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La Vitesse de Libération
La vitesse de libération s’obtient directement à partir de la 
théorie de Newton:
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La Vitesse de Libération
La vitesse de libération s’obtient directement à partir de la 
théorie de Newton:

Application numérique:!
- pour la terre: !

Mterre=6 1024 kg, Rterre= 6400 km ⇒ vlib = 11 km/s !

- pour le soleil:

Msoleil=2 1030 kg, Rsoleil= 700 000 km ⇒ vlib = 615 km/s !
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Concept du Trou Noir
Autour d’un astre de masse M, on obtient vlib=c que si le rayon de 
l’astre est inférieur ou égal à                  

➙vlib =
�

2G
�

M

R
> c R < Rlim =

2G
c2

M

Rlim=rayon  de Schwarzschild 
Rg=rayon gravitationnel

= 2Rg
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Concept du Trou Noir
Autour d’un astre de masse M, on obtient vlib=c que si le rayon de 
l’astre est inférieur ou égal à                  

Alors la lumière elle-même ne peut s’échapper !

➙vlib =
�

2G
�

M

R
> c R < Rlim =

2G
c2

M

➡ pour la Terre, Rlim = 9 mm!

➡ pour le Soleil, Rlim = 3 km

Application numérique:

Rlim=rayon  de Schwarzschild 
Rg=rayon gravitationnel

= 2Rg
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R

Pour soulever une masse m d’une hauteur h, sur une planète de rayon R et 
masse M, on doit fournir l’énergie:

M
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La Gravitation 
Une énorme source d’énergie

R

Pour soulever une masse m d’une hauteur h, sur une planète de rayon R et 
masse M, on doit fournir l’énergie:

Application numérique: m=1kg, h=1m

• Egrav = 10 Joules sur la terre 

• Egrav = 300 Joules sur le soleil 
M
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• Egrav = 10 Joules sur la terre 

• Egrav = 300 Joules sur le soleil 
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• Egrav = 105 Joules sur un trou noir de 108 Msoleil
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Plus l’astre est compact plus Egrav sera 
important!
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La Gravitation 
Une énorme source d’énergie

R

Pour soulever une masse m d’une hauteur h, sur une planète de rayon R et 
masse M, on doit fournir l’énergie:

Application numérique: m=1kg, h=1m

• Egrav = 10 Joules sur la terre 

• Egrav = 300 Joules sur le soleil 

• Egrav = 1012 Joules sur un trou noir de 10 Msoleil

M

• Egrav = 105 Joules sur un trou noir de 108 Msoleil

Pour un trou noir R=Rlim: Egrav =
h

R
mc2

Certains astres rayonnent une telle 
énergie que l’hypothèse d’une libération 
d’énergie gravitationnelle sur un trou noir 

est la plus plausible!

Plus l’astre est compact plus Egrav sera 
important!
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Nuit des Equinoxes, 23 Mars 2013

Des Trous Noirs Super-
Massifs (TNSM) de Partout!
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Des TNSM de Partout!

Schawinski et al. (2010)

~47 000 galaxies

http://zoo1.galaxyzoo.org/
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No. 1, 2010 GALAXY ZOO: AGN HOST GALAXIES 287

Figure 1. Example images of AGN host galaxies in three morphology classes. The top two rows are late-type host galaxies, the middle rows are indeterminate-type
and the bottom two rows are early-type host galaxies. In the top left of each image, we show a bar of 5 kpc length at the redshift of the object. In the bottom, we
provide the SDSS object ID.

(A color version of this figure is available in the online journal.)

this extreme starburst line and the empirical pure starburst line
of Kauffmann et al. (2003b), there is a substantial population
of composite objects where both AGNs and star formation are
comparable in ionizing luminosity. We exclude this class for this
study and note that by removing this class of potential AGNs,
we may be removing an important phase in the AGN–galaxy
co-evolution at low redshift. The main problem with the com-
posite class is the lack of easily accessible spectral indicators
that would allow a clean separation of AGNs and star formation.

We are thus left with galaxies whose emission lines are
dominated by sources of ionization other than young stars. These

sources may be AGNs, but can also include slow-moving shocks
and gas excited by post-AGB stars and horizontal branch stars
(see Ho 2008; Stasińska et al. 2008; Sarzi et al. 2010). These
non-stellar sources are empirically divided into two branches, a
division that is most obvious in the [O i]/Hα diagram (Figure 2,
right). The lower branch of this population was first designated
as “low-ionization narrow emission-line regions,” or LINERs,
by Heckman (1980). The upper branch is identified with galaxies
hosting Type 2 (Seyfert) AGN.

Originally thought to be low-luminosity AGN, the nature of
the LINER ionization mechanism has since been debated, and it
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this extreme starburst line and the empirical pure starburst line
of Kauffmann et al. (2003b), there is a substantial population
of composite objects where both AGNs and star formation are
comparable in ionizing luminosity. We exclude this class for this
study and note that by removing this class of potential AGNs,
we may be removing an important phase in the AGN–galaxy
co-evolution at low redshift. The main problem with the com-
posite class is the lack of easily accessible spectral indicators
that would allow a clean separation of AGNs and star formation.

We are thus left with galaxies whose emission lines are
dominated by sources of ionization other than young stars. These

sources may be AGNs, but can also include slow-moving shocks
and gas excited by post-AGB stars and horizontal branch stars
(see Ho 2008; Stasińska et al. 2008; Sarzi et al. 2010). These
non-stellar sources are empirically divided into two branches, a
division that is most obvious in the [O i]/Hα diagram (Figure 2,
right). The lower branch of this population was first designated
as “low-ionization narrow emission-line regions,” or LINERs,
by Heckman (1980). The upper branch is identified with galaxies
hosting Type 2 (Seyfert) AGN.

Originally thought to be low-luminosity AGN, the nature of
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Nuit des Equinoxes, 23 Mars 2013

LE TNSM de NGC 1227
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Nuit des Equinoxes, 23 Mars 2013

Une masse estimée de 17 milliards de Msoleil
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Nuit des Equinoxes, 23 Mars 2013

Une masse estimée de 17 milliards de Msoleil

Trou Noir 
(4 jour-lumières)

Orbite Terre 
(17 minute-lumières)

Orbite Neptune 
(8.3 heure-lumières)
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Nuit des Equinoxes, 23 Mars 2013

Les TNSM “Actifs”
• Présents dans les régions centrales de 10% des galaxies. 

On les appelle: Noyaux Actifs de Galaxies (NAG)
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Nuit des Equinoxes, 23 Mars 2013

Les TNSM “Actifs”
• Présents dans les régions centrales de 10% des galaxies. 

On les appelle: Noyaux Actifs de Galaxies (NAG)

• Actifs?
Luminosité radio

Luminosité totale
(NAG) > 10 Luminosité radio

Luminosité totale
(Voie Lactée)

Luminosité X

Luminosité totale
(NAG) > 104 Luminosité X

Luminosité totale
(Voie Lactée)

•  Tout une zoologie: quasar, galaxies de Seyfert, blazar, ....

• La puissance rayonnée par un NAG ne peut s’expliquer que 
par l’accrétion de matière sur un trou noir super-massif
Luminosité entre 1043-1046 erg.s-1 correspond à 10-3-1 Msoleil par an
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Au plus proche du trou noir
Disques et Couronnes
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• Conservation du moment cinétique: matière en rotation

Disque: Théorie

• Pour tomber sur le trou noir, la matière doit perdre 
son moment cinétique (turbulence, frottement, etc…) 
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SSpectre du disque
Flux en fonction de la fréquence QFlux en fonction de la fréquence,�Q

BBB Bi Bl BTotal�disk�spectrum BBB= Big Blue Bump

og
�Q
*F
Q

Lo

L

Annular�BB�emission

39

Log�Q

• Théorie du disque d’accrétion (Sunyaev & Titarchuk 1973):  
• Chaque anneau du disque émet comme un corps noir

Disque: Théorie
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SSpectre du disque
Flux en fonction de la fréquence QFlux en fonction de la fréquence,�Q

BBB Bi Bl BTotal�disk�spectrum BBB= Big Blue Bump

og
�Q
*F
Q

Lo

L

Annular�BB�emission

39

Log�Q

• Théorie du disque d’accrétion (Sunyaev & Titarchuk 1973):  
• Chaque anneau du disque émet comme un corps noir

Disque: Théorie

Pour les NAG, émission dans !
l’optique-UV

UV-Optical Continuum
The superposition of these BB spectra will thus look like:

UV and optical should 
come from different part 

of the disk 

Thursday, 8 March 2012
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 Corps Noir

Le flot d’accretion rayonne en opt-UV comme un métal chauffé à 
blanc: émission de corps noir (à 100 000 degrés!)
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Energie

Des Disques Chauds
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FIG. 3. The dependence of the Kerr black body spectrum on various parameters. Unless indicated otherwise all parameters
were set to their fiducial values, a = 0.5, ◆ = ⇡/4, M = M�, Ṁ0
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As was the case for the line emission in Eq. 29, the ther-
mal spectrum in Eq. 36 is now in the form of an integral
over the disk in r and � coordinates; this was evaluated
numerically. Several example thermal spectra are shown
for the Kerr metric in Fig. 3.

The thermal spectra of the disk is the convolution be-
tween the line emission spectra and the Planck distribu-
tion. Since the Planck distribution contains no informa-
tion about the gravitational field the thermal spectra in
Fig. 3 contain the same information about the black hole
as the line spectra in Fig. 1, only significantly smoothed
out. Because of this smoothing it appears that the ther-
mal spectra are less distinctive, and that therefore it
would be harder to measure the parameters of the black
hole using thermal emission than line emission. How-
ever, the thermal spectra may be observed across a much
wider frequency range and at a larger signal-to-noise ra-
tio. Therefore it is not obvious a priori which method
o↵ers the best opportunity to constrain the metrics in
Sec. II. In practice the most suitable technique depends
upon the mass of the black hole; Iron line emission is typ-
ically most suitable for supermassive black holes whilst
thermal emission is used for the hotter disks around stel-
lar mass black holes. In rare instances both techniques
may be used simultaneosuly, and they have been demon-
strated to give consistent resuts [40]. Henceforth we con-
sider only the Iron line emission, and we leave a detailed
study of parameter estimation using thermal emission to

future work.

C. The e↵ect of lightbending

The formalism for calculating both the Iron line and
thermal emission outlined in the preceding sections as-
sumed that points in the image plane could be related
to points in the disk by straight lines, in the sense that
the Boyer-Lindquist-like coordinates were treated as if
they were spherical polar coordinates in flat space (these
assumptions are summarised in Eq. 28). As the light
originates from the strong gravitational field the e↵ects
of lightbending (including frame dragging, if a 6= 0) may
be significant.
On the other hand it may be hoped that the e↵ect of

lightbending will vary slowly with changing system pa-
rameters, ~✓. If this is the case then while the inclusion
of lightbending will have a significant impact on the ob-
served profile it will have only a limited e↵ect on our
ability to measure the disk parameters, and hence on our
ability to constrain deviations from the Kerr metric. In
the language of the Fisher matrix calculations in Sec. IV,
even if the spectra depends strongly on whether or not
lightbending is included if the derivatives of the spec-
tra do not then the fisher matrix remains unchanged. In
order to test the validity of this assumption a small num-
ber of calculations were performed including the e↵ect of
lightbending, and the results compared.
A method for ray-tracing photons from the image plane

to the disk was outlined in [41]. The method uses the
fact that the spacetime is stationary and axisymmetric
to write the t and � geodesic equations for the photon

Plus ça Tourne Plus c’est Chaud
• Pour un trou noir (M,a) l’émission totale est caractérisée 

par son rayon interne Rin et son taux d’accretion Mdot 8
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As was the case for the line emission in Eq. 29, the ther-
mal spectrum in Eq. 36 is now in the form of an integral
over the disk in r and � coordinates; this was evaluated
numerically. Several example thermal spectra are shown
for the Kerr metric in Fig. 3.

The thermal spectra of the disk is the convolution be-
tween the line emission spectra and the Planck distribu-
tion. Since the Planck distribution contains no informa-
tion about the gravitational field the thermal spectra in
Fig. 3 contain the same information about the black hole
as the line spectra in Fig. 1, only significantly smoothed
out. Because of this smoothing it appears that the ther-
mal spectra are less distinctive, and that therefore it
would be harder to measure the parameters of the black
hole using thermal emission than line emission. How-
ever, the thermal spectra may be observed across a much
wider frequency range and at a larger signal-to-noise ra-
tio. Therefore it is not obvious a priori which method
o↵ers the best opportunity to constrain the metrics in
Sec. II. In practice the most suitable technique depends
upon the mass of the black hole; Iron line emission is typ-
ically most suitable for supermassive black holes whilst
thermal emission is used for the hotter disks around stel-
lar mass black holes. In rare instances both techniques
may be used simultaneosuly, and they have been demon-
strated to give consistent resuts [40]. Henceforth we con-
sider only the Iron line emission, and we leave a detailed
study of parameter estimation using thermal emission to

future work.

C. The e↵ect of lightbending

The formalism for calculating both the Iron line and
thermal emission outlined in the preceding sections as-
sumed that points in the image plane could be related
to points in the disk by straight lines, in the sense that
the Boyer-Lindquist-like coordinates were treated as if
they were spherical polar coordinates in flat space (these
assumptions are summarised in Eq. 28). As the light
originates from the strong gravitational field the e↵ects
of lightbending (including frame dragging, if a 6= 0) may
be significant.
On the other hand it may be hoped that the e↵ect of

lightbending will vary slowly with changing system pa-
rameters, ~✓. If this is the case then while the inclusion
of lightbending will have a significant impact on the ob-
served profile it will have only a limited e↵ect on our
ability to measure the disk parameters, and hence on our
ability to constrain deviations from the Kerr metric. In
the language of the Fisher matrix calculations in Sec. IV,
even if the spectra depends strongly on whether or not
lightbending is included if the derivatives of the spec-
tra do not then the fisher matrix remains unchanged. In
order to test the validity of this assumption a small num-
ber of calculations were performed including the e↵ect of
lightbending, and the results compared.
A method for ray-tracing photons from the image plane

to the disk was outlined in [41]. The method uses the
fact that the spacetime is stationary and axisymmetric
to write the t and � geodesic equations for the photon
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Figure 1. (Bottom panel) Long term Swift 0.5-10 keV X-ray count rate, (Middle panel) X-ray hardness ratio, where H = 2-10 keV count
rate and S = 0.5-2 keV count rate and (Top Panel) UVW2 flux.

with a reprocessing model. Purely within the optical bands
Sergeev et al. (2005) and Cackett et al. (2007) measured
lags consistent with a reprocessing origin.

Shappee et al. (2014) observe for 50d with almost daily
sampling following NGC2617 in outburst. Here we report
on 554 observations of the Seyfert 1 galaxy NGC5548 over
a 750d period. These observations were largely made as a
result of our own proposals but also contain some archival
data from other programs (e.g. Kaastra et al. 2014). Our
observations were not scheduled to follow particular flares
and so are typical of the long term behaviour of NGC5548.
This AGN is already known to show a strong X-ray/V-band
correlation Uttley et al. (2003) but the V-band lag has not
yet been precisely defined and no simultaneous UV/X-ray
monitoring has yet taken place.

In Section 2 we discuss the Swift observations and
lightcurves and in Section 3 we discuss the interband correla-
tions and lags on both long and short timescales. In Section
4 we compare our lag measurements to those expected from
reprocessing from a standard Shakura & Sunyaev (1973) ac-
cretion disc model and in Section 5 we discuss the implica-
tions of our results for the origin of the variability in the
optical, UV and X-ray bands in Seyfert galaxies.

2 SWIFT OBSERVATIONS

The SWIFT X-ray observations are made by the X-ray Tele-
scope (XRT, Burrows et al. 2005) and UV and optical obser-
vations are made by the UV and Optical Telescope (UVOT,
Roming et al. 2005). The XRT observations were carried
out in photon-counting (PC) mode and UVOT observations
were carried out in image mode. These data were analysed
using our own pipeline which is based upon the standard

Swift analysis tasks as described in Cameron et al. (2012).
X-ray data are corrected for the effects of vignetting and
aperture losses and data obtained when the source was lo-
cated on known bad pixels, or with large flux error (> 0.15
count s−1) are rejected. Unless otherwise stated we use the
0.5-10 keV X-ray band. Occasional UVOT datapoints were
seen to lie 15% or more below the local mean, usually as
a result of extremely rapid drops. All such datapoints were
examined individually and some were found to be the result
of bad tracking and were rejected. The rest occur when the
image falls on particlar areas of the detector, suggesting one
or more bad pixels. All such data were removed.

Here we consider the long, well sampled, period from
MJD-50000 of 5960 to 6709 although there are a small num-
ber of earlier observations. Dates hereafter are in these units.
Observations, mostly of 1 ks though sometimes of 2 ks, typ-
ically occurred every 2 days although periods of less fre-
quent (4d) or more frequent (1d) sampling occurred. Each
observation was usually split into 2 or more individual visits,
improving time sampling. In total 554 visits were made. Af-
ter rejection of bad data 465 X-ray measurements remain,
with 300 occurring between Day 6383 and 6547. Initially
we restricted our UVOT observations to UVW2, following
guidelines to reduce filter wheel rotations. Later we relaxed
the rotation constraint and additional filters were used.

The UVW2 band was sampled in almost all visits and
the resultant X-ray count rate and hardness ratio (H = 2-
10 keV; S = 0.5-2 keV), and UVW2 flux lightcurves, at
the highest available time resolution, are shown in Fig 1.
(Kaastra et al. 2014, S4, show a 1 d binned version of this
figure). The gaps centred on 6220 and 6580 result from
Swift sun-angle constraints. We see a generally close corre-
spondence between the X-ray and UVW2 flux lightcurves
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Figure 1. (Bottom panel) Long term Swift 0.5-10 keV X-ray count rate, (Middle panel) X-ray hardness ratio, where H = 2-10 keV count
rate and S = 0.5-2 keV count rate and (Top Panel) UVW2 flux.

with a reprocessing model. Purely within the optical bands
Sergeev et al. (2005) and Cackett et al. (2007) measured
lags consistent with a reprocessing origin.

Shappee et al. (2014) observe for 50d with almost daily
sampling following NGC2617 in outburst. Here we report
on 554 observations of the Seyfert 1 galaxy NGC5548 over
a 750d period. These observations were largely made as a
result of our own proposals but also contain some archival
data from other programs (e.g. Kaastra et al. 2014). Our
observations were not scheduled to follow particular flares
and so are typical of the long term behaviour of NGC5548.
This AGN is already known to show a strong X-ray/V-band
correlation Uttley et al. (2003) but the V-band lag has not
yet been precisely defined and no simultaneous UV/X-ray
monitoring has yet taken place.

In Section 2 we discuss the Swift observations and
lightcurves and in Section 3 we discuss the interband correla-
tions and lags on both long and short timescales. In Section
4 we compare our lag measurements to those expected from
reprocessing from a standard Shakura & Sunyaev (1973) ac-
cretion disc model and in Section 5 we discuss the implica-
tions of our results for the origin of the variability in the
optical, UV and X-ray bands in Seyfert galaxies.

2 SWIFT OBSERVATIONS

The SWIFT X-ray observations are made by the X-ray Tele-
scope (XRT, Burrows et al. 2005) and UV and optical obser-
vations are made by the UV and Optical Telescope (UVOT,
Roming et al. 2005). The XRT observations were carried
out in photon-counting (PC) mode and UVOT observations
were carried out in image mode. These data were analysed
using our own pipeline which is based upon the standard

Swift analysis tasks as described in Cameron et al. (2012).
X-ray data are corrected for the effects of vignetting and
aperture losses and data obtained when the source was lo-
cated on known bad pixels, or with large flux error (> 0.15
count s−1) are rejected. Unless otherwise stated we use the
0.5-10 keV X-ray band. Occasional UVOT datapoints were
seen to lie 15% or more below the local mean, usually as
a result of extremely rapid drops. All such datapoints were
examined individually and some were found to be the result
of bad tracking and were rejected. The rest occur when the
image falls on particlar areas of the detector, suggesting one
or more bad pixels. All such data were removed.

Here we consider the long, well sampled, period from
MJD-50000 of 5960 to 6709 although there are a small num-
ber of earlier observations. Dates hereafter are in these units.
Observations, mostly of 1 ks though sometimes of 2 ks, typ-
ically occurred every 2 days although periods of less fre-
quent (4d) or more frequent (1d) sampling occurred. Each
observation was usually split into 2 or more individual visits,
improving time sampling. In total 554 visits were made. Af-
ter rejection of bad data 465 X-ray measurements remain,
with 300 occurring between Day 6383 and 6547. Initially
we restricted our UVOT observations to UVW2, following
guidelines to reduce filter wheel rotations. Later we relaxed
the rotation constraint and additional filters were used.

The UVW2 band was sampled in almost all visits and
the resultant X-ray count rate and hardness ratio (H = 2-
10 keV; S = 0.5-2 keV), and UVW2 flux lightcurves, at
the highest available time resolution, are shown in Fig 1.
(Kaastra et al. 2014, S4, show a 1 d binned version of this
figure). The gaps centred on 6220 and 6580 result from
Swift sun-angle constraints. We see a generally close corre-
spondence between the X-ray and UVW2 flux lightcurves
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Figure 1. (Bottom panel) Long term Swift 0.5-10 keV X-ray count rate, (Middle panel) X-ray hardness ratio, where H = 2-10 keV count
rate and S = 0.5-2 keV count rate and (Top Panel) UVW2 flux.

with a reprocessing model. Purely within the optical bands
Sergeev et al. (2005) and Cackett et al. (2007) measured
lags consistent with a reprocessing origin.

Shappee et al. (2014) observe for 50d with almost daily
sampling following NGC2617 in outburst. Here we report
on 554 observations of the Seyfert 1 galaxy NGC5548 over
a 750d period. These observations were largely made as a
result of our own proposals but also contain some archival
data from other programs (e.g. Kaastra et al. 2014). Our
observations were not scheduled to follow particular flares
and so are typical of the long term behaviour of NGC5548.
This AGN is already known to show a strong X-ray/V-band
correlation Uttley et al. (2003) but the V-band lag has not
yet been precisely defined and no simultaneous UV/X-ray
monitoring has yet taken place.

In Section 2 we discuss the Swift observations and
lightcurves and in Section 3 we discuss the interband correla-
tions and lags on both long and short timescales. In Section
4 we compare our lag measurements to those expected from
reprocessing from a standard Shakura & Sunyaev (1973) ac-
cretion disc model and in Section 5 we discuss the implica-
tions of our results for the origin of the variability in the
optical, UV and X-ray bands in Seyfert galaxies.

2 SWIFT OBSERVATIONS

The SWIFT X-ray observations are made by the X-ray Tele-
scope (XRT, Burrows et al. 2005) and UV and optical obser-
vations are made by the UV and Optical Telescope (UVOT,
Roming et al. 2005). The XRT observations were carried
out in photon-counting (PC) mode and UVOT observations
were carried out in image mode. These data were analysed
using our own pipeline which is based upon the standard

Swift analysis tasks as described in Cameron et al. (2012).
X-ray data are corrected for the effects of vignetting and
aperture losses and data obtained when the source was lo-
cated on known bad pixels, or with large flux error (> 0.15
count s−1) are rejected. Unless otherwise stated we use the
0.5-10 keV X-ray band. Occasional UVOT datapoints were
seen to lie 15% or more below the local mean, usually as
a result of extremely rapid drops. All such datapoints were
examined individually and some were found to be the result
of bad tracking and were rejected. The rest occur when the
image falls on particlar areas of the detector, suggesting one
or more bad pixels. All such data were removed.

Here we consider the long, well sampled, period from
MJD-50000 of 5960 to 6709 although there are a small num-
ber of earlier observations. Dates hereafter are in these units.
Observations, mostly of 1 ks though sometimes of 2 ks, typ-
ically occurred every 2 days although periods of less fre-
quent (4d) or more frequent (1d) sampling occurred. Each
observation was usually split into 2 or more individual visits,
improving time sampling. In total 554 visits were made. Af-
ter rejection of bad data 465 X-ray measurements remain,
with 300 occurring between Day 6383 and 6547. Initially
we restricted our UVOT observations to UVW2, following
guidelines to reduce filter wheel rotations. Later we relaxed
the rotation constraint and additional filters were used.

The UVW2 band was sampled in almost all visits and
the resultant X-ray count rate and hardness ratio (H = 2-
10 keV; S = 0.5-2 keV), and UVW2 flux lightcurves, at
the highest available time resolution, are shown in Fig 1.
(Kaastra et al. 2014, S4, show a 1 d binned version of this
figure). The gaps centred on 6220 and 6580 result from
Swift sun-angle constraints. We see a generally close corre-
spondence between the X-ray and UVW2 flux lightcurves
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Figure 1. (Bottom panel) Long term Swift 0.5-10 keV X-ray count rate, (Middle panel) X-ray hardness ratio, where H = 2-10 keV count
rate and S = 0.5-2 keV count rate and (Top Panel) UVW2 flux.

with a reprocessing model. Purely within the optical bands
Sergeev et al. (2005) and Cackett et al. (2007) measured
lags consistent with a reprocessing origin.

Shappee et al. (2014) observe for 50d with almost daily
sampling following NGC2617 in outburst. Here we report
on 554 observations of the Seyfert 1 galaxy NGC5548 over
a 750d period. These observations were largely made as a
result of our own proposals but also contain some archival
data from other programs (e.g. Kaastra et al. 2014). Our
observations were not scheduled to follow particular flares
and so are typical of the long term behaviour of NGC5548.
This AGN is already known to show a strong X-ray/V-band
correlation Uttley et al. (2003) but the V-band lag has not
yet been precisely defined and no simultaneous UV/X-ray
monitoring has yet taken place.

In Section 2 we discuss the Swift observations and
lightcurves and in Section 3 we discuss the interband correla-
tions and lags on both long and short timescales. In Section
4 we compare our lag measurements to those expected from
reprocessing from a standard Shakura & Sunyaev (1973) ac-
cretion disc model and in Section 5 we discuss the implica-
tions of our results for the origin of the variability in the
optical, UV and X-ray bands in Seyfert galaxies.

2 SWIFT OBSERVATIONS

The SWIFT X-ray observations are made by the X-ray Tele-
scope (XRT, Burrows et al. 2005) and UV and optical obser-
vations are made by the UV and Optical Telescope (UVOT,
Roming et al. 2005). The XRT observations were carried
out in photon-counting (PC) mode and UVOT observations
were carried out in image mode. These data were analysed
using our own pipeline which is based upon the standard

Swift analysis tasks as described in Cameron et al. (2012).
X-ray data are corrected for the effects of vignetting and
aperture losses and data obtained when the source was lo-
cated on known bad pixels, or with large flux error (> 0.15
count s−1) are rejected. Unless otherwise stated we use the
0.5-10 keV X-ray band. Occasional UVOT datapoints were
seen to lie 15% or more below the local mean, usually as
a result of extremely rapid drops. All such datapoints were
examined individually and some were found to be the result
of bad tracking and were rejected. The rest occur when the
image falls on particlar areas of the detector, suggesting one
or more bad pixels. All such data were removed.

Here we consider the long, well sampled, period from
MJD-50000 of 5960 to 6709 although there are a small num-
ber of earlier observations. Dates hereafter are in these units.
Observations, mostly of 1 ks though sometimes of 2 ks, typ-
ically occurred every 2 days although periods of less fre-
quent (4d) or more frequent (1d) sampling occurred. Each
observation was usually split into 2 or more individual visits,
improving time sampling. In total 554 visits were made. Af-
ter rejection of bad data 465 X-ray measurements remain,
with 300 occurring between Day 6383 and 6547. Initially
we restricted our UVOT observations to UVW2, following
guidelines to reduce filter wheel rotations. Later we relaxed
the rotation constraint and additional filters were used.

The UVW2 band was sampled in almost all visits and
the resultant X-ray count rate and hardness ratio (H = 2-
10 keV; S = 0.5-2 keV), and UVW2 flux lightcurves, at
the highest available time resolution, are shown in Fig 1.
(Kaastra et al. 2014, S4, show a 1 d binned version of this
figure). The gaps centred on 6220 and 6580 result from
Swift sun-angle constraints. We see a generally close corre-
spondence between the X-ray and UVW2 flux lightcurves
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Figure 8. Upper panel (lower panel): measured time lags between variations
in the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a clear trend that
redder bands have larger lags, with the UV, optical, and NIR lagging 2–3, 3–6,
and 6–9 days behind the X-rays, respectively. The black dashed and solid lines
show the best-fit power law and best-fit power law with a zero-point offset,
respectively.

(A color version of this figure is available in the online journal.)

Table 3
Measured Time Lags and Smoothing Scales

Band UV Lag X-Ray Lag UV Smoothing X-Ray Smoothing

days days

uvw2swift −0.00+0.04
−0.04 2.20+0.51

−0.39 0.21+0.14
−0.26 3.42+3.33

−0.67

uvm2swift 0.09+0.08
−0.11 2.51+0.38

−0.69 0.54+0.32
−0.55 3.52+1.79

−1.05

uvw1swift 0.72+0.18
−0.18 3.22+0.21

−0.22 2.65+0.84
−0.75 7.82+4.57

−0.85

u,Uswift 0.94+0.15
−0.15 3.32+0.23

−0.22 3.45+0.69
−0.74 8.19+0.66

−0.64

g, B, Bswift 0.68+0.19
−0.18 3.09+0.25

−0.26 2.67+1.01
−1.05 8.58+0.75

−0.75

V, Vswift 1.13+0.32
−0.31 3.41+0.44

−0.42 2.85+1.82
−2.40 8.90+2.79

−2.81

R, r 2.34+0.50
−0.85 4.78+1.87

−3.34 3.72+2.72
−3.62 7.69+6.23

−5.08

I, i 3.13+0.89
−1.79 4.88+1.17

−1.78 3.27+2.35
−3.95 8.88+3.18

−3.54

Z 2.55+0.39
−0.43 5.08+0.77

−1.08 4.42+2.92
−1.85 9.96+3.05

−1.50

Y 2.79+0.51
−0.64 5.49+1.16

−2.60 3.77+2.35
−2.69 9.08+7.26

−3.20

J 4.62+0.90
−1.80 6.36+0.85

−1.28 6.02+3.44
−7.81 7.40+3.91

−3.54

H 6.61+1.69
−2.38 7.59+1.52

−1.80 8.79+5.73
−10.86 10.76+5.68

−10.91

K 8.66+1.53
−1.00 8.42+1.14

−0.98 9.32+6.00
−11.91 11.05+9.63

−35.82

The measured time lags are presented in Table 3. The upper
panel (lower panel) of Figure 8 shows the measured time lags
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray)
flux and the redward photometric bands’ flux as a function of
wavelength. There is a clear trend that redder bands have larger

Figure 9. Upper panel: (lower panel:) measured widths for the transfer function
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a reasonably clear trend
that redder bands have wider transfer functions and thus smoother light curves.

(A color version of this figure is available in the online journal.)

lags, with the UV and NIR lagging 2–3 and 6–9 days behind the
X-rays, respectively. We then fit a power law and a power law
with a zero-point offset to the X-ray lags. The best fits are

tlag = (0.38 ± 0.19) ×
(

λ

nm

)0.37±0.08

days (2)

and

tlag =
(

(2.43 ± 0.46) + (2.5 ± 0.7) ×
(

λ

µm

)1.18±0.33
)

days,

(3)
where tlag is the time lag as a function of wavelength (λ),
respectively. The chi-square per degree of freedom for the fits
are 1.48 and 0.97, respectively. The F-test confidence level for
the addition of the temporal offset parameter is 94.2%. The zero-
point of the second fit (2.43±0.46 days) is in agreement with the
non-geometric delay required by the simple quantitative model
presented in Section 4 to reproduce the observed UV–NIR
light curves. Furthermore, depending on whether dissipation
or irradiation dominates, we would expect tlag ∝ λα with
4/3 ! α ! 2 (see Equation (4)). The results for Equation (3) are
consistent with the shallower slopes where dissipation remains
the dominant heating mechanism.

The JAVELIN models also smooth the reference light curves
with a top hat filter, and the wavelength-dependent top hat widths
are presented in Table 3 and shown in Figure 9. The upper
panel (lower panel) of Figure 9 shows the width of the transfer
function between the Swift’s UVOT uvw2-band (Swift’s XRT
X-ray) flux and the redward photometric bands’ flux as a
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Figure 8. Upper panel (lower panel): measured time lags between variations
in the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a clear trend that
redder bands have larger lags, with the UV, optical, and NIR lagging 2–3, 3–6,
and 6–9 days behind the X-rays, respectively. The black dashed and solid lines
show the best-fit power law and best-fit power law with a zero-point offset,
respectively.

(A color version of this figure is available in the online journal.)

Table 3
Measured Time Lags and Smoothing Scales

Band UV Lag X-Ray Lag UV Smoothing X-Ray Smoothing

days days

uvw2swift −0.00+0.04
−0.04 2.20+0.51

−0.39 0.21+0.14
−0.26 3.42+3.33

−0.67

uvm2swift 0.09+0.08
−0.11 2.51+0.38

−0.69 0.54+0.32
−0.55 3.52+1.79

−1.05

uvw1swift 0.72+0.18
−0.18 3.22+0.21

−0.22 2.65+0.84
−0.75 7.82+4.57

−0.85

u,Uswift 0.94+0.15
−0.15 3.32+0.23

−0.22 3.45+0.69
−0.74 8.19+0.66

−0.64

g, B, Bswift 0.68+0.19
−0.18 3.09+0.25

−0.26 2.67+1.01
−1.05 8.58+0.75

−0.75

V, Vswift 1.13+0.32
−0.31 3.41+0.44

−0.42 2.85+1.82
−2.40 8.90+2.79

−2.81

R, r 2.34+0.50
−0.85 4.78+1.87

−3.34 3.72+2.72
−3.62 7.69+6.23

−5.08

I, i 3.13+0.89
−1.79 4.88+1.17

−1.78 3.27+2.35
−3.95 8.88+3.18

−3.54

Z 2.55+0.39
−0.43 5.08+0.77

−1.08 4.42+2.92
−1.85 9.96+3.05

−1.50

Y 2.79+0.51
−0.64 5.49+1.16

−2.60 3.77+2.35
−2.69 9.08+7.26

−3.20

J 4.62+0.90
−1.80 6.36+0.85

−1.28 6.02+3.44
−7.81 7.40+3.91

−3.54

H 6.61+1.69
−2.38 7.59+1.52

−1.80 8.79+5.73
−10.86 10.76+5.68

−10.91

K 8.66+1.53
−1.00 8.42+1.14

−0.98 9.32+6.00
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The measured time lags are presented in Table 3. The upper
panel (lower panel) of Figure 8 shows the measured time lags
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray)
flux and the redward photometric bands’ flux as a function of
wavelength. There is a clear trend that redder bands have larger

Figure 9. Upper panel: (lower panel:) measured widths for the transfer function
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a reasonably clear trend
that redder bands have wider transfer functions and thus smoother light curves.

(A color version of this figure is available in the online journal.)

lags, with the UV and NIR lagging 2–3 and 6–9 days behind the
X-rays, respectively. We then fit a power law and a power law
with a zero-point offset to the X-ray lags. The best fits are

tlag = (0.38 ± 0.19) ×
(

λ

nm

)0.37±0.08

days (2)

and

tlag =
(

(2.43 ± 0.46) + (2.5 ± 0.7) ×
(

λ

µm

)1.18±0.33
)

days,

(3)
where tlag is the time lag as a function of wavelength (λ),
respectively. The chi-square per degree of freedom for the fits
are 1.48 and 0.97, respectively. The F-test confidence level for
the addition of the temporal offset parameter is 94.2%. The zero-
point of the second fit (2.43±0.46 days) is in agreement with the
non-geometric delay required by the simple quantitative model
presented in Section 4 to reproduce the observed UV–NIR
light curves. Furthermore, depending on whether dissipation
or irradiation dominates, we would expect tlag ∝ λα with
4/3 ! α ! 2 (see Equation (4)). The results for Equation (3) are
consistent with the shallower slopes where dissipation remains
the dominant heating mechanism.

The JAVELIN models also smooth the reference light curves
with a top hat filter, and the wavelength-dependent top hat widths
are presented in Table 3 and shown in Figure 9. The upper
panel (lower panel) of Figure 9 shows the width of the transfer
function between the Swift’s UVOT uvw2-band (Swift’s XRT
X-ray) flux and the redward photometric bands’ flux as a
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Figure 8. Upper panel (lower panel): measured time lags between variations
in the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a clear trend that
redder bands have larger lags, with the UV, optical, and NIR lagging 2–3, 3–6,
and 6–9 days behind the X-rays, respectively. The black dashed and solid lines
show the best-fit power law and best-fit power law with a zero-point offset,
respectively.

(A color version of this figure is available in the online journal.)

Table 3
Measured Time Lags and Smoothing Scales

Band UV Lag X-Ray Lag UV Smoothing X-Ray Smoothing

days days

uvw2swift −0.00+0.04
−0.04 2.20+0.51

−0.39 0.21+0.14
−0.26 3.42+3.33

−0.67

uvm2swift 0.09+0.08
−0.11 2.51+0.38

−0.69 0.54+0.32
−0.55 3.52+1.79

−1.05

uvw1swift 0.72+0.18
−0.18 3.22+0.21

−0.22 2.65+0.84
−0.75 7.82+4.57

−0.85

u,Uswift 0.94+0.15
−0.15 3.32+0.23

−0.22 3.45+0.69
−0.74 8.19+0.66

−0.64

g, B, Bswift 0.68+0.19
−0.18 3.09+0.25

−0.26 2.67+1.01
−1.05 8.58+0.75

−0.75

V, Vswift 1.13+0.32
−0.31 3.41+0.44

−0.42 2.85+1.82
−2.40 8.90+2.79

−2.81

R, r 2.34+0.50
−0.85 4.78+1.87

−3.34 3.72+2.72
−3.62 7.69+6.23

−5.08

I, i 3.13+0.89
−1.79 4.88+1.17

−1.78 3.27+2.35
−3.95 8.88+3.18

−3.54

Z 2.55+0.39
−0.43 5.08+0.77

−1.08 4.42+2.92
−1.85 9.96+3.05

−1.50

Y 2.79+0.51
−0.64 5.49+1.16

−2.60 3.77+2.35
−2.69 9.08+7.26

−3.20

J 4.62+0.90
−1.80 6.36+0.85

−1.28 6.02+3.44
−7.81 7.40+3.91

−3.54

H 6.61+1.69
−2.38 7.59+1.52

−1.80 8.79+5.73
−10.86 10.76+5.68

−10.91

K 8.66+1.53
−1.00 8.42+1.14

−0.98 9.32+6.00
−11.91 11.05+9.63

−35.82

The measured time lags are presented in Table 3. The upper
panel (lower panel) of Figure 8 shows the measured time lags
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray)
flux and the redward photometric bands’ flux as a function of
wavelength. There is a clear trend that redder bands have larger

Figure 9. Upper panel: (lower panel:) measured widths for the transfer function
between the Swift’s UVOT uvw2-band (Swift’s XRT X-ray) flux and the redder
photometric bands as a function of wavelength. There is a reasonably clear trend
that redder bands have wider transfer functions and thus smoother light curves.

(A color version of this figure is available in the online journal.)

lags, with the UV and NIR lagging 2–3 and 6–9 days behind the
X-rays, respectively. We then fit a power law and a power law
with a zero-point offset to the X-ray lags. The best fits are

tlag = (0.38 ± 0.19) ×
(

λ

nm

)0.37±0.08

days (2)

and

tlag =
(

(2.43 ± 0.46) + (2.5 ± 0.7) ×
(

λ

µm

)1.18±0.33
)

days,

(3)
where tlag is the time lag as a function of wavelength (λ),
respectively. The chi-square per degree of freedom for the fits
are 1.48 and 0.97, respectively. The F-test confidence level for
the addition of the temporal offset parameter is 94.2%. The zero-
point of the second fit (2.43±0.46 days) is in agreement with the
non-geometric delay required by the simple quantitative model
presented in Section 4 to reproduce the observed UV–NIR
light curves. Furthermore, depending on whether dissipation
or irradiation dominates, we would expect tlag ∝ λα with
4/3 ! α ! 2 (see Equation (4)). The results for Equation (3) are
consistent with the shallower slopes where dissipation remains
the dominant heating mechanism.

The JAVELIN models also smooth the reference light curves
with a top hat filter, and the wavelength-dependent top hat widths
are presented in Table 3 and shown in Figure 9. The upper
panel (lower panel) of Figure 9 shows the width of the transfer
function between the Swift’s UVOT uvw2-band (Swift’s XRT
X-ray) flux and the redward photometric bands’ flux as a
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Une Couronne Thermique
Compton process

Relativistic Disc Lines are a common feature  
of luminous accreting black holes 

Strong gravitational effects (redshift, 
light bending etc) are INEVITABLE 

Couronne

Disque

•Les photons UV du disque sont 
comptonisés par les électrons 
chauds de la couronne

•En quelques intéractions, les 
photons UV deviennents des 
photons X
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Une Couronne très Chaude
Compton process

Relativistic Disc Lines are a common feature  
of luminous accreting black holes 

Strong gravitational effects (redshift, 
light bending etc) are INEVITABLE 

Couronne

Disque

•Spectre en loi de puissance 
coupé exponentiellement

FE / E��
exp

✓
� E

Ec

◆

•Ec de l’ordre de la température 
des électrons de la couronne
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Fig. 1.— Photon index distribution of the entire sample. The dashed lines represent the parameter

dispersion area.

– 16 –

Fig. 2.— High energy cut-off distribution of the entire sample. The diagonally hatched histogram

represents sources for which only lower limits of Ec are available.

Malizia et al. (2013)
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Parker et al. (2014)

Effets relativistes

•Mkn 335 observé par NuSTAR 
dans un état de bas flux

•Spectre consistent avec une 
couronne entre 2 et 10 Rg au 
dessus du disque

•Trou noir proche d’un trou noir 
de Kerr en rotation maximale

Mkn 335
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Modulating Fe K emission in NGC3516 3

Figure 1. Light curves of the source flux (upper panel), the Fe K red feature
(middle panel), and the 6.4 keV line core (bottom panel). The source flux
is measured in count rate in the 0.3–10 keV band with 2-ks resolution. The
light curve of the background in the same energy band, normalised by the
extraction area on the detector, is also shown in solid histogram. The line
fluxes are measured by integrating excess emission over 5.8–6.2 keV for the
red feature and 6.2–6.5 keV for the line core, obtained from the smoothed
5-ks resolution image of excess emission in the time-energy plane.

Figure 2. The folded light curve of the red feature. Two cycles are shown
for clarity. One cycle is 25 ks. The same light curve obtained from the un-
smoothed data is also shown in dotted line.

four cycles. In contrast, the 6.4 keV line core remains largely con-
stant, apart from a possible increase delayed from the ’on’ phase in
the red feature by a few ks.

Folding the light curve of the red feature strongly suggests a
characteristic interval of 25(±5) ks. Fig. 2 shows the folded light
curve of the red feature, as well as the one obtained from the orig-
inal unsmoothed data of the 5-ks fragments by folding on a 25 ks
interval. This verifies that the apparent periodic behaviour of the
red feature is not an artifact of the image filtering. However, a mere
four cycles do not secure a periodicity. Whether random noise can
produce spurious periodic variations such as observed at a signifi-
cant probability is investigated by simulations below.

3.4 Error estimate and significance of the red feature
variability

When Gaussian smoothing is applied, the independence of indi-
vidual pixels is compromised (not by a great degree in our case
of weak smoothing). This means that simple counting statistics no
longer applies for estimating the error of the flux measurements.
We therefore performed extensive simulations of the line flux mea-
surements, as detailed below.

In each simulation run, both the 6.4 keV line-core and the red
feature were assumed to stay constant at the flux observed in the
time averaged spectrum throughout seventeen time-intervals. The
normalisation of the power law continuum was set to follow the
0.3–10 keV light curve. From these simulated spectra, an image of
the excess emission in the time–energy plane were obtained and
then smoothed, from which light curves of the two line-bands were
extracted, through exactly the same procedure as applied for the
real data. The variance of each light curve was recorded. This pro-
cess was repeated 1000 times.

Since the line flux is kept constant in each simulation, the vari-
ance of the individual light curves represents the measurement un-
certainty. The mean variance of the 1000 simulations was computed
and the standard deviation is adopted as the measurement error. Fol-
lowing this procedure, the errors of the line fluxes for the red fea-
ture and for the 6.4 keV line core are 0.36×10−5 ph s−1 cm−2 and
0.38 × 10−5 ph s−1 cm−2, respectively. With these errors, we can
now assess the significance of the variability in the two line-bands
(Fig. 1).

The χ2 test shows that a hypothesis of the 6.4 keV core flux
being constant is acceptable. In contrast, the light curve of the red
feature is not consistent with being constant with χ2 = 36.0 for 16
degrees of freedom. Because of the issue of the pixel independence,
the χ2 value does not directly translate into a confidence level. The
significance of the red feature variability can instead be estimated
by comparing the χ2 values against a constant hypothesis for the
real data and the 1000 simulations, or by comparing the variances
directly. We find about 3 per cent of the simulations to exhibit vari-
ability at the same level as the real data, and therefore conclude
that the variability of the red feature is significant at the 97 per cent
confidence level.

Assuming now that the red feature is significantly variable, we
examine how likely this is to occur on a 25-ks timescale. Folding
the red feature light curve with the interval of 25 ks (Fig. 2) gives
χ2 = 24.5 for 4 degrees of freedom. Due to the same limitation
to the statistics mentioned above, we only take the false probabil-
ity of 0.1 per cent, which would normally be inferred by the above
χ2 value, as a target figure for χ2 tests, and examined what frac-
tion of the simulated red-feature light curves exhibit similar level
of periodic behaviour for assessing the significance. The simulated
red-feature light curves were folded with six trial periods between
15 ks and 40 ks at a 5-ks step, and χ2 values for the folded light
curves were recorded. We find 0.2 per cent show comparable or
larger significance compared to the real data. This is however lim-
ited to the largest trial period of 40 ks. None of the 1000 simulations
show comparable periodic signals to the real data for the trial peri-
ods of 35 ks or shorter. The same results were obtained from direct
comparisons of variances of the folded light curves. This is because
the smoothing suppresses the higher frequency (shorter time-scale)
noise and allows the remaining random noise to manifest itself as
spurious periodic variations only on long time scales. The above
test indicates it is unlikely for random noise to produce the cyclic
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Modulating Fe K emission in NGC3516 3

Figure 1. Light curves of the source flux (upper panel), the Fe K red feature
(middle panel), and the 6.4 keV line core (bottom panel). The source flux
is measured in count rate in the 0.3–10 keV band with 2-ks resolution. The
light curve of the background in the same energy band, normalised by the
extraction area on the detector, is also shown in solid histogram. The line
fluxes are measured by integrating excess emission over 5.8–6.2 keV for the
red feature and 6.2–6.5 keV for the line core, obtained from the smoothed
5-ks resolution image of excess emission in the time-energy plane.

Figure 2. The folded light curve of the red feature. Two cycles are shown
for clarity. One cycle is 25 ks. The same light curve obtained from the un-
smoothed data is also shown in dotted line.

four cycles. In contrast, the 6.4 keV line core remains largely con-
stant, apart from a possible increase delayed from the ’on’ phase in
the red feature by a few ks.

Folding the light curve of the red feature strongly suggests a
characteristic interval of 25(±5) ks. Fig. 2 shows the folded light
curve of the red feature, as well as the one obtained from the orig-
inal unsmoothed data of the 5-ks fragments by folding on a 25 ks
interval. This verifies that the apparent periodic behaviour of the
red feature is not an artifact of the image filtering. However, a mere
four cycles do not secure a periodicity. Whether random noise can
produce spurious periodic variations such as observed at a signifi-
cant probability is investigated by simulations below.

3.4 Error estimate and significance of the red feature
variability

When Gaussian smoothing is applied, the independence of indi-
vidual pixels is compromised (not by a great degree in our case
of weak smoothing). This means that simple counting statistics no
longer applies for estimating the error of the flux measurements.
We therefore performed extensive simulations of the line flux mea-
surements, as detailed below.

In each simulation run, both the 6.4 keV line-core and the red
feature were assumed to stay constant at the flux observed in the
time averaged spectrum throughout seventeen time-intervals. The
normalisation of the power law continuum was set to follow the
0.3–10 keV light curve. From these simulated spectra, an image of
the excess emission in the time–energy plane were obtained and
then smoothed, from which light curves of the two line-bands were
extracted, through exactly the same procedure as applied for the
real data. The variance of each light curve was recorded. This pro-
cess was repeated 1000 times.

Since the line flux is kept constant in each simulation, the vari-
ance of the individual light curves represents the measurement un-
certainty. The mean variance of the 1000 simulations was computed
and the standard deviation is adopted as the measurement error. Fol-
lowing this procedure, the errors of the line fluxes for the red fea-
ture and for the 6.4 keV line core are 0.36×10−5 ph s−1 cm−2 and
0.38 × 10−5 ph s−1 cm−2, respectively. With these errors, we can
now assess the significance of the variability in the two line-bands
(Fig. 1).

The χ2 test shows that a hypothesis of the 6.4 keV core flux
being constant is acceptable. In contrast, the light curve of the red
feature is not consistent with being constant with χ2 = 36.0 for 16
degrees of freedom. Because of the issue of the pixel independence,
the χ2 value does not directly translate into a confidence level. The
significance of the red feature variability can instead be estimated
by comparing the χ2 values against a constant hypothesis for the
real data and the 1000 simulations, or by comparing the variances
directly. We find about 3 per cent of the simulations to exhibit vari-
ability at the same level as the real data, and therefore conclude
that the variability of the red feature is significant at the 97 per cent
confidence level.

Assuming now that the red feature is significantly variable, we
examine how likely this is to occur on a 25-ks timescale. Folding
the red feature light curve with the interval of 25 ks (Fig. 2) gives
χ2 = 24.5 for 4 degrees of freedom. Due to the same limitation
to the statistics mentioned above, we only take the false probabil-
ity of 0.1 per cent, which would normally be inferred by the above
χ2 value, as a target figure for χ2 tests, and examined what frac-
tion of the simulated red-feature light curves exhibit similar level
of periodic behaviour for assessing the significance. The simulated
red-feature light curves were folded with six trial periods between
15 ks and 40 ks at a 5-ks step, and χ2 values for the folded light
curves were recorded. We find 0.2 per cent show comparable or
larger significance compared to the real data. This is however lim-
ited to the largest trial period of 40 ks. None of the 1000 simulations
show comparable periodic signals to the real data for the trial peri-
ods of 35 ks or shorter. The same results were obtained from direct
comparisons of variances of the folded light curves. This is because
the smoothing suppresses the higher frequency (shorter time-scale)
noise and allows the remaining random noise to manifest itself as
spurious periodic variations only on long time scales. The above
test indicates it is unlikely for random noise to produce the cyclic
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Relativistic Disc Lines are a common feature  
of luminous accreting black holes 

Strong gravitational effects (redshift, 
light bending etc) are INEVITABLE 

Couronne

Disque

Observateur

Réflexion

Réverbération
Retard temporel le entre 
l’émission de la couronne et 
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De Marco+13 

Soft lags are common and require 
emission + reflection from within   

                few rg 

•Retard de quelques centaines 
de secondes

•En accord avec une source X 
à une hauteur de quelques Rg 
au dessus du disque
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Type 2

Type 1

H" H#

H$

[OIII]

Des Raies Larges ou pas…
•Certains NAG ont des raies 

larges dans leurs spectres 
optiques, d’autres non.

•Raies larges et ionisées 
signatures de matière en 
mouvement (~104 km/s) 
chauffée à ~20 000 K.

•Raies étroites et ionisées 
signatures de matière en 
mouvement (~500 km/s) 
chauffée à ~16 000 K.
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Le Modèle d’Unification

Tore!
poussière

BLR!
(Broad Line Region)

NLR!
(Narrow Line Region)

Type 1!
lumière polarisée

• A grand angle, seule la lumière provenant 
de la BLR et réfléchie (i.e. polarisée) sur 
la matière environnante serait visible

Type 1• Les raies larges proviennent de la BLR 
(Broad Line Region), proche du trou noir. 
Les raies étroites de la NLR (Narrow 
Line Region), bien plus loin du trou noir  
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Type 2• A grand angle seule la 
NLR est visible
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Une Forte Emission IR
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FIG. 3.— Model spectra for a torus of clouds, each with optical depth
τV = 60. Radial distribution with q = 1 out to Y = 30, with N0 = 5 clouds
along radial equatorial rays (see eq. 2). The angular distribution is sharp-
edged in the top panel, Gaussian in the bottom one (cf. fig. 1); both have a
width parameter σ = 45◦. Different curves show viewing angles that vary
in 10◦ steps from pole-on (i = 0◦) to edge-on (i = 90◦). Fluxes scaled with
FAGN = L/4πD2.

is not observed in their sample; the dichotomy is present even
in model geometries with soft edges because the exp(−τ ) at-
tenuation factor varies rapidly, resulting in a sharp transition
around τ ∼ 1 between dusty and dust-free viewing. As is
evident from the lower panel of fig. 3, this SED dichotomy
problem is solved by soft-edge clumpy tori. Therefore, in the
following we consider only Gaussian angular distributions.

3.2. Observations and Model Parameters

As discussed in the Introduction, torus IR observations are
hampered by uncertainties that are partially alleviated by con-
sidering composite spectra. Figure 4 shows compilations of
type 1 and type 2 data and some representative models, up-
dating a similar figure presented in Nenkova et al. (2002). The
type 1 data additionally include the recent Spitzer composite
spectra from Hao et al. (2007) and Netzer et al. (2007). The
close agreement between these two SEDs in their common
spectral region, λ = 5–38µm, indicates that they may have
captured the torus emission in outline, if not in details. The
upturn around 60µm in the Netzer et al spectrum likely re-
flects the transition to starburst dominance. To ensure the
smallest possible apertures in type 2 sources, the data for in-
dividual objects are mostly limited to ground based and HST
observations. The data in both panels of this figure display
the general characteristics that have to be reproduced by the
same models in pole-on and edge-on viewing. The updated
models plotted with the data differ from the original ones in
Nenkova et al. (2002) in three significant ways: (1) the optical
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FIG. 4.— Observations of type 1 and type 2 sources compared with clumpy
torus model spectra. The type 1 composite data are from Sanders et al.
(1989), Elvis et al. (1994), Hao et al. (2007) and Netzer et al. (2007). The
type 2 data are from the following sources: a) Mason et al. (2006); b) var-
ious observations with aperture ≤ 0.5′′ listed in Mason et al. (2006); c)
Alonso-Herrero et al. (2003); d) Prieto et al. (2004). In the model calcula-
tions, plotted with broken lines, each cloud has optical depth τV = 30. Other
parameters are σ = 30◦ , q = 0–3, as marked, Y = 30 and N0 = 5. The angular
distribution in this and all subsequent figures is Gaussian. The models in the
upper panel are for pole-on viewing (i = 0◦), in the bottom panel for edge-on
(i = 90◦).

properties of the silicate component of the dust are taken from
the tabulation for “cool” silicates in Ossenkopf et al. (1992)
instead of the Draine & Lee (1984) dust; (2) the clouds angu-
lar distribution is Gaussian rather than sharp-edged; and (3)
the torus radial thickness Y is 30 instead of 100. As is evident
from the figure, the model spectra are generally in reasonable
agreement with the data.

We produced a large number of models for various param-
eter sets4, and we now present model results and discuss their
observational implications. The models are characterized by
free parameters that describe individual clouds (τV ), control
the total number of clouds (N0) and specify the geometrical
properties of their angular and radial spatial distributions (σ,
q and Y ). Note that, except for N0, smooth-density models
also require all of these parameters to describe the dust dis-
tribution. In the following, the parameters are varied one at
a time, and from comparison with observations we attempt to
identify the likely range of each of them. The effect of the ra-
dial thickness parameter Y is described separately in the next
section (§4), devoted to a discussion of the torus size.

3.3. Single Cloud Optical Depth

4 Tabulations of all the models discussed here as well as many additional
cases are available at http://www.pa.uky.edu/clumpy/

•S igna tu res de pouss iè res 
chaudes (raies silicates en 
absorption)

•Peu compatibles avec un tore, 
mais plutôt avec un ensemble de 
petits nuages

37



38



39



NGC 1068

Gratadour et al. (2015)

Cone  
d’ionisation

40



NGC 1068

Gratadour et al. (2015)

Cone  
d’ionisation

55 pc20 pc

40



L’Aide de l’Interférométrie

VLTI, Paranal, Chili

41



K. R. W. Tristram et al.: The dusty torus in the Circinus galaxy

the data using small sequences of uv points instead of individual
uv points before fitting the resampled data. The errors listed in
Table 4 are directly estimated from the bootstrap distribution of
the respective parameter and mark the 68.3% (1σ) confidence
intervals.

Our model can fit the data on the shortest baselines very well,
which means that it reproduces the low spatial frequencies of
the source adequately. On longer baselines, however, the data is
not well reproduced by our model. This is predominantly due
to small scale variations of the correlated fluxes and differen-
tial phases at longer baselines (cf. Fig.4), which cannot be re-
produced by our smooth model. We interpret these variations as
signatures for small scale structures that our model obviously
cannot replicate.

Finally, a few remarks on degeneracies: several parameters
of our model are not independent. The clearest example is the
degeneracy between the temperature Ti and the surface filling
factor fi. Because we are fitting a narrow wavelength range
(8 µm < λ < 13 µm), the temperatures of our dust components
are not well constrained. A small change in temperature has a
direct influence on the brightness of the source, which can be
compensated by changing the surface filling factor. Similar de-
generacies are present between the size and the axis ratio of the
source, which all change the emitted flux density. Depending on
how well these parameters are constrained by the interferometric
measurements, these parameters can become degenerate.

5. Discussion

5.1. Morphology

The direct analysis of the data (Sect. 3) and our modelling
(Sect. 4) confirm that the mid-infrared emission in the nucleus
of the Circinus galaxy comes from at least two distinct compon-
ents: a highly elongated, compact “disk-like” component and a
moderately elongated, extended component. To some degree, the
distinction between the two components is suggested by the two
different regimes of the correlated fluxes as a function of the
projected baseline length (see Sect. 3.1). Primarily, however, the
distinction is suggested by the different orientations of the two
components: the two components are elongated roughly perpen-
dicular to one another. Two clearly separated emission compon-
ents have also been found in NGC 1068 and NGC 3783 (Raban
et al. 2009; Hönig et al. 2013), and a two-component morpho-
logy in the infrared appears to be common to a large number of
AGN (Kishimoto et al. 2011b; Burtscher et al. 2013).

We interpret the mid-infrared emission as emission from
warm dust in the context of the hydrodynamic models of dusty
tori in AGN by Schartmann et al. (2009), Wada et al. (2009) and
Wada (2012). These models find a relatively cold, geometrically
thin and very turbulent disk in the mid-plane of the torus, sur-
rounded by a filamentary structure. The latter consists of long
radial filaments with a hot tenuous medium in between. We as-
sociate the central, highly elongated component in the Circinus
nucleus with the dense disk in these simulations, and we inter-
pret the extended mid-infrared emission in the context of the fil-
amentary torus structure seen in these models.

A false-colour image of our best fitting model (fit 3) is shown
in Fig. 7, with the model images at 13.0 µm, 10.5 µm and 8.0 µm
mapped to the red, green and blue channels of the image, re-
spectively.

When interpreting our observations, we have to take into ac-
count that the emission is dominated by the warmest dust at a
certain location, which normally comes from the dust clouds dir-
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Figure 7. False-colour image of the three-component model for
the mid-infrared emission of the nucleus of the Circinus galaxy
(fit 3). The colours red, green and blue correspond to the model
at 13.0 µm, 10.5 µm and 8.0 µm, respectively. The colour scal-
ing is logarithmic in order to show both bright as well as faint
features. Clearly the colour gradient of the extended component
due to the increase in the silicate depth towards the south-east
is visible. This colour gradient leads to a chromatic photocentre
shift towards the north-west. Despite the lower surface bright-
ness, 80% of the emission comes from the extended component.
Also plotted is the trace of the water maser disk: the blue and
red parts trace the approaching and receding sides of the maser
disk respectively. Note that the relative offset of the mid-infrared
emission with respect to the maser disk is not known (see text
for details).

ectly illuminated by the central UV source. There are probably
also considerable amounts of cooler dust. However, the cooler
material only contributes insignificantly to the infrared emission
(see also Sect. 5.3).

5.1.1. The disk-like component

The disk-like component is highly elongated and has a major
axis FWHM of ∆2 ∼ 1.1 pc. Due to the strong position angle
dependency of the correlated fluxes for the longest baselines,
the position angle of the major axis is very well constrained:
ψ2 = 46 ± 3°. The strong elongation of this component with an
axis ratio of more than 6 : 1 at first suggests an interpretation
as a highly inclined disk, as in Tristram et al. (2007). This in-
terpretation is supported by the close agreement in orientation
and size of this component with the warped maser disk from
Greenhill et al. (2003). The masers were modelled by a thin disk
extending from rin ∼ 0.1 pc to rout ∼ 0.4 pc. The maser disk is
warped with the position angle changing from 29° ± 3° at rin to
56° ± 6° at rout. With a position angle of ψ2 ∼ 46°, our disk-like
component now matches this orientation much better than pre-
viously. The larger size of the mid-infrared disk as compared to
the maser disk could be evidence of the disk extending out to

12

Tristram et al. (2013)
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Figure 9. Picture summarising the multi-wavelength structures on parsec-
scales in the nucleus of NGC 1068. The FWHM of the compact dust (com-
ponent 1) is sketched in red, centred around the H 2O maser spots and 5GHz
radio emission, both from Gallimore et al. (2004). Contour levels below the
FWHM level have been removed to allow a better comparison between the
radio and the mid-infrared. The ionization cones inferred from spectroscopy
by Das et al. (2006) are shown in yellow, and the HST [OIII] (reduced in
scale by a factor ∼ 100) image contours (Evans et al. 1991) are shown in
blue to indicate the visual orientation of the cone.

tions proved that NGC 1068 harbours an obscured Seyfert I nu-
cleus, and led to the AGN unification model, at least in its most
simple form, uniting Seyfert I & II nuclei. This is the object for
which the obscuring dusty torus was originally invented. The pre-
vious sections have described the appearance of this structure at
mid-infrared wavelengths and sub-parsec scales, and its geometric
relation to structures seen at other wavelengths.

The literature on the spectrum of NGC 1068, both observa-
tional and theoretical, is very extensive. Many authors have mod-
elled the production of the overall SED of the galaxy within the
context of the unified theories. Without detailed structural obser-
vations, however, they have found the problem underconstrained.
The early interferometric work of J04 and W04 led modellers of
the emitted spectrum in the direction of collections of optically
thick inhomogeneous (“clumpy”) systems. Following the pioneer-
ing work of Nenkova et al. (2002) on clumpy models, Hönig et al.
(2006) and Schartmann et al. (2008) showed that three-dimensional
radiative transfer models of clumpy tori were consistent with the
low spatial resolution SED data and the J04 interferometric data of
NGC 1068. The Hönig et al. (2006) model of a torus with an in-
clination of i = 55◦ is also able to fit the K-band measurements of
W04 to a factor of 2 in correlated flux. In a later work (Hönig et al.
(2007)) the authors have revised the inclination angle of the torus
to i = 70◦, this time providing excellent fits to both the SED and
the previous interferometric N-band data, though still falling short
of reproducing the K-band interferometric data. Most recently, a
model with an edge-on torus (i = 90◦) was presented (Hönig et al.
(2008)). This model was fitted to the SED and one of the interfero-
metric data points of J04, reproducing a good fit to the former, and
a fit correct to a factor of ∼2 for the latter. Their most important
conclusion is that the random cloud arrangement has a significant
effect on the SED and images, providing remarkably different SEDs
for different cloud arrangements and for the same set of large-scale
torus parameters. This accounts for the difficulty in determining the
inclination angle.

The observational material presented here is considerably
more detailed than that which was available to the authors cited
above, and the results of their simulations of the production and
redistribution of the radiative energy are generally not presented in
a form that can be directly compared to our measured correlated
fluxes as a function of wavelength and baseline and position an-
gle. Hence, while these models seem globally consistent with our
present data, we refrain from considering whether any of them do
or do not fit it in detail. Rather we focus on the physical struc-
tures we observe and their relations to the surrounding AGN com-
ponents. We also consider the similarities and differences of the
results for NGC 1068 with those of the nearby Circinus Seyfert II
galaxy, (Tristram et al. 2007), and compare the implications of our
N-band data with those measured on the same galaxy by W04 in
the K-band.

5.1 The inclination and thickness of the dust

In this section we argue that the nuclear dust structure in NGC 1068
is circum-nuclear and inclined edge-on, and therefore its observed
size and the 3:1 ratio of its major/minor axis is indicative of the
thickness of its inner part rather than a projection effect of an
inclined disk. Our main argument here is that the dust and the
maser disk are co-spatial, and since the masers are seen edge-on,
so is the dust. The possibility of detecting the hot dust through the
cold dust that surrounds it has been demonstrated by several recent
three dimensional radiative transfer calculation of tori:
Schartmann et al. (2005) find that “in a homogeneous dust distri-
bution the observed mid-infrared emission is dominated by the
inner funnel of the torus, even when observing along the equatorial
plane”. Similar results are also found by Hönig et al. (2006) and
discussed in more detail in section 4.6. We show that this scenario
of an edge-on geometrically thick torus not only agrees with 3D
radiative transfer models, but also is consistent with other observed
structures on milliarcseconds scales:
(a) The position angle of component 1 is virtually the same as the
PA of the western maser spots. This can hardly be a coincidence.
The theoretical relationship between water maser excitation and
warm molecular dust has been well established (Neufeld et al.
1994, for example), and the masers are indeed expected to be
embedded in warm (>600K) molecular dust.
(b) Apart from the position angle, the inner radius of the maser
disk is approximately the radius at which dust sublimes (Greenhill
1998). Dust reverberation modelling for the maser disk (Gallimore
et al 2001, Fig. 9) has established the geometry of the masers, with
those closest to the nucleus outlining a ring 0.6 pc in radius. The
diameter of the ring (1.2 pc) is similar to the FWHM size of the
major axis of our component 1 (1.35 pc), supporting the conclusion
that the masers and the hot dust component are co-spatial.

5.2 The orientation with respect to the jet

Although there seems to be little or no correlation between the rel-
ative angle of jets and the dust residing in the galactic disk for
Seyfert galaxies (Kinney et al. 2000), the naive expectation is that
the dust directly orbiting the black hole and the accretion disk is
perpendicular to the jet. It is the common belief that the orienta-
tion of the jet is closely coupled to the spin axis of the black hole,
which in turn is affected by the sum of all the angular momenta of
the material accreted throughout its lifetime. Capetti et al. (1999)

c⃝ 2008 RAS, MNRAS 000, 1–14
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Figure 9. Picture summarising the multi-wavelength structures on parsec-
scales in the nucleus of NGC 1068. The FWHM of the compact dust (com-
ponent 1) is sketched in red, centred around the H 2O maser spots and 5GHz
radio emission, both from Gallimore et al. (2004). Contour levels below the
FWHM level have been removed to allow a better comparison between the
radio and the mid-infrared. The ionization cones inferred from spectroscopy
by Das et al. (2006) are shown in yellow, and the HST [OIII] (reduced in
scale by a factor ∼ 100) image contours (Evans et al. 1991) are shown in
blue to indicate the visual orientation of the cone.

tions proved that NGC 1068 harbours an obscured Seyfert I nu-
cleus, and led to the AGN unification model, at least in its most
simple form, uniting Seyfert I & II nuclei. This is the object for
which the obscuring dusty torus was originally invented. The pre-
vious sections have described the appearance of this structure at
mid-infrared wavelengths and sub-parsec scales, and its geometric
relation to structures seen at other wavelengths.

The literature on the spectrum of NGC 1068, both observa-
tional and theoretical, is very extensive. Many authors have mod-
elled the production of the overall SED of the galaxy within the
context of the unified theories. Without detailed structural obser-
vations, however, they have found the problem underconstrained.
The early interferometric work of J04 and W04 led modellers of
the emitted spectrum in the direction of collections of optically
thick inhomogeneous (“clumpy”) systems. Following the pioneer-
ing work of Nenkova et al. (2002) on clumpy models, Hönig et al.
(2006) and Schartmann et al. (2008) showed that three-dimensional
radiative transfer models of clumpy tori were consistent with the
low spatial resolution SED data and the J04 interferometric data of
NGC 1068. The Hönig et al. (2006) model of a torus with an in-
clination of i = 55◦ is also able to fit the K-band measurements of
W04 to a factor of 2 in correlated flux. In a later work (Hönig et al.
(2007)) the authors have revised the inclination angle of the torus
to i = 70◦, this time providing excellent fits to both the SED and
the previous interferometric N-band data, though still falling short
of reproducing the K-band interferometric data. Most recently, a
model with an edge-on torus (i = 90◦) was presented (Hönig et al.
(2008)). This model was fitted to the SED and one of the interfero-
metric data points of J04, reproducing a good fit to the former, and
a fit correct to a factor of ∼2 for the latter. Their most important
conclusion is that the random cloud arrangement has a significant
effect on the SED and images, providing remarkably different SEDs
for different cloud arrangements and for the same set of large-scale
torus parameters. This accounts for the difficulty in determining the
inclination angle.

The observational material presented here is considerably
more detailed than that which was available to the authors cited
above, and the results of their simulations of the production and
redistribution of the radiative energy are generally not presented in
a form that can be directly compared to our measured correlated
fluxes as a function of wavelength and baseline and position an-
gle. Hence, while these models seem globally consistent with our
present data, we refrain from considering whether any of them do
or do not fit it in detail. Rather we focus on the physical struc-
tures we observe and their relations to the surrounding AGN com-
ponents. We also consider the similarities and differences of the
results for NGC 1068 with those of the nearby Circinus Seyfert II
galaxy, (Tristram et al. 2007), and compare the implications of our
N-band data with those measured on the same galaxy by W04 in
the K-band.

5.1 The inclination and thickness of the dust

In this section we argue that the nuclear dust structure in NGC 1068
is circum-nuclear and inclined edge-on, and therefore its observed
size and the 3:1 ratio of its major/minor axis is indicative of the
thickness of its inner part rather than a projection effect of an
inclined disk. Our main argument here is that the dust and the
maser disk are co-spatial, and since the masers are seen edge-on,
so is the dust. The possibility of detecting the hot dust through the
cold dust that surrounds it has been demonstrated by several recent
three dimensional radiative transfer calculation of tori:
Schartmann et al. (2005) find that “in a homogeneous dust distri-
bution the observed mid-infrared emission is dominated by the
inner funnel of the torus, even when observing along the equatorial
plane”. Similar results are also found by Hönig et al. (2006) and
discussed in more detail in section 4.6. We show that this scenario
of an edge-on geometrically thick torus not only agrees with 3D
radiative transfer models, but also is consistent with other observed
structures on milliarcseconds scales:
(a) The position angle of component 1 is virtually the same as the
PA of the western maser spots. This can hardly be a coincidence.
The theoretical relationship between water maser excitation and
warm molecular dust has been well established (Neufeld et al.
1994, for example), and the masers are indeed expected to be
embedded in warm (>600K) molecular dust.
(b) Apart from the position angle, the inner radius of the maser
disk is approximately the radius at which dust sublimes (Greenhill
1998). Dust reverberation modelling for the maser disk (Gallimore
et al 2001, Fig. 9) has established the geometry of the masers, with
those closest to the nucleus outlining a ring 0.6 pc in radius. The
diameter of the ring (1.2 pc) is similar to the FWHM size of the
major axis of our component 1 (1.35 pc), supporting the conclusion
that the masers and the hot dust component are co-spatial.

5.2 The orientation with respect to the jet

Although there seems to be little or no correlation between the rel-
ative angle of jets and the dust residing in the galactic disk for
Seyfert galaxies (Kinney et al. 2000), the naive expectation is that
the dust directly orbiting the black hole and the accretion disk is
perpendicular to the jet. It is the common belief that the orienta-
tion of the jet is closely coupled to the spin axis of the black hole,
which in turn is affected by the sum of all the angular momenta of
the material accreted throughout its lifetime. Capetti et al. (1999)
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Des Jets, des Vents
•Cer ta i ns NAG (~10%) 
possèdent des jets rapides 
(~c), très collimatés

Projet MOJAVE
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Des Jets, des Vents
•Cer ta i ns NAG (~10%) 
possèdent des jets rapides 
(~c), très collimatés

(cf. prochain séminaire de G. Henri)
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des vents plus lents (102-104 
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Nuit des Equinoxes, 23 Mars 2013
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Nuit des Equinoxes, 23 Mars 2013

NGC4151 channel maps: Simões Lopes et al. 2009 

"! Highest velocities at the nucleus and along axis of cone (dashed line); no 
evidence of acceleration suggestes by [OIII] kinematics 

"! Low velocities: loss of conical shape  ! presence of ionized gas in the 
equatorial plane of the bicone ! “torus” has “holes’’ and ionizes gas from the 
galaxy ISM  

Stockton et al. 2007 
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Nuit des Equinoxes, 23 Mars 2013

Des Vents Massifs

Vue d’artiste

SDSS J1106+1939

• 400 fois la masse du Soleil qui 
s'échappe chaque année à une vitesse 
de 8000 kilomètres par seconde

• deux millions de millions de fois la 
puissance du Soleil

• 100 fois la luminosité de la Voie 
Lactée

• ...
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UFOs: Ultra Fast Outflows

 

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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PDS 456 •Profile P-Cygni caractéristiques 
de flots de matière

•Les UFOs peuvent atteindre 
une fraction de la vitesse de 
la lumière

•I l s p e u v e n t i n fl u e n c e r 
l’évolution de la galaxie hôte

v~0.35c
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Observation de NGC 5548
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Observation de NGC 5548
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Fig. 1. X-ray and UV spectra of NGC 5548. All data have been rebinned for clarity. Error bars 
are ±1 SD.  (A) The heavily obscured X-ray spectrum during summer 2013. The unobscured 
Chandra Low Energy Transmission Grating Spectrometer (LETGS) spectrum taken in 2002 is 
shown for comparison. The 2013 spectrum is obtained from 12 XMM-Newton observations 
(EPIC-pn detector (pn) and Reflection Grating Spectrometers (RGS)), two NuSTAR and four 
INTEGRAL observations; these latter two datasets 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 
Cosmic Origins Spectrograph (COS) spectrum compared to 2002 Space Telescope Imaging 
Spectrograph (STIS) spectrum, showing the broad UV absorption lines in 2013. 
  

1 10 1000.
1

1
10

10
0

Ph
ot

on
s 

m
−2

 s
−1

 Å
−1

Energy (keV)

Chandra 2002

NuSTAR 2013

INTEGRAL 2013

pn 2013

RGS 2013

(A)

Obscuration
F
λ 

(1
0-

17
 W

 m
-2

 s
-1

 Å
-1

)

Wavelength (Å)

HUBBLE

52



C IV

 
Fig. S1. Best-fit emission model to the region surrounding the C IV emission line in the average 
spectrum of NGC 5548 from summer 2013. The data (black) have been binned by 4 pixels, as in 
Fig. 2A. The best-fit model (red) includes broad absorption (but excludes narrow absorption and 
Galactic features). The dark blue solid line is the continuum. The solid green line shows the 
emission model with the broad absorption removed. The emission components comprising the 
emission lines are plotted separately below the data. 
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