines are the incident continuum, and the
height of the emission lines is Ðxed by assuming an observed line width of
4000 km s~1. T op : The spectrum as seen for a case in which theU

X
\ 0.2

central continuum is obscured. The dotted line is the same model with
assumed microturbulent velocity of 300 km s~1. Note the di†erent vertical
scales of the bottom and top panels.

[Fe X] j6734, [Fe XIV] j7891, and [Fe XIV] j5303. The
small observed equivalent width of such lines sets a limit on
the amount of low-density, warm absorbing gas.

3.6. Covering Fraction
As discussed in and in the emergent line ÑuxPaper I ° 2,

depends on both the local emissivity and the line absorption
on the way out. The Ðrst reÑects the local physical condi-
tions and the second the overall geometry, which can be
complicated and di†erent for various lines of sight. For
negligible continuous opacity, the line Ñux and EW(con)
increase linearly with For large opacity, the observedC

f
.

equivalent widths are complicated functions of UnderC
f
.

the simplest assumption of a thin spherical shell, we expect
the maximum EW(con) for lines that are strongly absorbed
by the continuum opacity to occur at C

f
D 0.5 (Paper I).

Obviously, this description is somewhat simpliÐed since the
increasing also a†ects the ionization due to the inter-C

faction of lines and di†use radiation with the gas.
demonstrates some of these possibilities. ItFigure 9

shows calculated equivalent widths, as a function of forC
f
,

three of the strongest emission lines. The Ðrst case (Fig. 9a)
is computed for O VIII 653 eV and Ne IX 915 eV. As evident
from the diagram, the equivalent width of the two lines
increases with but not in a linear way. Thus the full-C

f
,

coverage intensity of O VIII 653 eV is about 60% of the
intensity it would have without absorption by other clouds.
Ne IX 915 eV is even more heavily attenuated because of the
larger opacity at 915 eV. Its full-coverage emergent Ñux is

about 30% of the maximum it would have without the
absorption. The maximum equivalent width for the two
lines occurs at C

f
\ 0.7.

illustrates the covering-fraction dependence ofFigure 9c
O VII 568 eV and O VIII 653 eV in a low-density (Sn

H
T \ 103

cm~3), model similar to model b. It wasU
X

\ 0.24 KK95
calculated with the continuum, but the physicalKK95
parameters are not identical since our temperature solution
for a given Ñux is somewhat di†erent from that of KK95.
The temperature at the illuminated face is 3 ] 105 K, and
the dilution of the radiation Ðeld is negligible. The tem-
perature across the gas in this model is not constant,
because of the buildup of signiÐcant X-ray opacity. This
reduces the emergent line Ñux. The peak EW(con) for O VIII

653 eV is at close to the analytical estimate of 0.5,C
f
\ 0.6,

and the drop at larger is due to continuum destruction ofC
fthe lines. The theoretical (no absorption) linear increase of

EW(con) with is shown for comparison. CalculationsC
flike those of are expected to follow this linear curveKK95

and overestimate the line intensity at large C
f
.

Line absorption by continuum opacity is not unique to
geometries. It occurs also in small covering frac-large-C

ftion cases in which the line of sight to the source passes
through clouds (e.g., a double-cone geometry with a line of
sight passing through the cone). Lines whose intensity is
signiÐcantly a†ected by continuum Ñuorescence will(° 2.2)
show more absorption than emission in such cases.

Finally, EW(gas), the line equivalent width for a com-
pletely obscured central source, depends only little on the
geometry and since the line Ñux and the continuumC

f(di†use emission and reÑection), against which it is mea-
sured, are a†ected in a similar way by continuum opacity.
This is illustrated in There are small deviationsFigure 9b.
from this scheme at large since the level of ionizationC

fdepends on the fraction of line and di†use radiation that
interacts with the gas.

4. DISCUSSION

While most of the previous results are quite general, the
present section applies mostly to AGNs.

4.1. X-Ray Absorption
There are several published, detailed models of ionized

X-ray absorbers, and it is interesting to note that those
applied to the higher resolution observations (e.g., Reynolds
et al. et al. et al. et1995 ; Weaver 1994 ; George 1995 ; Kriss
al. seem to converge on a small range of ionization1996b)
parameter, While a detailed comparisonU

X
^ 0.1È1.

between the present work and the previous models is tricky,
because of the di†erent assumptions about the ultraviolet
continuum, it is obvious that much higher or much lower
ionization parameters are excluded. As shown earlier, this

corresponds to a thermally stable gas andU
X

(Fig. 2 Table
Thus it is likely that the observed ionized gas is in1).

thermal equilibrium and that any unstable, larger com-U
Xponent is either absent or else totally transparent over the

0.1È10 keV range. Below we present a new model that
makes use of this Ðnding.

4.2. X-Ray Emission
The new calculations of the strong 0.1È10 keV emission

lines will be useful for comparison with future X-ray obser-
vations. We have shown that if the central ionizing source is
not obscured, the equivalent width of the strongest soft

•  Before	  Chandra	  and	  
XMM	  it	  was	  assumed	  
that	  X-‐ray	  gas	  would	  
resemble	  broad	  line	  
clouds	  

•  X-‐rays	  would	  show	  
emission	  lines	  due	  to	  
extended	  spherical	  gas	  
with	  with	  density	  less	  
than	  broad	  line	  clouds	  

(Netzer	  1996)	  



The first sensitive X-
ray spectra of AGN  
showed something 

surprising 
•  Neutral absorption is 

observed in all X-ray 
sources 

•  In some AGN the low 
energy spectrum shows 
a more gradual 
decrease at low 
energies than predicted 
by neutral absorption 

•  This was interpreted as 
partial covering at first 

 

Model with neutral absorption 

Best-fit model 

(Holt et al. 1983) 



The microphysics of low energy X-ray 
absorption: scaling behavior of photoionization 

cross sections  

(Zombeck) 

• Above threshold, the cross 
section decreases (crudely) as 
∼ ε-3  (∼ λ+3) 
• The cross section at 
threshold scales 
approximately as ~Z-2 

• The threshold energy scales 
approximately as Z2 

• ==> threshold cross section 
scales approximately as ~ ε-1 

• This is true if all elements 
have the same abundance 

Wavelength (A) 

ε-1 

ε-3 



The microphysics of low energy X-ray absorption: the 
effect of cosmic element abundances 

• But the abundances of elements in astrophysics are 
determined by the big bang and stellar 
nucleosynthesis 

• The abundances (of even-Z) elements decrease ~ Z-4 

∼Ζ-4∼ε-2 



• Then the cross section per 
nucleus of the ensemble of 
elements in the interstellar 
medium is 

• σensemble~yabundσthreshold 

~Z-4 Z-2 

~ε-3 

==>contributions by Z>1 
elements lie approximately on 
an extrapolation of the H 
cross section 

• Leads to approximate ε-3 
cross section for absorption 
by interstellar matter, from 
13.6 eV --> 10 keV 

The microphysics of low energy X-ray absorption: the 
effect of cosmic element abundances 

(Morrison and McCammon; Zombeck) 

Wavelength (A) 

ε-3 



The explanation:  gas is partially ionized 
•  Neutral gas absorbs 

X-rays primarily by 
photoionization of H, 
He at energies less 
than ~0.5 keV 

•  In ionized gas, the 
light elements are 
most easily ionized 

•  Heavy elements 
remain, and provide 
opacity at higher 
energies when the 
gas is partially 
ionized  

•  At the higheset 
ionization, only Fe 
remains 

Low ionization gas: σ~E-3 

partially 
ionized  



We now know that these  ‘warm absorber’ 
spectra are common in Seyfert Galaxies 

 (George et al., 1996) 
1 10 

Energy (keV) 

• ASCA found 
Warm absorber 
spectra in the 
majority of 
Seyfert galaxies 
bright enough to 
observe 



Observations with Chandra and XMM  reveal 
more complexity 

• Grating 
observations showed 
many narrow 
absorption features 
• Broadened and 
blueshifted by ~1000 
km s-1 

• Outflowing from the 
black hole 
• This was a surprise 



NGC3783 

Spectrum	  shows	  absorp3on	  
from	  a	  wide	  range	  of	  ions	  



Iron m shell uta 

•  Comes	  from	  2p-‐3s	  or	  2p-‐3d	  
radia3ve	  excita3on	  in	  Fe	  II-‐
XVI	  (Behar	  et	  al.	  2002)	  

•  >102	  lines	  blend	  per	  ion	  
•  Predominance	  of	  ~17A	  

feature	  in	  NGC3783	  
•  -‐-‐>	  Fe	  <	  Fe	  X	  
•  Crucial	  check	  on	  ioniza3on	  

balance	  of	  iron	  rela3ve	  to	  
other	  elements	  (eg.	  Si)	  

[L] 

Fe XVIII - I 
3s 

M continuum 
3p 3d (M) 

‘M shell UTA’ 

ground 

photoionization 
[K] 

Kβ 

Kα

K continuum 



Si K lines show range of ionization states 

•  Lines due to Si XIV 
and Si XIII indicate 
highly ionized gas 

•  Also see lines due to 
inner shell absorption 
from lower states of Si, 
indicates lower 
ionization material à 
down to Si V 

•  Constraining to 
ionization balance 
relative to Fe 

•  See Si VIII and above 

Si 
XIV 

Si	  	  
XIII	  

Mg	  	  
XII	  

Mg	  	  
XI	  

Mg	  	  
XI	  

Si	  V	  -‐	  XI	   NGC	  3783	  



Favored region Favored region 

There	  was	  an	  apparent	  discrepancy	  in	  the	  Si	  and	  Fe	  
ioniza3on	  states	  



Ioniza3on	  balance	  with	  new	  DR	  rates	  

Ioniza3on	  balance;	  new	  DR	  rates	  

M	  shell	  ions	  move	  to	  larger	  ioniza3on	  parameter	  

This	  led	  to	  a	  reexamina3on	  of	  the	  rates	  affec3ng	  
ioniza3on	  balance	  for	  iron	  (Badnell,2006)	  
	  



More	  evidence	  for	  gas	  at	  a	  wide	  range	  of	  
ioniza3on	  states	  

•  Essen3ally	  all	  ion	  stages	  of	  oxygen	  
are	  observed	  in	  HETG	  spectrum	  of	  
Mcg-‐6-‐30-‐15	  



Seyfert	  2	  galaxies	  show	  emission,	  but	  
there	  may	  be	  confusion	  
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FIG. 1.— (top) NuSTAR 3–79 keV FPMA image of NGC1068 showing
the 75′′ radius source (solid red circle) and polygon background (dashed
red circle) extraction regions. (middle) XMM-Newton 0.2–10 keV pn image
of NGC1068 showing the 75′′ radius source (solid red circle) and polygon
background (dashed red circle) extraction regions. The central point source
dominates, although there are hints of faint extended emission. (bottom)
Chandra 0.5–8.0 keV ACIS-S image of NGC1068 showing the 75′′ radius
aperture used for NuSTAR and XMM-Newton (large solid red circle). The nu-
cleus is denoted by the small 2′′ radius (solid red) aperture and is strongly
piled up. The obvious off-nuclear point sources (denoted by 2–3′′ radius
magenta circles) and diffuse emission between 2–75′′ were extracted sepa-
rately. The rough positions of the radio jet (blue dashed region) and counter
jet (red dashed region) are shown (Wilson & Ulvestad 1987). The brightest
off-nuclear point source in the Chandra image (green circle) is not present
after 2000-12-04 and thus has been excluded from analysis. A background
was extracted from a source free region on the same chip, outside this figure.

tively high spectral resolution (HEG: 0.0007–0.154eV;MEG:
0.0004–0.063 eV) over the entire Chandra bandpass (HEG:
0.8–10 keV; MEG: 0.4–8 keV). The gratings operate simulta-
neously, with the MEG/HEG dispersing a fraction of the inci-
dent photons from the two outer/inner High ResolutionMirror
Assembly (HRMA) shells, respectively, along dispersion axes
offset by 10◦, such that they form a narrow X-shaped pattern
on the ACIS-S detector. Roughly half of the photons that are
not absorbed by the grating pass through undispersed (prefer-
entially the higher-energy photons) and comprise the HETG
0th order image on ACIS-S with the standard spectral resolu-
tion.
All of the Chandra data were reduced following standard

procedures using the CIAO (v4.5) software package and as-
sociated calibration files (CALDB v4.5.5.1). The data were
reprocessed to apply updated calibration modifications, re-
move pixel randomization, apply the energy-dependent sub-
pixel event-repositioning (EDSER) techniques, and correct
for charge transfer inefficiency (CTI). The data were fil-
tered for standard ASCA grade selection, exclusion of bad
columns and pixels, and intervals of excessively high back-
ground (none were found). Analysis was performed on re-
processed Chandra data, primarily using CIAO, but also with
custom software.
The 1st-order HETG spectral products were extracted us-

ing standard CIAO tools using a HEG/MEG mask with a
full-width of 4′′ in the cross-dispersion direction centered on
the NGC 1068 nucleus; anything smaller than this will suf-
fer from significant energy-dependent PSF losses. The in-
trinsic ACIS-S energy resolution allows to separate the over-
lapping orders of the dispersed spectra. The plus and minus
sides were combined to yield single HEG and MEG 1st-order
spectra. All of the HETG data were combined after double-
checking that they did not vary to within errors; obsID 332
appears to have a modestly higher count rate, but this dif-
ference is largely below 2 keV and does not materially af-
fect the combined >2 keV spectra. In total, we have 438.7 ks
of HETG-resolution nuclear spectra available for spectral fit-
ting (see Table 1 for details), with ≈12,500 HEG counts be-
tween 0.8–10.0 keV and ≈34,000 MEG counts between 0.4–
8.0 keV. We consider these to be the least contaminated AGN
spectra available below 10 keV (hereafter, simply the HETG
“AGN” spectra). The normalization offset between the HEG
and MEG was found to be 1.03±0.07, while the offsets with
respect to the pn were 1.05±0.06 and 1.09±0.06, respec-
tively. This is consistent with the cross-calibration finding in
Marshall (2012) and Tsujimoto et al. (2011).
In principle, we have a similar amount of HETG 0th-

order data, in addition to 47.7 ks of normal ACIS-S data that
could be used to model the extranuclear contamination which
strongly affects the lower-energy NuSTAR and XMM-Newton
spectra. However the calibration of the HETG 0th-order still
remains somewhat uncertain above ∼ 5 keV (M. Nowak, pri-
vate communication), which we consider critical for extrap-
olating into the NuSTAR band. Thus we chose to model the
contamination spectra solely using ACIS-S obsid 344. These
data were taken with the nominal 3.2s frame time, such that
the nucleus is heavily piled-up (∼ 40%) within 1–2′′. We
therefore excluded the inner 2′′ from the contamination anal-
ysis and consider the 2–75′′ ACIS-S spectrum to be predom-
inantly emission from the host galaxy (hereafter “host”), al-
though we must consider contributions from the broad wings
of the PSF (which only contribute ≈5–10% beyond 2′′ based
on PSF simulations) and any truly extended Compton reflec-
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He-like lines diagnose conditions: density 
and temperature or excitation 

g=(F+I)/R 

r=F/I R 
F I 



Density and temperature/excitation  
dependence of He-like lines 

Coronal/scattering     recombining 

(Porquet and Dubau 1998) 

F        I    R 

	  	  

	  	  

	  	  	  	  

	  	  

F	  	  	  	  	  	  	  	  	  I	  	  	  	  	  R	  

R=big	  

R=small	  

G=small	   G=big	  



Models	  produce	  different	  G	  ra3os	  for	  different	  ions..	  

•  Large	  G:	  	  O,	  Ne	  à	  primarily	  recombina3on	  emission	  
•  	  small	  G:	  Mg,	  Si,	  Ar	  à	  radia3ve	  excita3on	  emission	  
•  Does	  not	  work	  quan3ta3vely	  
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3.2. Absorption lines search

We carried out a blind search for absorption features in the
4−10 keV band looking at the deviations in the ∆χ2 with respect
to the baseline model. We applied a technique for the search and
visualization of features in the data similar to the widely used
contour plot method for the determination of the error contours
of spectral features in the energy-intensity plane (e.g., Miniutti
& Fabian 2006; Miniutti et al. 2007; Cappi et al. 2009). This
calculation has been carried out as follows: 1) we fitted the
3.5−10.5 keV data with the baseline model (without any absorp-
tion line) and stored the resulting χ2 value; 2) we then added
a further narrow (unresolved, σ = 10 eV) Gaussian line to the
model and searched for the presence of both emission and ab-
sorption features by making a series of fits stepping the line en-
ergy in the 4−10 keV band at intervals of 100 eV and its nor-
malization in positive or negative values, each time storing the
new χ2; 3) in this way we derived a grid of χ2 values and then
made a plot of the contours with the same ∆χ2 level relative
to the baseline model fit. These levels are ∆χ2 = −2.3, −4.61
and −9.21, which can be translated using the F-test in statisti-
cal confidence levels for the addition of two more parameters of
68%, 90% and 99%, respectively. Even if we were mainly in-
terested in the 7−10 keV band, we performed this check on the
whole 4−10 keV interval in order to have a general view of the
Fe K band.

In Fig. 3 we report the case of the first observation of
PG 1211+143 (obs. 0112610101). This example illustrates the
procedure used for the search of blue-shifted absorption lines,
going from the actual spectral data modeling to the contour
plots. The ratios against a simple (absorbed, if required) power-
law continuum and the contour plots with respect to the base-
line models for each XMM-Newton observation are displayed in
Appendix C.

It should be noted that the negative ∆χ2 values with respect
to the baseline model indicate that a better fit would be reached
with the inclusion of a line, reducing the χ2 value. In fact, the
relative confidence levels do not depend on the ∆χ2 sign but
only on its absolute value. This method is similar to the one
obtained with the steppar command in XSPEC, but in this way
the contours are inverted, which means that inner contours in-
dicate higher significance than the outer ones. This is indeed a
powerful technique to visualize the presence of spectral struc-
tures in the data and simultaneously have an idea of their energy,
intensity and confidence levels. However, it gives only a semi-
quantitative indication and the absorption line parameters have
been then determined by a direct spectral fitting.

Therefore, the blind line search was performed as follows:
1) we considered the 3.5−10.5 keV spectrum and fitted it with
a simple power-law continuum model; 2) we checked for the
presence of continuum curvature at energies below ∼6 keV due
to intrinsic neutral/mildly-ionized absorption and approximated
this component with zwabs in XSPEC; 3) we looked at the spec-
tral ratios, included the almost ubiquitous narrow Fe Kα emis-
sion line at E ≃ 6.4 keV and calculated the contour plots
using this intermediate model; 4) then, we adopted an itera-
tive process at each step adding further narrow ionized emis-
sion lines (E ≃ 6.4−7 keV) if required by the data at more
than 99% with the F-test (this corresponds to ∆χ2 ≥ 9.21 for
two additional model parameters) and checked for the presence
of possible blue-shifted absorption lines in the relative contour
plots; 5) if there was evidence for a possible absorption fea-
ture at E > 6.4 keV with confidence level ≥99% in the con-
tour plots, we checked for the presence of other intense ionized
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Fig. 3. Panel 1: EPIC pn spectrum of PG 1211+143 (obs. 0112610101)
fitted with a simple absorbed power-law model in the 4−10 keV band;
Panel 2: ∆χ2 residuals; Panel 3: confidence contour plot with respect to
the simple absorbed power-law model (68% (red), 90% (green), 99%
(blue) levels); Panel 4: contour plot after the inclusion of the Gaussian
emission line in the model. The blue-shifted absorption line at the ob-
served energy of ∼7 keV is clearly visible with high significance. The
contours in black (calculated with ∆χ2 = +0.5) indicate the baseline
model reference level.

Fe K emission lines in the interval E ≃ 6.4−7 keV that could
influence the absorption line parameters. If further ionized emis-
sion lines were present, we included them in the baseline model,
calculated again the energy-intensity contour plot using this re-
fined baseline model and checked if the absorption feature with
≥99% confidence contours was still present. Otherwise, if there
was no evidence for further ionized emission lines, we stopped
the process here, reported the baseline model in Table A.2 and
parameterized the absorption line with an inverted Gaussian,
with width fixed to either 10 eV or 100 eV depending on the
higher χ2 improvement; 6) if there was no evidence for blue-
shifted absorption features we did not include additional emis-
sion lines besides the neutral Fe Kα and directly reported the
baseline model in Table A.2.
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Some	  agns	  show	  broad	  
absorp3on	  at	  energies	  >	  
7	  keV	  

PG1211+143	  

(Tombesi	  et	  al.	  2010)	  

•  If	  due	  to	  Fe	  XXVI	  à	  evidence	  
for	  oujlows	  at	  ~0.1c	  à	  
ultrafast	  oujlows	  (UFOs)	  

•  Features	  are	  variable	  in	  3me	  
•  Observed	  from	  ~	  1/3	  of	  all	  

warm	  absorber	  sources	  
•  Implied	  mass	  loss	  rate	  is	  

large	  
	  



Warm	  absorber	  ques3ons	  
•  General	  proper3es:	  	  v~108	  cm	  s-‐1,	  N~1021	  cm-‐2	  

•  Loca3on	  is	  uncertain;	  virial	  flow	  à	  R=2GM/v2~0.01	  pc	  M6	  v82	  

•  M=Ω R	  v	  N	  mH=6	  x	  1024	  gm	  s-‐1	  Rpc	  v8	  N21	  Ω/4π	  
•  Compare	  with	  Maccre3on=	  L	  /ηc2	  	  ~	  1	  x	  1024	  L44	  η0.1	  

•  What	  is	  Ω?  How	  can	  it	  be	  big	  and	  small	  at	  the	  same	  3me? 

•  What	  is	  R?	  	  Where	  does	  warm	  absorber	  originate?	  
–  Virial	  R	  is	  near	  loca3on	  of	  torus	  …	  evapora3ve	  flow?	  

•  Emission	  vs	  absorp3on	  à	  correspondence	  but	  it’s	  
complicated	  by	  nlr	  

•  Ufos?	  	  What’s	  going	  on?	  
•  Ioniza3on	  distribu3on:	  	  con3nuous	  or	  not?	  
•  Variability	  à	  size	  constraints	  



summary	  

•  AGNs	  have	  been	  studied	  intensively	  for	  >50	  years	  
•  We	  s3ll	  have	  diverse	  ideas	  about	  what	  is	  
happening	  in	  emivng/absorbing	  gas	  
–  Broad	  line	  clouds	  =	  disk	  wind	  
–  But	  not	  widely	  accepted	  
– Warm	  absorbers	  =	  evapora3ve	  flow	  associated	  with	  
obscuring	  torus	  

–  But	  not	  widely	  accepted	  
•  Ufos	  =	  ???	  	  
•  What	  decides	  how	  much	  goes	  out	  vs.	  in?	  


