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X-ray emission and internal structure 



AGN X-ray emission 



High-energy emission from AGN 



Haardt, Maraschi and Ghisellini (1994) 

adapted from  
Fabian et al. (1997) 

Hot (109K) 

High-energy emission from AGN 

Alternative 
hypotheses  to 
the disc BB 
emission 
(more likely 
related to warm 
Comptonicazion) 

if BB, we should 
see a range of 
kT in X-rays, 
which is not 
observed 

probably  
not in X-rays 



High-energy emission from AGN: thermal Comptonization (I) 

[I] Primary power-law emission: Comptonization: hot electrons vs. cold photons 
from the accretion disc (Inverse Compton emission).  
The heating mechanism of the corona is largely unknown (magnetic reconnection?) 

E<<4kTe: the photon can 
gain energy in each of the 
N scatterings event (IC)  

ΔE/E≈4kTe/mec2 

y=Compton parameter≈ 
≈4kTe/mec2 max(τ,τ2) 

N depending on the optical 
depth of the electron gas  

Ef ≈ Ei exp N 4kTe
mec
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If electron at rest: 

Compton 

Inverse Compton 

For non-stationary electron: 

Tsoft 

Tc,τ 
Hot Corona 

Cold phase (disc) 

Thermal Comptonization from thermal electrons 
plasma with kT and optical depth τ 

Structure of the corona still unknown 

High-energy emission from AGN: thermal Comptonization (II) 

Location of the corona ≈ within tens of Rg 
from the corona (Chartas+, Kara+, De 

Marco+), estimated for few AGN thus far 



Seed photons 

Seed photons are up-scattered, then become the “new” seed photons for following 
scatterings  è the overall spectrum resembles that of a powerlaw 

Thermal Comptonization: electrons have a Maxwellian distribution. Cut-off in the 
powerlaw when the process of transferring energy from electrons to photons is not 

efficient anymore (Ecut-off≈kTelectrons) 

Scattered photons 

Final power-law  
spectrum+cut-off  

τ lower,  
less scatterings 

High-energy emission from AGN: thermal Comptonization (III) 



Sey1 

Sey2 
Photoelectric 
absorption 

High-energy emission from AGN: thermal Comptonization (IV) 
Type 1 vs. Type 2 AGN 



High-energy emission from AGN: Reflection 

[II] Compton reflection hump: Reflection: power-law photons produced by Inverse 
Compton are partly scattered by the disc and partly arrive to the observer. 

Approx. half of the photons 
from Comptonization reach 

the observer, half are 
directed to the accretion disc 
è reflection + fluorescence 

emission 

 

Bump due to photoelectric 
absorption at low energies, 
and Compton recoil at high 

energies (i.e., photons 
penetrate deeply in the disc 
because of the Klein-Nishina 

cross section and lose 
energy, hence absorption 
becomes relevant again) 



High-energy emission from AGN: Fluorescence emission 

[III] Fluorescence Fe Kα emission (neutral or ionized, depending on the ionization 
status of the matter) 



Photoelectric Absorption 

Fluorescence line 

Fluorescence (+ Auger effect) 



High-energy emission from AGN: summary of the components 

Fe Kα fluorescent  
line at 6.4 keV 

Lamp-post model 

disk 



The resulting X-ray reflection 
spectrum comprises:  

 
•  a plethora of fluorescence 
emission lines from the most 
abundant metals 
 
•  a Compton hump at 20-30 keV 
due to Compton scattering 

 
In general, the disc upper layers 
(where reflection arises) are  
irradiated from above but also 
heated from below by the main 
body of the AD è complex 
structure è radiative transfer 
problem 
One possibility is to mantain the 
constant density assumption 
assuming thermal and ionization 
equilibrium and solve the radiative 
transfer equations 

 

High-energy emission from AGN 



Reflection spectrum in case of ionized matter 

Ionization parameter 

ξ (r) = 4πFX
n(r)

=
LX
nR2 =

LX
NHR

 [erg cm/s]

In astrophysical cases, the ionization 
parameter has a non-uniform radial profile  

mildly ionized 

highly ionized ≈ mirror of the incident emission 



High-energy emission from AGN 

Comptonization seems to work up to high energies (as already experienced in mid ’90) 
  

Need for broad-band X-ray spectra to reveal and characterize all of the components 
(better if all data come from the same satellite) 



Broad (relativistic) iron lines 



Consider a ring on the disc 
emitting a narrow Fe line 

Doppler effect produces  
a symmetric double-peaked 
profile 
 
relativistic beaming  
enhances the blue peak 
 
transverse Doppler and 
GR redshift shift the overall 
line profile to the red 

Relativistic iron line profile (I) 



The relativistic line profile depends on: 
•   inner disc radius 
•   inclination of the disc 
•   emissivity profile 

Relativistic iron line profile (II) 



The inner disc radius is generally assumed to be the ISCO 
Schwarzschild BH: Rin=6Rg 
Kerr BH: Rin=1.24Rg 

Relativistic iron line profile (III) − Inner disc radius 



Relativistic iron line profile (IV)  
Inner disc radius from X-ray real data 

First evidence: MCG-6-30-15 from 
ASCA data (Tanaka+95) − 5 day-obs. 

XMM-Newton 
Long-look obs. 

Fabian+02 

ASCA 
Tanaka+95 

i≈30 deg 
Steep emissivity profile 
Rin≈2Rg, significant BH spin 

XMM + Suzaku 
Miniutti+07 

Large (a>0.985) BH spin 



Time-averaged spectrum Deep-minimum state  

Relativistic iron line profile (V)  
Inner disc radius from X-ray real data 



Relativistic iron line profile (VI) − Inclination angle of the disc 

Face-on        

Edge-on        



    

€ 

ε(r)∝ r−q
Emissivity profile:  

Relativistic iron line profile (VII) − Emissivity profile 



Relativistic iron line profile (VIII) − Black Hole spin 

Detailed physical models required to fit these lines and good data, besides a good knowledge 
of the underlying spectral continuum à spectral component degeneracy may be an issue 



Relativistic iron line profile (IX) − ISCO 

η=radiative efficiency 
J=angular momentum=IΩ, where Ω=angular velocity 
J/M=specific angular momentum 
j=a/M=dimensionless angular momentum per unit mass 
a=dimensionless angular momentum (sign=direction of rotation) 

a risco/rg 
 

η 

-1.0 9.0 0.038 
0 6.0 0.057 

0.1 5.67 0.061 
0.5 4.23 0.082 
0.9 2.32 0.156 

0.998 1.24 0.321 
1.0 1.00 0.423 

Non-rotating  
(Schwarzschild) BH 

Rapidly-rotating  
(Kerr) BH 

j = Jc /GM 2
BH = a /MBH  →  a = Jc /GMBH = J /MBHrgc“SPIN” of the BH 

high η means less 
mass available for 

MBH growth 



Warm absorber 



Warm absorber (I) 

In ≈50% of Sey 1s 
Prominent ionized O edges (E≈0.74−0.84 keV) 

in low-resolution X-ray spectra 
 

More detailed studies and more line profiles 
from recent X-ray grating spectroscopy 



Warm absorber (II) 

NGC 3783 (≈900 ks Chandra) − Kaspi et al. (2002) + Netzer et al. (2002) 
è Multiple ionization and kinetic components with outflows of ≈100-1000 km/s 

High energy 

Low energy 



Warm absorber (III) 

The highly ionized lines in warm absorber spectra are blue-shifted 
è wind from the accretion disc? 

Ionization Potential [eV]

NGC 3783 (≈900 ks Chandra) − Kaspi et al. (2002) 

Colors=atomic levels involved 



Tombesi et al. (2013) 

Ultra-Fast Outflows  
(UFOs) 

Warm Absorbers  
(WAs) 

Warm 
absorbers 

(WAs; v≈1000 
km/s) (e.g., 
Blustin+05) 

 
Ultra-fast 
outflows 

(UFOs; v≈0.05c 
up to 0.6c) (e.g., 

Tombesi+, Gofford+, 
Chartas+, 

Lanzuisi+12, […]) 
 

The closer the 
absorber to the 
BH, the higher 
ionization (ξ), 

column density 
(NH) and outflow 

velocity (vout) 
 

WAs and UFOs 
at the two ends of 

the parameter 
space 

ξ 

r 

r 

vout 

ξ 

ξ 

vout 

NH 

From warm absorbers to ultra-fast outflows (I) 



From warm absorbers to ultra-fast outflows (II) 

Tombesi et al. (2013) − see also Kazanas et al. (2012) 

A single, stratified large-scale 
outflow?  

 
Radiation pressure and magneto-

hydrodynamical processes 
responsible for the acceleration 

 
Launch location: UFOs from the inner 
accretion disc (see also BALQSOs) 

 
High mechanical power implied 

(≈0.5% of Lbol for UFOs) è feedback 
issues 

 
The torus can be an extension of the 

outer accretion disc  
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Table 1
Log of Observations of APM 08279+5255

Observation Date Observatory Observation Timea Nsc
b f0.2−2

c f2−10
c

ID (ks) net counts (erg s−1 cm−2) (erg s−1 cm−2)

2002 Feb 24 (epoch 1) Chandra 2979 88.82 5,627 ± 75 1.8+0.1
−0.1 4.3+0.1

−0.1

2002 Apr 28 (epoch 2) XMM-Newton 0092800201 83.46 12,820 ± 139 1.9+0.1
−0.1 4.1+0.1

−0.1

2007 Oct 06 (epoch 3) XMM-Newton 0502220201 56.38 11,400 ± 114 2.5+0.1
−0.1 3.9+0.1

−0.1

2007 Oct 22 (epoch 4) XMM-Newton 0502220301 60.37 16,698 ± 133 3.5+0.1
−0.1 5.0+0.1

−0.1

2008 Jan 14 (epoch 5) Chandra 7684 88.06 6,938 ± 83 1.9+0.2
−0.2 4.5+0.2

−0.2

Notes.
a Time is the effective exposure time remaining after the application of good time-interval (GTI) tables and the removal of portions
of the observation that were severely contaminated by background flaring.
b Background-subtracted source counts including events with energies within the 0.2–10 keV band. The source counts and effective
exposure times for the XMM-Newton observations refer to those obtained with the EPIC PN instrument. See Section 2 for details on
source and background extraction regions used for measuring Nsc.
c The absorbed fluxes (in units of 10−13 ergs cm−2 s−1) in the 0.2–2 keV and 2–10 keV observed-frame band are obtained using the
model APL+2AL (model 6; Section 3). The errors are at the 68% confidence level.

Both approaches resulted in values for the fitted parameters
that were consistent within the errors, however, the fits to the
higher quality pn data alone provided higher quality fits as
indicated by the reduced χ2 values of these fits. We therefore
consider the results from the fits to the pn data alone more
reliable especially for characterizing the properties of the X-ray
absorption features.

For the reduction of the Chandra observations we used
standard CXC threads to screen the data for status, grade, and
time intervals of acceptable aspect solution and background
levels. The pointings placed APM 08279+5255 on the back-
illuminated S3 chip of ACIS. To improve the spatial resolution,
we removed a ± 0′′.25 randomization applied to the event
positions in the CXC processing and employed a sub-pixel
resolution technique developed by Tsunemi et al. (2001).

In both the XMM-Newton and Chandra analyses, we tested the
sensitivity of our results to the selected background and source-
extraction regions by varying the locations of the background
regions and varying the sizes of the source-extraction regions.
We did not find any significant change in the background-
subtracted spectra. For all models of APM 08279+5255, we
included Galactic absorption due to neutral gas with a column
density of NH = 3.9 × 1020 cm−2 (Stark et al. 1992). All
quoted errors are at the 90% confidence level unless mentioned
otherwise.

2.2. Chandra and XMM-Newton Spectral Analysis of
APM 08279+5255

We first fitted the Chandra and XMM-Newton spectra of APM
08279+5255 with a simple model consisting of a power law with
neutral intrinsic absorption at z = 3.91 (model 1 of Table 2).
These fits are not acceptable in a statistical sense as indicated
by the reduced χ2. The residuals between the fitted simple
absorbed power-law (APL) model and the data show significant
absorption for energies in the observed-frame band of <0.6 keV
(referred to henceforth as low-energy absorption) and 2–5 keV
(referred to henceforth as high-energy absorption).

To illustrate the presence of these low- and high-energy
absorption features, we fit the spectra from observed-frame
4.5–10 keV with a power-law model (modified by Galactic
absorption) and extrapolated this model to the energy ranges
not fit. The residuals of these fits are shown in Figures 1 and 2.
Significant low- and high-energy absorption are evident in all
observations.
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2002 Feb 24
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Figure 1. ∆χ residuals between the best-fit Galactic absorption and power-law
model and the Chandra ACIS spectra of APM 08279+5255. This model is fit
to events with energies lying within the ranges 4.5–10 keV. The arrows indicate
the best-fit energies of the absorption lines of the first and second outflow
components for epoch 1 (top panel) and epoch 5 (lower panel) obtained in fits
that used model 6 of Table 2.

We proceed by fitting the spectra of APM 08279+5255
with the following models: (1) APL; (2) APL with a notch
(APL+No); (3) ionized-APL with a notch (IAPL+No); (4)
APL with an absorption edge (APL+Ed); (5) ionized-APL with
an absorption edge (IAPL+Ed); (6) APL with two absorption
lines (APL+2AL); (7) ionized-APL with two absorption lines
(IAPL+2AL); (8) APL with two intrinsic ionized absorbers
(APL + 2IA); and 9) APL with two partially covered intrinsic
ionized absorbers (APL+PC*(2IA)). The XSPEC notations for
these models are given in the notes of Tables 2 and 3.

The results from fitting these models to the three XMM-
Newton and two Chandra spectra are presented in Tables 2
and 3. For spectral fits using models 3, 5, and 7, the low-energy
absorption is modeled using the photoionization model absori
contained in XSPEC (Done et al. 1992). We note that the absori
model is just a first approximation to what is likely a more

PG1211+143 (z=0.08) 
Vout≈0.1c 

APM 08279+5255 (z=3.91) 
Vout≈(0.2-0.76)c  

Chartas+09; Saez+09 
Pounds & Reeves09 

Nardini+15 
PDS456 (z=0.18) 
Vout≈0.3c 

Relativistic outflow or absorption edge in the z=2.73 QSO HS 1700+6416?
G. Lanzuisi1 ; M. Giustini1; M. Cappi1; M. Dadina1; G. Malaguti1; C. Vignali2

1 INAF/IASF-BO; 2 Universit‡ di Bologna  

Abstract We present the detection of broad absorption features in the X-ray spectrum of the quasar HS 1700+6416, indicating either the presence of high 

velocity out-flowing gas or a huge absorption edge from Fe. HS 1700+6416 is a high-z (z=2.735), high luminosity quasar, classified as a Narrow Absorption 

Line (NAL) QSO. One broad absorption feature is clearly visible in the 50ks Chandra observation taken in 2000, while two similar features, at different 

energies, are visible when the 8 contiguous Chandra observations carried out in 2007 are merged together. The XMM-Newton observation taken in 2002, 

despite strong background flares, shows an hint of such a feature at lower energies.

50 ks Chandra spectrum (2000)

Fig. 6 shows the spectrum of HS1700+6416 obtained from the 50 ks Chandra observation. The counts are binned to a minimum significant detection of 3, 

for plotting purpose (we applied the Cash statistic). The fit to a simple absorbed power-law model shows significant residuals around ~3 keV, suggesting the 

presence of a strong absorption feature. When adding an absorption Gaussian line, the C-stat is  20.3 for 3 additional parameters. 

The significance is >4 with F-test, confirmed with extensive Monte-Carlo simulations. The rest frame line energy is E_line=10.26±0.75 keV, the line width 

=1.6 ±0.5 keV and the equivalent width EW=-0.83 keV (rest frame).  Fig 7, 8 show the 68, 90, 99% confidence contours of E_line vs.  and E_line vs. 

Normalization, respectively. If the absorption feature is due Fe XXV or Fe XXVI K , the observed E_line translates in an outflowing velocity   v_out=0.38±0.10 

c. If modeled with the ionized absorber model XSTAR (Kallman & Bautista 2001), we have to add two ionized gas shells, with slightly different v_out, and 

both with high Nh and  

(Nh>4x1023 cm-2, Log >3.3 ) and 

turbulence velocity v_turb=5000 km/s, to 

reproduce the huge width of the feature. 

If modeled with an absorption edge, the rest 

frame edge energy  is E_edge=8.95±0.30 keV 

and the absorption depth is =1.85±0.83. 

E_edge is consistent with K shell ionization 

thresholds of Fe XVI-FeXXVI with 0 v_out 

(Hasinger et al. 2002).

For all the 3 models, the C-stat is similar,

i.e. the quality of the data do not allow to 

distinguish between the different scenarios.

 

XMM spectrum (2002)

The 30 ks XMM observation of 2002 is affected by strong background 

flares. The resulting net exposure is only ~10 ks for pn and MOS cameras 

(~300 counts).

Despite the bad data 

Quality, an hint of the 

presence of an absorption 

feature around  2 keV 

can be seen in the 

residuals (fig. 12). The 

C is 15.7 and the 

confidence level is

~2.5. The E_line=8.05

±0.30 KeV, implies 

v_out~0.14c.

Short and long term X-ray variability

Given the exposure times, and the flux level of the source, the study of short term variability is feasible only for the long, 50 ks Chandra observation.

Fig. 2 shows the 0.5-8 keV light-curve of HS 1700+6416 with a bin size of 3 ks (at least 20 net counts per bin). When fitted with a constant, the resulting 

count rate is 6.8x10-3. The source results to be marginally variable on time scales of few ks (P(2/)=0.25). We also studied the long term variability of the 

continuum parameters (F(2-10),  and NH, fig 3,4,5). A long term variability is clearly detected in the 2-10 keV flux, that varies of a factor 3, from  9x10-14 to  

3.5x10-14 erg s-1 cm-2, and in the 

amount of neutral absorption, that is <1022 

cm-2 in 2000 and 2002 data, and become 

consistent with 4-8x1022 cm-2 in 2007.

For the photon index the error bars are

 too large to draw any firm conclusion.

  In the 8 observations of 2007, the source 

spectral parameters remain almost 

constant, thus we added together these 

spectra to increase the statistics.

Merged Chandra Spectrum (2007)

The merged spectrum has ~1000 counts above 1 keV, and shows two features 

at ~2.2 and ~3.2 keV (fig. 9). The detection for two Gaussian lines, with EW1=-

0.14 and EW2=-0.50 keV, and v_out 0.25±0.05c and 0.55±0.08c, has 

significance of ~2 and >3, respectively. Fig 10, 11 show the confidence 

contours for the absorption lines parameters. From the XSTAR model results 

column densities Nh=3-5x1023 cm-2, and high ionization parameters (Log>3.2) 

in both cases. In the edge model the two edges have E_edge1=8.14±0.52 and 

E_edge2=11.20±0.60 keV, the latter consistent with a Fe XXVI edge with 

v_out of 0.18c.

Conclusions: We clearly detected 'at least'  2 strong absorption features, 

at variable energies, in different X-ray spectra of NAL QSO HS 

1700+6416. They can be due to highly ionized (Log >3.2) nearly Compton 

thick gas with nearly-relativistic outflowing velocities (v_out = ~0.4-0.5c), or 

to absorption edges at energies consistent with mildly ionized Fe at lower 

velocities. The source may be one of the few known X-ray BAL QSO with 

nearly-relativistic v_out. The quality of present data do not allow to draw 

stronger conclusions, and a long look observation is needed to better 

constrain the absorption features, and check for variability of their 

properties on short time scales (few ks).

X-ray Universe, Berlin, 27-30 June 2011
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HS 1700+6416 (z=2.735) is one of the most luminous quasar in the SDSS. It is classified as a NAL-QSO, 

showing narrow CII, CIV, SiIII and Si IV absorption lines in the SDSS spectrum (Fig. 1, from SDSS_DR3), 

blueshifted at mildly (~0.1c) relativistic velocities (Misawa et al. 2007).

X-ray coverage

The source lies in the same field of 2 clusters (Abell 2246 z=0.225;  V1701+6414, z =0.45) and a 

proto-cluster at z=2.3 (Digby-North et al 2010) and therefore have very good X-ray coverage available. In 

particular: One 50 ks Chandra observation in 2000;  one 30 ks XMM observation in 2002 and 

8 x 15-30 ks Chandra observations in 2007.
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Lanzuisi+12 

HS1700+6416 (z=2.73) 
Vout≈(0.1−0.6)c 

high-redshift  
not lensed 

Needs for high 
statistics for a proper 

modeling. 
 

Mostly Seyferts at low 
z or  lensed QSOs at 

high z  

Ultra-fast outflows (I) 
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Red: vw>3000 km/s Ultra-fast outflows (UFOs) 
 
•  Detected in ≈50% of nearby radio-quiet 

AGN with good spectral quality 
 
•  Similar fraction in RL AGN, still winds 

are the main actors  

•  Independent XMM-Newton vs. Suzaku 
detection (Tombesi+, Gofford+) 

•  <vwind>≈0.1c 

•  Highly ionized (<logξ>≈4) and large 
column densities (<LogNH>≈23) 

•  Variable in EW and velocity (Tombesi+) 

•  Mechanical power ≈5−10% Lbol, hence 
potentially important for feedback 

Tombesi+13 
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Ultra-fast outflows (II) 



UFO detection (v≈0.3c) in IRASF11119+3258 consistent  
with energy-conserving outflow from  

inner X-rays to outer molecular outflow (Pdot,out ≈12 LAGN/c) 
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Vin = v of the inner X-ray wind 

IRASF11119+3257 

QSOs 

ULIRGs 

molecular outflows 

X-ray ultra-fast winds 

Outflow velocity (km/s) 

Tombesi+15 
see also Feruglio+15,  
Sirressi+19, Bischetti+19  

Linking X-ray outflows with molecular outflows. I 



Smith+19  

Linking X-ray outflows with molecular outflows. II 


