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Outline

• Wide Range of charge states observed in X-ray 
spectra of Seyfert outflows 

• How does one model such spectra 

• What is the distribution of NH (logξ) 

• What can it tell us about the density gradients in 
the outflow



Seyfert Outflows - Basics
• Why not study them 

– Slow v < 1000 km/s 
– Insignificant energy feedback (v/c)2 << 1 

• On the other hand, 
– Best high resolution X-ray spectra 
– Simultaneous UV observations 
– Best chance for capturing detailed physics 

• Basic properties still TBD 
– Location – disk, torus, galaxy? 
– Launch mechanism – radiation, magnetic, thermal? 

• (please) do not call them “warm absorbers”
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Fig. 3: Segments of the RGS spectrum of NGC7469 with the best-fit folded model overlaid. Spectra are presented in the observed
(redshifted) frame. Prominent features are marked on the spectrum at their positions in the rest frame of NGC7469. We note the
varying vertical scale from one panel to the next, none of which reach zero. Longer wavelengths are presented in Fig. 4 below.

Table 2: Outflow Absorption Components in NGC7469
Comp. vout a vturb log ξ NH ∆C
# (kms−1) (km s−1) (erg s−1cm) (1020 cm−2)
1 –650 ± 50 70±10 –0.6 ± 0.2 0.2 ± 0.1 33
2 · · · 70±10 1.4 ± 0.1 1.0 ± 0.3 221
3 · · · 70±10 2.0 ± 0.1 5.5 ± 1.0 1027
4 –950+50−100 35±20 2.7 ± 0.2 22 ± 10 383
5 –2050+50−160 60±30 2.0 ± 0.3 1.1 ± 0.3 82
6 · · · 60±30 0.3 ± 0.2 0.1 ± 0.1 48

a velocities and widths of Components 1-3 and those of 5-6 are tied

4.5. Emission from star formation

After fitting two emission components from photo-ionized gas,
we are still left with weak yet significant residuals in the Fe16+
line at 15.25Å and the 17.38Å doublet (both observed frame),
which are shown in Fig. 6. The L-shell lines in photo-ionized
plasmas, where they form by means of recombination, are weak
relative to K-shell lines (Kallman et al. 1996; Kinkhabwala et al.
2002). The lower cosmic abundance of Fe compared to C, N,

and O also increases this effect, although in collisionally-ionized
plasmas, the Fe-L resonance lines have high collision strengths
that compensate for the lower abundance, and are therefore
prominent in astrophysical spectra (e.g., Behar et al. 2001). We
therefore interpret these lines as arising from the star-formation
ring in the center of NGC7469 (Díaz-Santos et al. 2007).

Adding a collisionally-ionized component (APEC, Smith et al.
2001) provides a good fit to these lines. Fig. 6 can be com-
pared with that spectral region in Fig. 3, where the model in-
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Rich in elements, ions, & lines



Fe M-shell UTAs



Kα in L-shell



  NH (logξ)
 5 Orders of Magnitude in ξ

ionization parameter ξ = L / nHr2
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  Standard Method:
 Keep Adding Components
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Fig. 3: Segments of the RGS spectrum of NGC7469 with the best-fit folded model overlaid. Spectra are presented in the observed
(redshifted) frame. Prominent features are marked on the spectrum at their positions in the rest frame of NGC7469. We note the
varying vertical scale from one panel to the next, none of which reach zero. Longer wavelengths are presented in Fig. 4 below.

Table 2: Outflow Absorption Components in NGC7469
Comp. vout a vturb log ξ NH ∆C
# (kms−1) (km s−1) (erg s−1cm) (1020 cm−2)
1 –650 ± 50 70±10 –0.6 ± 0.2 0.2 ± 0.1 33
2 · · · 70±10 1.4 ± 0.1 1.0 ± 0.3 221
3 · · · 70±10 2.0 ± 0.1 5.5 ± 1.0 1027
4 –950+50−100 35±20 2.7 ± 0.2 22 ± 10 383
5 –2050+50−160 60±30 2.0 ± 0.3 1.1 ± 0.3 82
6 · · · 60±30 0.3 ± 0.2 0.1 ± 0.1 48

a velocities and widths of Components 1-3 and those of 5-6 are tied

4.5. Emission from star formation

After fitting two emission components from photo-ionized gas,
we are still left with weak yet significant residuals in the Fe16+
line at 15.25Å and the 17.38Å doublet (both observed frame),
which are shown in Fig. 6. The L-shell lines in photo-ionized
plasmas, where they form by means of recombination, are weak
relative to K-shell lines (Kallman et al. 1996; Kinkhabwala et al.
2002). The lower cosmic abundance of Fe compared to C, N,

and O also increases this effect, although in collisionally-ionized
plasmas, the Fe-L resonance lines have high collision strengths
that compensate for the lower abundance, and are therefore
prominent in astrophysical spectra (e.g., Behar et al. 2001). We
therefore interpret these lines as arising from the star-formation
ring in the center of NGC7469 (Díaz-Santos et al. 2007).

Adding a collisionally-ionized component (APEC, Smith et al.
2001) provides a good fit to these lines. Fig. 6 can be com-
pared with that spectral region in Fig. 3, where the model in-
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Fig. 3: Segments of the RGS spectrum of NGC7469 with the best-fit folded model overlaid. Spectra are presented in the observed
(redshifted) frame. Prominent features are marked on the spectrum at their positions in the rest frame of NGC7469. We note the
varying vertical scale from one panel to the next, none of which reach zero. Longer wavelengths are presented in Fig. 4 below.

Table 2: Outflow Absorption Components in NGC7469
Comp. vout a vturb log ξ NH ∆C
# (kms−1) (km s−1) (erg s−1cm) (1020 cm−2)
1 –650 ± 50 70±10 –0.6 ± 0.2 0.2 ± 0.1 33
2 · · · 70±10 1.4 ± 0.1 1.0 ± 0.3 221
3 · · · 70±10 2.0 ± 0.1 5.5 ± 1.0 1027
4 –950+50−100 35±20 2.7 ± 0.2 22 ± 10 383
5 –2050+50−160 60±30 2.0 ± 0.3 1.1 ± 0.3 82
6 · · · 60±30 0.3 ± 0.2 0.1 ± 0.1 48

a velocities and widths of Components 1-3 and those of 5-6 are tied

4.5. Emission from star formation

After fitting two emission components from photo-ionized gas,
we are still left with weak yet significant residuals in the Fe16+
line at 15.25Å and the 17.38Å doublet (both observed frame),
which are shown in Fig. 6. The L-shell lines in photo-ionized
plasmas, where they form by means of recombination, are weak
relative to K-shell lines (Kallman et al. 1996; Kinkhabwala et al.
2002). The lower cosmic abundance of Fe compared to C, N,

and O also increases this effect, although in collisionally-ionized
plasmas, the Fe-L resonance lines have high collision strengths
that compensate for the lower abundance, and are therefore
prominent in astrophysical spectra (e.g., Behar et al. 2001). We
therefore interpret these lines as arising from the star-formation
ring in the center of NGC7469 (Díaz-Santos et al. 2007).

Adding a collisionally-ionized component (APEC, Smith et al.
2001) provides a good fit to these lines. Fig. 6 can be com-
pared with that spectral region in Fig. 3, where the model in-
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Or Assume a Distribution

Absorption Measure 
Distribution 

AMD(ξ) = dNH/dlogξ 

Nion (measured) =  

   AZ∫AMD(ξ) fion(ξ) dlogξ 



• A continuous distribution is more general, 
simple, and perhaps physical 

• The AMD includes the actual dependence 
of fion(ξ)  

• Provides limits to column in low-AMD bins, 
and potentially highlights unstable regions 

• AMDs CAN BE RELATED TO PHYSICAL 
MODELS

What’s the Difference?

XSTAR output
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But …

• More degrees of freedom (1 per ion), not 
necessarily better fit 

• There is a limit to the “resolution” in ξ 
(AMD binning)  
- motivation for physical models 

• Structure depends on separately computed 
fion(ξ), in turn affecting the cooling (T) and 
determining (in)stability.



Goosmann et al. 2016 using TITAN
Goosmann et al.: The thermal instability of the warm absorber in NGC 3783
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Fig. 7. Comparison between the observed and the modeled AMD as a function of temperature inside the medium (see Sect. 3).
We construct theoretical AMD curves for the cold (left) and hot (right) solutions of the cases ξtot = 4000 (green) and ξtot = 8000
(blue). The observational AMD is denoted by the dashed line. The botom panels show the same theoretical AMDs as above but
degraded to the resolution of the observed AMD and plotted on a larger vertical scale.

note that in the well-studied Seyfert-2 galaxy NGC 1068
the warm absorber medium is supposedly seen from the
side and Kinkhabwala et al. (2002) did not find a tempera-
ture structure that would indicate additinal shock heating.

We show the theoretical and observed AMDs in
Fig. 7 (top) for the cold and hot solutions of ξtot =
4000 ergs cm s−1 (green points) and ξtot = 8000 ergs cm s−1

(blue points), these models being favored when compared
to the observed ionic column densities (see Sect. 5.2). Al-
though the resolution of the observational AMD is quite
low, it is in rough agreement with the theoretical curves.
The comparison of the normalization is more satisfactory
at lower temperature. Observational and theoretical AMD
both show a gap around 105 K but in the model AMD a sec-
ond gap is detected between 3× 105 K and 106 K. The two
gaps correspond to the steep decrease in the temperature
profiles discussed in Sect. 5.3.

The steep branch in the middle block of the AMD for the
hot solution (Fig. 7, right) is directly related to the rapid
change in negative slope of the corresponding temperature
profile (see Fig.5, dashed lines). The “triangular” shape seen
in the middle block of the cold solution is associated to the
changing sign of the corresponding temperature slope (see
Fig.5, solid lines).

Also, compared to the observational AMD the low tem-
perature instability strip found in the modeling is slightly
shifted by a factor of 2 or less towards higher tempera-
tures. This behavior is also visible in Fig. 5, as the vertical
drop of the observational temperature profile (dashed line)
is shifted downward compared to the temperature profiles
for ξtot = 4000 and ξtot = 8000 models.

This may again be related to the different methods and
assumptions for the radiative transfer applied in the obser-
vational and theoretical determinations of the AMD. For in-
stance, we recall the difference between the local theoretical
ξ value derived from the pressure ratio and the ionization
parameter used to construct the AMD which is computed
based on the same spectral shape (the incident spectrum)
whatever is the position of the associated dominant ion in-
side the cloud. Also physical processes like thermal conduc-
tion are not included in our model computations while they
may induce changes by a few percent at the location of the
discontinuities (Czerny et al. 2009); this effect would not
yet explain the complete shift in the horizontal direction.

The fact that the observational AMD does not show
the high-temperature drop may be real or simply due to its
limited resolution. The bottom panels in Fig. 7 show the
theoretical AMD degraded to the same resolution as for
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AMD or Discrete Components?

illuminating SED has the strong influence on AMD. For Sy 1.5
galaxy Mrk509, AMD reveals two dips as shown by Detmers
et al. (2011).

The comparison between the observed AMD for Mrk509
(Detmers et al. 2011) and our constant pressure model
computed with realistic SED input taken from current multi-
wavelength studies (K11) is shown in Figure 8, where
observations are given by the black histogram, and red
triangles describe our model. Our calculations show the
distribution of the ionization parameter much more densly.
Furthermore, our column density presented in the figure by red
triangles is the realistic column density, with radiation
transmitted through all zones in the sequence, instead of
transmission through a collection of independent zones, as in
data modeling by Detmers et al. (2011), as given above by
Equation (5). The lower panel of Figure 8 shows absolute
values of AMD normalization. It is obvious that modeled
normalization is an order of magnitude higher than the
observed one in the stable zones. In the upper panel, we re-
scale the normalization to show that dips are fully reconstructed
by our model for the given incident density and ionization
parameter. We argue here, that the difference in the normal-
ization occurs, since observed lines are saturated. Therefore,
the derived ionic column densities from observations using thin

slabs give only lower limits, and, in reality, can be one order of
magnitude higher. To check our prediction, we have to use
saturated models to fit the data. They are not very common in
the literature.
There are few values of AMD normalization of several

objects reported in the recent papers, both from observation and
modeling. Summarizing, the agreement in the overall shape of
the modeled and observed AMD dependence on the ionization
parameter is very encouraging, but the normalization of the
measured and modeled AMD remains an issue. The observed
AMD normalization of Mrk 509 corresponding to the
ionization parameter ξ=8×102 erg cm s−1 is ∼1021 cm−2

(Detmers et al. 2011), less, by a factor of ∼30, than the AMD
normalization from our best-fitted constant total pressure model
with TITAN (∼3×1022 cm−2). The AMD modeled by Stern
et al. (2014) within the frame of their RPC model were shown
to be fairly universal, only weakly dependent on the model
parameters, and the obtained normalization values were
∼1.1×1022 cm−2. Measurements of AMD in six other objects
(Behar 2009) implied values of the order of ∼4×1021 cm−2.
Thus modeled values of AMD normalizations are frequently
higher than the observed ones, and it is not clear whether the
problem lies in the measurement method or in the modeling.
Nevertheless, for the first time, the AMD dips can be shown

in model computations. The discontinuities in AMD distribu-
tion are in the range of the ionization parameter, log 2 3–x =
and log 3 4.–x = These ranges of ξ correspond to the ranges of
temperatures T=(4–9)×105 and T=(2–5)×106 K, pre-
sented in Figure 9 by the green solid line. This is proof that the
absorbing material should be in pressure equilibrium and thin
thermally unstable regions can be clearly visible. This
comparison clearly shows that the warm absorber in Mrk509
is the continuous cloud under constant total pressure.
The two dips are the result of the thermal instability

operating in the irradiated medium. To show this effect, we
present the structure of the main cloud parameters as the gas
pressure, temperature, density, and the ionization parameter ξ
as the function of column density in Figure 9. We show the plot
of the total cross section (σtot) versus column density in
Figure 10 for the same case of cloud as in Figure 9. Two cases

Figure 8. Comparison of the simulated AMD structure—red triangles, with the
observed one—black histogram. Data and error bars are taken from the paper
by Detmers et al. (2011). The best model, which roughly matches the data, is
computed for n0=108 cm−3, ξ0=3.4×103 erg cm s−1, and
L=3.2×1045 erg s−1. The bottom panel presents data with absolute
normalization, while, in the upper panel, the modeled AMD is scaled down
by a factor of ∼30 to match the observed points on the stable branch. The best-
fit model represents the depth of the two dips well.

Figure 9. Structure of pressure (upper left), temperature (upper right), density
number (bottom left), and ionization parameter (bottom right), vs. cloud
column density for initial parameters n0=108 cm−3,
ξ0=4.3×104 erg cm s−1 (solid lines) and n0=109 cm−3,
ξ0=4.3×104 erg cm s−1 (dashed lines). In both cases, the illuminating
luminosity is L=3.2×1045 erg s−1.
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Table 4
Fitting Results: Table Models

Component 1 2 3 4 5 6 Total

log(N) 23.5 23.5 23.5 22.5 22.5 22.5
log(ξ ) 1 1.8 2.6 1 1.8 2.6
Na 0.99 ± 0.19 . . . . . . . . . . . . . . .

Oa 2.48 ± 0.3 0.86 ± 0.6 !0.09 1.1 ± 1.5 !10 !0.1
Nea 1.91 ± 0.15 . . . . . . . . . . . . . . .

Mga 1.06 ± 0.2 . . . . . . . . . . . . . . .

Sia 1.49 ± 0.1 . . . . . . . . . . . . . . .

Sa 1.41 ± 0.3 . . . . . . . . . . . . . . .

Ara 1.88 ± 0.5 . . . . . . . . . . . . . . .

Caa 2.42 ± 0.9 . . . . . . . . . . . . . . .

Fea !100 2.7 ± 0.5 1 ± 0.15 8 ± 1 !100 1.88 ± 1.68
κ (×10−6) 16.4 ± 3 22. ± 3 83. ± 6 6.7 ± 1 !0.1 3.9 ± 0.4
f (×10−4) 34.0 ± 6.2 45.6 ± 6.4 172. ± 12.4 13.9 ± 2.1 !0.1 8.0 ± 0.8
Mass (×104 M⊙)b 21.3 ± 3.9 4.5 ± 0.6 2.7 ± 0.2 8.7 ± 1.3 !0.02 0.13 ± 0.01 37.3 ± 6.0
log(EM (cm−3)) 66.2 ± 0.07 64.7 ± 0.06 63.7 ± 0.03 65.8 ± 0.06 62.0 ± 0.3 62.3 ± 0.04 66.3 ± 0.88

Notes.
a Elemental abundances relative to solar (Grevesse et al. 1996).
b Note that these quantities depend on the density according to the equations in the text.

ionization parameter; no single ionization parameter can provide
these ions. From criterion (2) it is likely that a range of gas
column densities are needed. The hypothesis that the lower
ion column densities associated with lower abundance elements
(Mg and Si) can account for the diversity in G ratios can be tested
in this way. Criterion (4) implies that some of the gas must have
high column in order to have a detectable contribution from
recombination.

Our fit uses three components with varying ionization param-
eters; these are spread evenly between log(ξ ) = 1 and log(ξ ) =
2.6. The HETG spectrum is relatively insensitive to gas outside
this range of ionization parameters, except for the iron K lines.
Given the strength of both the neutral-like and the H- and He-
like iron K lines, it is plausible that there is an approximately
continuous distribution of ionization parameters which extends
beyond the range considered here. The three ionization param-
eter components in our fit correspond crudely to the regions
dominating the emission for the elements of varying nuclear
charge: the low ionization parameter component dominates the
emission for N and O, the intermediate component dominates
the Fe L lines and Ne and Mg, and the high ionization param-
eter component dominates for Mg and Si. For each ionization
parameter, we include models with two column densities: 3 ×
1022 cm−2 and 3 × 1023 cm−2. In this way the models span
the likely ionization parameter and column density for which
the strongest lines we observe are emitted. We use a constant
turbulent line width (sigma) of 600 km s−1 which adequately
accounts for the widths the majority of features. Results of our
fit are summarized in Table 4.

The red curves in Figures 1–4 show that this model fits the
strengths of almost all the strong features in the spectrum. This
fit adopts a net redshift for the line emitting gas of 0.0023,
corresponding to an outflow velocity of 450 km s−1. This is
marginally less than typical speeds from UV and optical lines
of !600 km s−1 (both blueshifted and redshifted) (Crenshaw &
Kraemer 2000a), but is consistent with the velocities plotted in
Figure 5.

Free parameters of the fits include the elemental abundances
and the normalizations for the six model components. Experi-
mentation shows that the fit is not substantially improved when
all the abundances are allowed to vary independently, so we
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Figure 11. Distribution of mass among the emission components used to model
the spectrum. Black points correspond to the component with column 3 ×
1023 cm−2, and red corresponds to the component with column 3 × 1022 cm−2.
(A color version of this figure is available in the online journal.)

force the abundances of N, Ne, Mg, Si, S, Ar and Ca to be the
same for all the models. We allow the abundances of O and Fe
to vary independently for all the models. Our best fit is shown
in Figures 1–4 has χ2/ν = 2.34 for 2561 degrees of freedom.
More results are shown in Figures 11 and 12, which show the
elemental abundances from the various model components, and
the masses of the various components (defined below) versus
ionization parameter.

In order to account for the diversity in the importance of ra-
diative excitation between various ions and elements, in the low
ionization parameter log(ξ ) = 1 component, which is respon-
sible for most of the O vii emission, the oxygen abundance in
the low column density component (component 4 in Table 4) is
smaller than the oxygen abundance in the high column compo-
nent (component 1 in Table 4) by a factor 2.5. If not, the recom-
bination emission into O vii would be stronger than observed.
Iron abundances are similar between the low and high column
density components, and are highest (∼10) at low ionization pa-
rameter (green in Figure 12) and lowest (∼1) at high ionization
parameter log(ξ ) = 2.6. The normalizations and masses of the
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Kallman et al. ’14 
(assume n~r-2 

  and  
M ~ nr2 ~1/ξ  
by design)



AMD Slopes & Density Profiles

• Since the AMD and ξ both depend on n and on r 
(or dr), an analytic expression for AMD(ξ) could 
hint to what n(r) is doing 

• Example: approximate AMD ~ ξa 
• Assume global wind density profile n(r) ~ r-α  
 => ξ ~ n -1r -2 ~ rα-2 
• dNH ~ n(r)dr = n(r)(dr/dξ)dξ ~ ξ(3-2α)/(α-2) 

• AMD = |dNH/dlogξ| = ξ|dNH/dξ| ~ ξ-(α-1)/(α-2)  

 => a = -(α-1)/(α−2) => α = (1+2a)/(1+a)



AMD Slopes & Density Profiles

• Measured values: 
a = 0.0 - 0.4 => α = 1.0 - 1.3 

• n(r) ~ r-1 
r



Extended to 26 Seyferts 
Laha et al. ’14, ‘16 

AMD ~ ξ0.3 or 
n~r-α with α= 1.236 ± 0.034



AMD Slopes & Density Profiles (cont.)

• Conclusively rule out  
– simple radial flow  

(n ~ r -2, constant ξ) 
– constant density clouds 

(α = 0, a = -0.5) 
– Blandford & Payne Jets  

n ~ r-3/2 (a = 1)



Large-Scale MHD Winds 
See talks by Keigo and Demos

Fukumura+’10



Another Possibility:  
Local Gradients in Remote Absorber

• Well localized r0  absorber 

• Density gradients on short scales δr << r0  

n(δr) ~ δr -α (with uniform vout) 

• Ionization then depends solely on density  
ξ = L/nr0

2 ~ 1/n  (requires 4-5 dex) 

• AMD slope a = -(α-1)/α or α = 1/(1+a) 
• a = 0.0 - 0.4 => α = 0.7 - 1.0  
• What can produce n(δr) ~ δr-1  ? 

• Density fluctuations in ISM (Kolmogorov turbulence) produces 
n(δr) ~ δr 0.4 (α = - 0.4)

r

δr



Radiation Pressure Confinement  
(Dopita ‘02, Rozanska+‘06, Stern+’14)

• Hydrostatic plane-  
parallel geometry 

• See talks by  
Agata, Ari, Jonathan

n~
1/δ

r



THANK YOU  
FOR YOUR ATTENTION



Points for Discussion

• Are AGN outflows discrete ionization-components (i.e. random 
clouds) or a meaningful distribution? 

• Are we able to identify unstable regions through the AMD, 
namely are the ionization balance calculations reliable? 

• Are the outflows on galactic scales? or are they a distribution 
within a single entity (cloud)? 

• Is there a velocity trend with ξ, or are we seeing all charge 
state moving together?  

• Can we learn from the ionization distribution about the launching 
mechanism?



Absorption Measure Distribution  
of Radiation Pressure Confinement

AMD (obs. mean) = 
dN/dlogξ =  
3x1021 ξ0.05 cm-2

AMD (calc. RPC) =  
dN/dlogξ =  
7.6x1021 ξ0.03 cm-2
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             More Features of RPC


