
A premise: the “duties” of (X-ray) astronomers

X 

=

=

MC

CV

MC

CV

i) Starting point (fundamental!) : 
What is the (open) astrophysical question/problem? 
(i.e. read a lot of litterature!)

ii) Best Instrument?
iii) Best Observation? Archival data?
iv) Propose, (hopefully) get it  approved, and perform the observation
v) Data reduction:

i) Evt
ii) Calibration and attitude
iii) Scientific data

vi) Extraction of science information (images, lc, spectra)
vii) Scientific analysis (xspec, etc…)
viii) Physical interpretation
ix) Publish your results

i) In english (thus, learn english!)
ii) Go through referee peer review
iii) And “advertise” with, e.g., PPT at conference + outreach (plus!)



(RQ) AGN Astrophysics

Plan of this Lecture:
• Paradigm(s) (BH, AGN, Accretion disk, Photon ring)
• The “Unknowns” (open issues)
• The “Knowns” (models + basic physics)
• Physics and observations of reflection(s) and absorption(s) features

These lectures are “complementary” to the other two on 
i) (RL) AGN astrophysics (by P. Grandi) and,
ii) AGN general/classification/evolution/formation (by C. Vignali)

Goal of the lectures: Give introductory informations on general “models” of AGNs, 
With only emphasis here on RQAGNs, and address the reflection(s) vs ejection(s) 

“controversy” and phenomena

Bibliography:
A. Mueller, PhD Thesis, Heidelberg, 2004 
C. Done, Lectures, August 2010, arXiv:1008.2287v1
Give a panorama on theoretical models+spectral physics for AGNs&BHs

Massimo Cappi
(INAF/OAS-Bologna) 



Conclusions & Summary

We will review basic physics with basic 
assumptions for 2 major “models” of AGN

1- The 2-Phases model (RQAGNs)
2- The Jet + Inefficient accretion model 

(RLAGNs+LLAGNs)

We will focus here mostly on 1, Paola will address 2. 
I will also address the reflection vs. absorption 
hypothesis to explain the X-ray spectra of RQAGNs 

Not a “mere” fitting exercise but major physical 
differences in the two hypothesis:

ü Relativistic Reflection: Produced within few (<10) 
Rg and carries information on BH spin and mass

ü (Very) Complex Absorption: Produced farther 
away, at >10s Rg and carries information on 
wind/jet base/feedback

ü But distinguishing between the two is very difficult

Goal of the lectures: Give introductory informations on general “models” 
of AGNs, and in particular on reflection vs absorption hypothesis in RQAGNs



This is what we think a black hole, and its accretion disc, may look like

The BH paradigm: an AGN is powered by an accreting BH



No, this is what we think a black hole, and its accretion disc, may look like



No, No, THIS IS what we think a black hole, and its accretion disc DO look like

EHT collab., 2019, ApJL 



We know (more or less) the ingredients: The AGN paradigm

The AGN paradigm: Accretion onto a SMBH

Kpc scale

pc scale

Credit: A. Muller



Study of accretion and 
ejection flows around 

supermassive black holes in 
AGNs

Hot corona
Credit: A. Mueller

Open issues/Unknowns

Characterise the geometry and 
mode of the accretion flow 
(accretion disk and corona)

Characterise the geometry and 
velocity of the outflow/wind, and 
its impact  on the host galaxy, 
group and/or cluster

Jet

Characterise the 
particle content, 
geometry and 
velocity of the 
outflow/jet



Disklines reverberation 
mapping (X-rays) 

BLR  reverberation 
mapping (optical)
(v~FWHMµdelay~dist.)

Stellar motions dynamics (rot. 
Curves) +water masers 
(v and б µ dist.)ß ß

ßß ßßM•, a
M•

M•

IN OUT

(Probe GR within 10 Rs, 
i.e. strong field)

Why studying AGNs in X-rays? Optical/IR
RadioUV

CCF

Delta L ~ L ~ up to 1044 erg/s

MCG-6-30-15

Mrk766

X-rays



Still, we don't know exactly the accretion mode/type (SAD, ADAF, RIAF, CDAF, etc.)…
To simplify here, two classes: SSD (or SAD) vs ADAF

Accretion

(Müller, ‘04)



… nor the disk-corona geometry

(Haardt '96)

Accretion

Lamp-post model Patchy corona model



BH paradigm + assumptions on geometry + emission 
mechanisms (physics) + Multi-n observations

=> AGN “Model”

The two major AGN models are:

1: The Two-Phases (SAD-dominated) model (for 

Radio-Quiet AGNs)

2: The jet model + “inefficient model” (ADAF 

dominated) (for Radio-Loud AGNs and Low Luminsity AGNs)



Model 1

The Two-phases (or 
SAD/efficient) model 

for RQAGNs



Model I (RQ AGN): X-ray observations - Lightcurves

Light curves

MCG6-30-15

Implies most of radiation from compact and 
innermost regions

D L ~ L ~ up to 1044 erg/s

N.B: Dt~50 s corresponds to 1 Rg for M=107Msol
(t ~ Rg/c ~ GM/c3 ~ 50 M7 s)



Haardt, Maraschi and Ghisellini (1994)

Adapted from 
Fabian et al. (1997)

Typical X-ray Spectrum of a Seyfert 1 Galaxy 
Û�Standard two-phase Comptonization model

Hot (109K)



Model I (RQ AGN): X-ray observations - typical spectra

(At least) 4 major spectral components:
1. Soft excess (Black body)
2. Power-law Component (Thermal Comptonization)
3. Reflection component (Fluorescence Lines + Compton hump)
4. Warm absorber (photoelectric absorption)

nF
n1

24

3

If the the disk is  optically thick, we can approximate the local emission as blackbody and the  
effective temperature of the photosphere   

For AGN with                    

the peak occurs at UV-soft-X-ray region  

venerdì 10 ottobre 14



1- Black Body emission from accretion disk
Planck radiation law:



II - Power-law (Thermal Comptonization from the corona)

If electron at rest:

Compton
Inverse Compton

For non-stationnary electron:

Tsoft

Tc, t
Hot Corona

Cold phase
(disc)

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



➥ Spectral degeneration since different (kT, τ) 
can yield same Γ

µ f(kT, t)

Maxwellian Distribution of electron energies
Þproduce power-law + high energy cut-off

II - Power-law (Thermal Comptonization from the corona)



Major modifications expected:
a) Ionization effects
b) Relativistic effects
or a combination of both…

i) Inclination
ii) Ω/2pi (coverage, isotropy)
iii) Ab

(e.g. Reynolds et al. '94; Zycki and Czerny ‘94)

FeK fluorescent 
line at 6.4 keV

III - Reflection component (line + continuum)
Photoelectric absorption+fluorescence+Thomson/Rayleigh scattering+Compton down-scattering



(Fe) Fluorescence Emission Line

Photoelectric Absorption Fluorescence (+ Auger for 60%)



A- Ionization effects

Major variations: 1) FeK energy (­)
2) FeK intensity (¯,­,¯)
3) Soft lines intensity/energy (­,¯)

ξ=L/nR2

Ballantyne & Fabian ‘02, Ross & Fabian ’93, ’05,  
Young+, Nayakshin+, Ballantyne+, Rozanska+, Dumont+



(e.g., Fabian et al. '89)

(Doppler)

(Beaming +
Transverse 

Doppler shift)

(Gravita. Redshift)

B - Relativistic effects

(Fabian et al. '00)

Spinning
(Kerr)

Non-spinning
(Schwarzschild)



Gravitational Lensing by Black Holes in Astrophysics and in Interstellar 27

Figure 15: (a) The moderately realistic accretion disk of Figure 14 but with the black

hole’s spin slowed from a/M = 0.999 to a/M = 0.6 for reasons discussed in the text. (b)

This same disk with its colours (light frequencies ⌫) Doppler shifted and gravitationally

shifted. (c) The same disk with its specific intensity (brightness) also shifted in accord

with Liouville’s theorem, I⌫ / ⌫3. This image is what the disk would truly look like to

an observer near the black hole.

James, Tunzelman, Franlin
and Thorne, ‘95, arXiv:1502.03808
Black hole Gargantua in Interstellar



C - Ionization + relativistic effects

(e.g., Ballantyne & Fabian '02,
Matt et al. '93)



 

C - Ionization + relativistic effects

XSPEC models:

Pexravàpexriv
Reflionx + kdblur
Kerdisk+kerconv
Relxill (=relconv+xillver)
Kyrline+Kyrconv



Haardt, Maraschi and Ghisellini (1994)

Adapted from 
Fabian et al. (1997)

Typical X-ray Spectrum of a Seyfert 1 Galaxy 
Û�Standard two-phase Comptonization model

Hot (109K)



IV - Ionized absorption along the line of sight

Photoelectric absorption

Neutral Ionized (Xi=L/nR**2)



IV - Ionized absorption along the line of sight
XSTAR warm absorber model



?Questions



Reflection(s)
vs

Ejections(s)
Jane Turner

Andy Fabian me
me



Haardt, Maraschi and Ghisellini (1994)

Adapted from 
Fabian et al. (1997)

Typical X-ray Spectrum of a Seyfert 1 Galaxy 
Û Standard two-phase Comptonization model

Hot (109K)



Emission lines…
i.e. pointing to Reflection(s)

(i.e. accretion)



ASCA obs.  of Sey1 MCG-6-30-15

(Tanaka et al. '95)

BeppoSAX obs. of MCG-6-30-15

ASCA ---> Broad (relativistic) 
lines are common, and  
ubiquitous (?) in Seyfert1s!

(Guainazzi et al. '98)

(Nandra et al. '98)

Pre-Chandra & XMM-NewtonReflection: Observations



Yes, we see broad lines indeed!

Origin in innermost
regions of accretion disk

(Wilms et al. '02
Fabian et al.’04)

Chandra - MCG6

XMM - MCG6

(Lee et al. '02)

Post-Chandra & XMM-NewtonReflection: Observations



Also some narrow redshifted lines...

Origin in innermost regions 
of accretion disk+ blob-like 
structure (or inflowing blobs?)

(Turner et al. '02)

XMM – NGC3516

Bianchi et al., 2004

Chandra – NGC3516

Guainazzi et al., 2003
Dovciak et al., 2004

XMM – ESO198-G024

Post-Chandra & XMM-NewtonReflection: Observations



Everything is getting more complex, but key point is that Fe lines DO show fast time 
variations and redshifted energies!!

Origin from hot spots in innermost 
regions of accretion disk?

Post-Chandra & XMM-Newton

XMM - NGC3516

Iwasawa et al., 2004

Reflection: Variability

De Marco et al., 2009, PhD Thesis

Can fit line maxima by three Keplerian orbits with same
inclination & central mass !! (Turner et al. 2005)

XMM - NGC3783

XMM – Mrk766



NGC3783
Tombesi et al. 2007

IC4329a
DeMarco et al. 2010b

Þ Consistent with origin from hot spots, or 
spiral waves, in inner regions of accretion disk?

Reflection: Variability



NGC3783
Costanzo et al. 2019,
Tesi di Laurea, paper in prep

Þ Consistent with origin from hot spots, or 
spiral waves in inner regions of accretion disk?

Reflection: Variability
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?Questions



Absorption lines…
i.e. pointing to absorber(s)

(i.e. ejection(s))



Haardt, Maraschi and Ghisellini (1994)

Adapted from 
Fabian et al. (1997)

Typical X-ray Spectrum of a Seyfert 1 Galaxy 
Û Standard two-phase Comptonization model

Hot (109K)



Most (>50%) Seyfert 1 galaxies exhibit Warm Absorbers

Reynolds et al. '97
Georges et al. '97

Clear since years that warm absorbers must be dynamically 
important (radiatively driven outflow located in BLR and NLR) 

Pre-Chandra & XMM-Newton

Open Problem: Characterisation of warm absorber? (cov. Factor, ion. state, 
mass/energy outflow, etc. )

Absorption: Warm absorbers



Many more details from Chandra gratings

Kaspi et al. '01
Netzer et al. '02
Georges et al. '03 Clear now that often multiple ionization & kinetic 

components: outflows with ~100-1000 km/s  

NGC3783 Exp=900 ks

Post-Chandra & XMM-Newton

Consistent with models which 
predict many absorption features

Kallman et al. '05

only Fe...

Absorption: warm absorbers



Blue-shifted absorption 
lines/edges –High-v

PG1211+143 (z=0.08) v~0.1c 

2         Energy (keV) 5            7           10               

New and unexpected results from Chandra and XMM-Newton observations

Pounds et al. 2003a,b

Þ massive, high velocity and highly ionized outflows in several RQ  AGNs/QSOs
Mass outflow rate: comparable to Edd. Acc. rate (~M◉/yr); velocity ~0.1-0.2 c

(If) interpreted as Kα resonant 

absorption by Fe XXV (6.70 keV) 

or FeXXVI (6.96 keV)
Reeves et al. 2003

PDS456 (z=0.18) v~0.1c

2        Energy (keV)  5          7         10               

Post-Chandra & XMM-NewtonAbsorption: UFOs



A (unifying) X-ray view of UFOs and non-UFOs (WAs)

INAF Press releases
in ’10, ’12, ’13, plus NASA 

and ESA in 2012

à UFOs kinetic energy >1%  of Lbol
à Feedback (potentially) effective!

Tombesi, MC 
et al., ’12a,b, ‘13

WAs

UFOs

Unifying X-ray winds in Seyfert galaxies 15

Figure 6. Outflow kinetic power with respect to the bolometric
luminosity. The points correspond to the WAs (red open circles),
non-UFOs (green filled triangles) and UFOs (blue filled circles),
respectively. The error bars indicate the upper and lower limits
and the points are the average between the two. The transverse
lines indicate the ratios between the outflow mechanical power
and bolometric luminosity of 100% (solid), 5% (dashed) and 0.5%
(dotted), respectively.

evident from Fig. 6, the UFOs have indeed a mechanical
power clearly higher than 0.5% of the bolometric luminos-
ity, with the majority of the values around ∼5%. However,
we should note that, as recently reported by Crenshaw &
Kraemer (2012), some of the WAs might actually reach the
∼0.5% level as well when their components are co-added
together. Therefore, these outflows, and in particular the
UFOs, are clearly the most promising candidates to signif-
icantly contribute to the AGN feedback besides radio jets
(e.g., Fabian 2012).

Theoretically, feedback from AGN outflows has been
demonstrated to clearly influence the bulge star formation
and SMBH growth and possibly also to contribute to the
establishment of the observed SMBH-host galaxy relations,
such as the MBH–σ (e.g., King 2010a; Ostriker et al. 2010;
Power et al. 2011; Zubovas & King 2012; Faucher-Giguère
& Quataert 2012). Similar and possibly even more massive
and/or energetic outflows might have influenced also the for-
mation of structures and galaxy evolution through feedback
at higher redshifts, close to the peak of the quasar activity at
z ∼ 2 (Silk & Rees 1998; Scannapieco & Oh 2004; Hopkins

mass outflow rate at >100pc (> 108rs) scales, possibly sug-
gesting some entrainment of surrounding material by the
wind. In Fig. 3e and f we can also see a slight increase of
the wind momentum rate and mechanical power at those
locations. These evidences are roughly consistent with the
relations reported in Fig. 4 of Faucher-Giguère & Quataert
(2012), who performed a detailed study of the interaction
of AGN winds with the surrounding environment and the
different regimes of momentum/energy conservation as the
resulting shocked material propagates to large distances.

Observationally, we note that evidences for AGN feed-
back activity driven by outflows/jets improved significantly
in recent years but there are still significant uncertain-
ties, especially regarding the link between the observed
phenomenologies at small (∼pc) and large (∼kpc) scales.
Promising results on this line have been recently reported
for a few Seyfert galaxies, with the detection of bubbles,
shocks and jet/cloud interaction, some being also part of our
sample (e.g., Wang et al. 2010; Pounds & Vaughan 2011).

6 CONCLUSIONS

In order to investigate the possible relations between the
ultra-fast outflows (UFOs), mainly detected in the Fe K
band through Fe XXV/XXVI absorption lines, and the soft
X-ray warm absorbers (WAs) we performed a literature
search for papers reporting the analysis of the WAs in the 35
type 1 Seyferts of the sample defined in Paper I. The main
results of our study are:

• The fraction of sources with reported WAs is >60%,
consistent with previous studies. The fraction of sources with
UFOs is >34%, > 67% of which showing also WAs.

• We reported the main observed WA parameters, such
as ionization, column density and outflow velocity. Then,
from these values, we estimated also the mass outflow rate,
momentum rate and mechanical power.

• The large dynamic range obtained when considering all
the parameters of these absorbers together allows us, for the
first time, to estimate significant correlations among them.
We find that the closer the absorber to the black hole, the
higher the ionization, column density, velocity and therefore
the mechanical power. In particular, in the innermost part
of the flow, at distances of log(r/rs)"1, we find that the
material can be mildly Compton-thick, NH ∼ 1024 cm−2,

log Lbol
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g 
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iii) Magnetically driven winds from accretion disk

Emmering, Blandford & Shlosman, ’92; Kato et al. ‘03

Absorption: Interpretation - Three main wind dynamical models

i) Thermally driven winds from BLR or torus

Balsara & Krolik, 93; Woods et al. ‘96

i) Þ Large R, low v
ii) and iii) Þ Low R and large v

Murray et al. ‘95, Proga et al. ‘00

ii) Radiative-driven wind from accretion disk

…and/or…



Sim et al., ’08, ’10ab

622 S. A. Sim et al.

Figure 12. Sample spectra computed for different viewing angle bins (left- to right-hand side) for models with differing mass-loss rates (top to bottom). Except
for Ṁ , all model parameters are fixed at those of the example model. The plotted spectra are all normalized to the input primary power-law spectrum.

for these phenomena in non-spherical outflows require multidimen-
sional radiative transfer and thus our methods are particularly well
suited to describing them.

To illustrate the types of line profile, Fig. 12 shows a montage of
spectra from models with relatively high mass-loss rates. There is a
wide range of Kα profile types in these models and their emission
EWs, measured relative to a power-law continuum fit, can be in
excess of 200 eV; this is comparable to the typical broad Kα EWs
measured in a sample of AGN by Nandra et al. (2007).

At low inclination angles, our model Fe Kα profiles have a near-
P-Cygni character: they shows some blueshifted absorption and
broad, redshifted emission, the strength of which grows with Ṁ .
Such profiles are qualitatively similar to those observed in some
Seyfert 1 galaxies (Done et al. 2007).

At intermediate angles, when the line of sight is close to looking
down the wind cone, the narrow absorption lines are strongest but
are accompanied by moderately strong, emission lines with fairly
extended red wings. We note that the narrow absorption lines be-
come less prominent at very high Ṁ , a consequence of the increased
contribution of scattered radiation in the spectra.

For the highest inclinations and Ṁ values, the Fe Kα line is
almost pure emission, peaking at the rest energy of the line and
having a long red tail. The redward extension of the line emission is
not a consequence of gravitational redshift but arises from electron
scattering in the outflow.

Although somewhat more diverse, our red-skewed emission-line
profile shapes are qualitatively similar to those obtained via the
same physical mechanism in spherical outflow models (Laurent &
Titarchuk 2007; see also Laming & Titarchuk 2004) while they are
significantly broader than those computed by Różańska & Madej
(2008) for Compton scattering in irradiated accretion discs. The
largest Fe Kα emission EWs found by Laming & Titarchuk (2004)
(!4 keV) substantially exceed those found in any of our models
but we note that the large EWs in their models mostly arise from
significantly lower ionization stages than are present in our models.

These emission-line properties show that highly ionized outflows
may affect the Fe K region beyond imprinting narrow, blueshifted
absorption lines. This may have consequences for study of the Fe
K fluorescent emission which originates in AGN accretion discs
(e.g. Fabian et al. 1989; Nandra et al. 1997; Fabian et al. 2000;
Miller 2007; Nandra et al. 2007), since it may contaminate the disc
emission and/or lead to an apparently multicomponent emission
line (see e.g. O’Neill et al. 2007). In this context, the red wings
predicted for the emission lines may be of particular relevance in
view of the potential for confusion with the effects of gravitational
redshift – however, more sophisticated 3D models going beyond
the smooth-flow assumption of our parametrized wind models must
be examined before such a possibility can be considered in much
greater detail.

7.3 Spectral curvature

Absorption by outflowing material has been discussed as a possible
explanation for the so-called soft excess in X-ray spectra (Gierliński
& Done 2004, 2006; Middleton, Done & Gierliński 2007; Schurch
& Done 2007, 2008). In this picture, the decrease in flux above
∼1 keV is attributed to absorption by light or intermediate-mass
elements.

Such absorption does occur in our models, particularly for high
Ṁ values (see Fig. 12) however the scale of the effect is too small in
the models presented here: the typical observed soft excess requires
a drop in flux of nearly a factor of two between about 1 and 2
keV (Middleton et al. 2007). Furthermore, Schurch & Done (2008)
have argued that very large, relativistic velocities are required for the
absorption model to work since the observed soft-excess spectra are
very smooth. Our current models support their conclusions since all
cases in which significant spectral curvature arises are accompanied
by discreet features.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 388, 611–624

UFOs/outflows/winds in AGNs & QSOs: Possible models

Fukumura, et al. 2010
Kazanas et al. 2012

Murray et al. ‘95, 

Radiatively driven accretion disc winds

…and/or…
Magnetically driven winds from accretion disk

Emmering, 
Blandford & 
Shlosman, ’92;
Kato et al. ‘03

Proga et al. ’00; ‘10



Absorption: Data Interpretation



X-ray spectra of winds/outflows 



Covering factor measured DIRECTLY from P-Cygni profile

Nardini, Reeves et al., Science ‘15
 

Fig. 3. Adopting the same baseline continuum of Fig. 2 (red curve), we fitted the emission and 
absorption residuals characterizing the Fe-K band by means of a self-consistent P-Cygni profile from 
a spherically symmetric outflow (green curve). The results are shown for the merged Obs. 3 and Obs. 
4, which are separated by only 3 days and are virtually indistinguishable at 2 to 30 keV (Fig. 1). The 
two NuSTAR modules were combined into a single spectrum (plotted in blue; ±1 SD error bars) for 
display purposes only. The inset contains a graphical explanation of the key parameters of this model: 
the characteristic energy Ec, corresponding to the onset of the absorption component, and the wind 
terminal velocity v∞ = 0.35 ±0.02c, which can be regarded as a measure of the actual outflowing speed 
of the gas. The bottom panel shows the ratio between the data and the best-fit model. The residual 
structures above 10 keV are due to the Kβ and K edge absorption features from Fe XXVI. These are 
not included in the P-Cygni model but are detected with high significance (Table S2), and remove any 
ambiguity in the identification of the ionic species. 

 

 
However, the general validity of the disk wind picture is still disputed. It has been proposed 
that blueshifted absorption might also arise from co-rotating optically thick plasma 
blanketing the accretion flow, which would be seen in X-rays reflected off the disk surface 
(12). Depending on the exact geometry, the extreme velocities inherent to the inner disk 
could produce a Fe K-shell feature anywhere between 4 and 10 keV through relativistic 
Doppler shifts. Previously applied to PG 1211+143, another bright quasar where a similar 
line complex was revealed (13), this scenario calls for a reflection-dominated X-ray spectrum. 
In PDS 456, this model clearly under-predicts the depth of the 9-keV absorption trough, 
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Summary (1/2)

After introducing the BH and AGN paradigm, we have reviewed 1 major “model” of AGN:

Model I: 2-phase/SAD model (radio-quiet AGNs)

1. Multi-T black-body emission (soft-excess)

2. Thermal Comptonization (power-law)

3. Reflection (FeK line + Compton hump)

4. Absorption (ionized, partially covering, etc.)

Model IIa: Jet Model (radio-loud AGNs)

1.  Synchrotron

2.  Inverse Compton (non-thermal)

Model IIb: Inefficient model (LLAGNs)

1. Synchrotron

2. Bremsstrahlung (thermal)

See 
Paola 
Grandi’s
lesson



Conclusions & SummaIIy

N.B: This is not a “mere” fitting exercise but major 
physical differences in the two hypothesis:

ü Relativistic Reflection: Produced within few (<10) 
Rg and carries information on BH spin and mass

ü (Very) Complex Absorption: Produced farther at 
100s Rg and carries information on wind/jet 
base/feedback

ü Very difficult to distinguish, case by case, 
between the two hypotheses. Maybe interlinked 
phenomena!?

Goal of the lectures: Give introductory information on the two-phases model 
of RQAGNs, and in particular on reflection vs absorption phenomena
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LETTER RESEARCH

the polar funnel of a geometrically thick, radiation-supported flow 
(see Fig. 4 for a schematic). Therefore, the blueshift of the peak in the 
iron line is probably not due to disk rotation (requiring an edge-on 
disk), but rather due to the Doppler shift from outflowing material on 
the funnel wall that has been radiatively accelerated to 0.1c–0.5c. In 
such a flow, a substantial part of the beaming is geometric (radiation 
preferentially escapes down the funnel) and the slow jet is probably 
launched by radiation pressure (see Methods and Extended Data Fig. 7  
for an application of this simple model).

Relativistic reverberation off an optically thick super-Eddington 
accretion flow tells us that much of the X-ray emission originates close 
to the event horizon. In principle, therefore, the X-ray emission can 
be used to measure the spin of the central black hole. However, our 
current models for measuring black hole spin from the broadening of 
the iron K emission assume a geometrically thin disk extending to the 
innermost stable circular orbit (ISCO), an assumption that is not likely 
to be relevant for this super-Eddington source, which has a very thick 
accretion disk that possibly extends beyond the ISCO to the marginally 
bound orbit27,28. Therefore, at this time we cannot claim an estimate 
of the black hole spin; but, with future developments in modelling 
such flows, relativistic reverberation from TDEs offers a potentially 
powerful technique for measuring spin—not only in the 10% of black 
holes that are persistently accreting, but also in the 90% of dormant 
black holes in the Universe.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Schematic of reverberation off a super-Eddington accretion 
flow. Swift J1644+57 is thought to be a super-Eddington accreting source, 
with a very thick, face-on accretion disk (blue) and a relativistic radio jet 
(orange). We suggest that the iron K lag originates from the light travel time 
between a flaring X-ray source and an irradiated outflowing funnel wall.  
In this schematic of the cross-section of the thick disk, the observer is 
looking down the funnel into the relativistic depths close to the central black 
hole. Variable X-ray continuum emission (lightning bolts) follows several 
light paths (two of which are shown as red arrows). The continuum emission 
reflects off the walls of the funnel and into the observer’s line of sight. The 
strong blueshift of the iron lag is due to special relativistic Doppler shifts, 
and the asymmetric red wing is due to gravitational redshift from the strong 
gravity of the black hole. The blue arrows represent the dynamics in the disk: 
the accretion flow rotates around the central black hole and the walls of the 
funnel are outflowing at ∼0.1c–0.5c.
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A unified view? within 100Rg?:
A relativistic, outflowing, accretion disc? 
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Are galaxy-scale massive molecular outflows energized by UFOs? 

OH doublet at 1000 km/s Veilleux et al. 2013

UFO detection (v~0.3c) consistent with 
energy-conserving outflow from
Inner X-rays to outer molecular outflow

Tombesi et al. 2015, Nature

ULIRG F11119+3257 (z=0.19): 



Sample: 15 UV *AL QSOs with 32 XMM exposures

Giustini, MC, et al. 2012

on time scales of years

Dt=4 yrs Dt=6 months

Dt=3 days

on time scales of months

on time scales of days

Dt=10 ks

on time scales of hours

The “new” X-ray view: Variability in (nearby) PG QSOs 



UFOs and/or FeK complex features seen also (no, always!) in lensed high-z QSOs 

Madau et al. ’96; Wall et al. ‘05 
QSO space density SFR space density
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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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2008 Jan 14 
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∆χ

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

HS0810+554 (z=1.5)
Chartas et al. 2014
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Figure 1: (a) Observed 100 ks Chandra spectrum of combined images A+B of HS 0810+2554 fit
with Galactic absorption and a power-law model. Notice significant residuals and P-Cygni profile.
(b) shows the data shown in panel (a) overplotted with the unfolded best-fit model comprising
photoionizaton (XSTAR) and emission line components. The arrows indicate the best-fit energies
of the absorption and emission lines. (c) Observed 100 ks Chandra spectrum of image C fit as in
panel (a). (d) Shows the data shown in panel (c) overplotted with the unfolded best-fit model.
Notice that the energy of the emission line has shifted from 6.8 keV to 5.9 keV (rest-frame). Two
narrow emission lines are marginally detected at 1.8 keV and 8.5 keV (rest-frame).

Why Chandra and NuSTAR? The proposed 100 ks Chandra observation will provide the
spatially resolved and time-resolved spectra of images (A+B) and C with a large effective area
below ∼ 3 keV, where the P-Cygni profile was detected. The Chandra observation, however, can-
not constrain the reflection components originating from the accretion disk and/or the outflowing
wind. As we show in the feasibility analysis the proposed 120 ks NuSTAR observation is crucial
in constraining the reflection component. The shape of the reflection component depends on the
inclination angle and fits to the joint Chandra+NuSTAR observations will provide constraints on
both the opening angle of the outflow (P-Cygni profile modeling) and the inclination angle of the
disk. With a magnification factor of ∼120, HS 0810+2554 is one of the X-ray brightest distant
AGN with a detected relativistic outflow of X-ray absorbing material. The proposed observation
provides us with the rare opportunity to spectroscopically study in detail the relativistic outflow of
a low-luminosity NAL AGN (unlensed L2−10 keV ∼ 5 × 1043 erg s−1) near the peak of the galaxy
merger number density and cosmic AGN activity and address many important science questions
related to the nature of ultrafast AGN outflows and their importance for feedback.

A Magnified View of a Distant Borderline Seyfert/Quasar

To achieve our scientific goals listed in detail below we propose to re-observe HS 0810+2554 for
100 ks with the ACIS-S3 and near simultaneously for 120 ks with NuSTAR. With the proposed
observation we will reach the following goals:

(a) Study the kinematic and ionization properties of the outflow of HS 0810+2554
The proposed near simultaneous NuSTAR observation will provide tight constrains (please see fea-
sibility section) of the parameters of the accretion-disk reflection component. Fits to the 0.3–80 keV
spectrum of HS 0810+2554 from the joint Chandra and NuSTAR observations will provide impor-

2

APM 08279+5255 (z=3.91) Chartas et al. 2009
Bertola et al. ‘19, in prepVout~0.2-0.76 c 



Model 2

The relativistic Jet model
(RLAGNs)



Model II (RL AGNs): X-ray observations - Images + lightcurves

Images Light curves+

Most of radation produced 
in a relativistic jet

X-ray jets

PKS2155-304



(At least) 2 major spectral components:
1. Low frequency peak (Synchrotron)
2. High frequency peak  (Compton inverso)

Spectra (SEDs):
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Model II (RL AGNs): X-ray Observations - Spectra



Modello II (RL AGNs) = Model I + Relativistic Jet

3 likely possibilities:
1. Synchrotron + Self Compton
2. Synchrotron + External Compton (disk)
3. Synchrotron + External Compton (BLR)

1
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3

Ü
Model 

I o
r II



Synchrotron (non-thermal emission)

Lorentz Force

Multiple electrons:

Modello II (RL AGNs) = Model I + Relativistic Jet



Inverse Compton Scattering:

SSC if IC onto Synchrotron radiation
SEC if IC onto BLR or disc photons

Modello II (RL AGNs) = Model I + Relativistic Jet



Model 3

The radiatively
inefficient model

(LLAGNs)



Modello III (LL AGN): X-ray observations - Images and  Lightcurves

Images Lightcurves
SgrA*

+

Low-L, likely diffused emission
+ isolated flares (otherwise quiescent)

Low-L and diffuse X-ray source N.B: Dt~50 s corresponds to 1 Rg per 
M=107M
(t ~ Rg/c ~ GM/c3 ~ 50 M7 s)

M87

SgrA*



(At least) 2 major spectral components:
1. Synchrotron emission 
2. Bremsstrahlung (+ power-laws during flares)

Spectra:

Model III (LL AGN): X-ray observations - Typical Spectra

Lx~2x1033 erg/s<10-11 LEdd Bremsstrahlung Thermal-like quiescent spectrum



Simil-ADAFs:

Model III (LL AGN):

From N. Brandt (I think)



Modello III (LL AGN): ADAFs model

kT >>10 keV

Synchrotron
(non-thermal emission)

Lorentz Force

+
Thermal Bremsstrahlung from
a very hot, optically thin,
geometrically thick flow



Conclusions & Summary

We have reviewed basic physics with basic 
assumptions for 3 major “models” of AGN

1- The 2-Phases model (RQAGNs)
2- The Jet model (RLAGNs)
3- The Inefficient model (LLAGNs)

We have focused mostly on 1, and address the 
reflection vs. absorption hypothesis to explain the 
X-ray spectra of RQAGNs 

Not a “mere” fitting exercise but major physical 
differences in the two hypothesis:

ü Relativistic Reflection: Produced within few (<10) 
Rg and carries information on BH spin and mass

ü (Very) Complex Absorption: Produced farther at 
100s Rg and carries information on wind/jet 
base/feedback

Goal of the lectures: Give introductory informations on general “models” 
of AGNs, and in particular on reflection vs absorption hypothesis in RQAGNs


