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Outline

• Active Galactic Nuclei: 

• Main generalities

• The Big picture

• The case of Mrk 509

• Origin of the High energy emission

• Warm absorber and Outflows
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Active Galactic NUCLEI (AGN)
Zoology
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The AGN Environment
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BroadBand Emission

Evidence for the dusty molecular torus – this direct HST image of a  
dust torus in NGC 4261 supports the Unified Model for AGN  

Dusty Molecular Torus 

The emission from the pc scale torus also produces a bump in the infra-red 
part of the AGN spectral energy distribution. The UV continuum from the 
accretion disc heats up the dust present in the torus, causing it to re-radiate 
the disc emission as blackbody radiation, but in the cooler, infra-red part of 
the spectrum. 
 
Dust tends to sublimate at T>2000 K, and this maximum temperature 
corresponds to the IR band (Wien’s law). The IR luminosity of torus is then 
given by:- 
 
where R is the typical radius of the torus. One finds typically in quasars that 
the torus will have an inner radius of about a parsec and an outer radius of 
about 50-100pc. 
 

LIR = 2!R
2" SBT

4
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Radio-quiet AGNs
~ 100 pc• Lradio ~ 103 Lradio Milky Way

• the host galaxy is generally a spiral

• Jets/flows at small scale (<kpc)

Circinus
Curran et al. (1999)
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Why observing in X-rays?

AGNs emit a large part of 
their energy in X–γ

LX-γ ~ Lbol

The fastest variabilities are 
observed in X–γ

 light minute region size
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UV-X-ray spectrum

Madgziarz et al. (1998)

Blue bump

soft X-ray excess
and warm absorber

Reflection components:
- iron line
- hump peaking at 30 keV

Primary continuum 
(cut-off power law 
shape)
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Beyond the standard 
accretion disc model

•The accretion disc emission explains the big blue bump 
but cannot explain the observed X-ray emission

•We need the presence of a hot gaz radiating in X-ray:         
the corona



P.O. Petrucci. LAPP seminar. 20/01/2012

UV-X-ray emission origin

Accretion 
disc Hot corona

Γ(kTe,tau)

τ

Te

different compton scattering orders

Thermal inverse Compton
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Energetics dependency
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Spherical geometry, τ=0.1 but 
different Heating/Cooling ratios

⇔
LH/LC=0.5

LH/LC=1

LH/LC=2

cooling LC

heating LH

Slab corona above a passive disc        LH/LC=1
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Plan Hemisphere

Sphere

LH/LC=1

Radiative equilibrium
If the 2 phases are in radiative equilibrium, the corona temperature and 
optical depth follow a univocal relationship.

Theoretical predictions
for different ratio LH/LC

«Photon fed »

Ex: intrinsic disc emission

«Photon starved »

LH/LC>1

LH/LC<1
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Reflection Components

Simulation
Observation

Absorption
Photoélectriques

Effets
Klein-Nishina Pounds et al. (1990)
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Iron line broadening

Blueshift
Redshift

to the observer

Rin

Fabian et al. (1989)

1H 0707-495

Fabian et al. (2009)

iron Kiron L
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Soft X-ray Excess
1068 J. Crummy et al.

Figure 1. The soft excesses of all the sources in our sample. The sources were fit as in Table 2, then the blackbody component was removed and the residuals

were plotted. Absorption edges were left in the model to show the form of the soft excess more clearly. The top three sources, in descending order of flux at

0.5 keV, are ARK 564, NGC 4051 and TON S180; note the unusually extended shape of the TON S180 soft excess.

of the model are given in Figs 2 and 13. This model is physically

motivated, and therefore may prove useful in understanding these

sources.

2 T H E S O U R C E S

In this paper, we use publicly available archival XMM–Newton data

on 22 type 1 AGN from the Palomar-Green (PG) sample and a

selection of 12 other Seyfert 1 galaxies with high-quality observa-

tions. Where multiple observations are publicly available, we use

the longest where the PN camera took data. A list of the sources

with their properties and the observation IDs used is given in Ta-

ble 1. Most of these sources are the subject of many papers and have

been observed with several different X-ray instruments; however,

we confine ourselves to XMM–Newton data and perform a standard

analysis across all of them.

3 DATA R E D U C T I O N

We obtained the Observation Data Files (ODFs) from the XMM–

Newton public archive and reduced them in the standard way using

SAS 6.0 to produce event lists. We extracted spectra and light curves

using circular source-centred regions 40 arcsec in size for the pn

and 60 arcsec in size for the MOS, using a smaller extraction re-

gion where appropriate due to chip gaps, etc. We used the standard

valid event patterns of 0–4 (singles and doubles) for pn and 0–12

(singles to quadruples) for the MOS. Background spectra and light

curves were similarly created using regions away from any sources,

possible out-of-time event trails and chip gaps. Where the count rate

of background flares was greater than 5 per cent of the source count

rate, a good time interval file was used to exclude those events, and

even more conservative background filtering was adopted where

possible. We used the SAS tasks RMFGEN and ARFGEN to create the

response matrices.

Figure 2. The relativistically blurred photoionized disc reflection model fit

and residuals to PG 1501+106 (top) and a plot of the model used showing

the illuminating power law and reflection components (bottom). The dashed

line is the reflection component, the dash–dotted line is the power law and

the solid line is the total model. The model is shown over an extended energy

range. The curvature at low energies is due to cold absorption local to our

Galaxy. See Table 3 for fit parameters.

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 365, 1067–1081

Crummy et al. (2006)
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•Blurred ionised reflection

•Disc thermal comptonisation in a warm (T~ 1 keV) 
optically thick (τ~10) corona
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Warm Absorber: outflows

• Photo-ionised gas
• v = -100 to -1000 km/s
• Seen through line and continuum 

absorption

(NGC 3783, Kaspi et al. 2003)
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Outflows composition: method

ΔR

From absorption lines measurement
ion column density 
on the line of sight

NH = nH∆R

NObs
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•The ionization states are characterized by 
the ionisation parameter ξ =

L

nHr2
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Ionisation parameter ! 
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Discrete components 

Temperature 

Thermal Equilibrium

When the condition of thermal equlibrium is imposed, then 
the temperature is determined as a function of the ionization 
parameter.

or

Discrete vs continuum distribution?
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“Reverberation” mapping
• Photo-ionization modeling  ξ=L/nr²
• L obtained from spectrum
 only the product nr² known, not r or n
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“Reverberation” mapping
• Photo-ionization modeling  ξ=L/nr²
• L obtained from spectrum
 only the product nr² known, not r or n

Different methods may help defining r or n. Here we focus on 
“reverberation” mapping:
• If L increases for gas at fixed n and r, then ξ=L/nr² increases 
 change in ionisation balance 
 column density changes 
 transmission changes

• Gas has finite ionisation/recombination time tr (varies like ~1/n)
 measuring delayed response yields trnr
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The case of Mrk 509
HST image of Mrk 509• Seyfert 1, MBH~108Msun

• One of the brigtest Seyfert in X-rays
• X-ray spectrum with all the common spectral 
components ✓Big blue bump 

✓iron line (+ reflection hump)
✓ soft X-ray excess
✓ WA
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The case of Mrk 509
HST image of Mrk 509• Seyfert 1, MBH~108Msun

• One of the brigtest Seyfert in X-rays
• X-ray spectrum with all the common spectral 
components

• Broad band monitoring coordinated by J. Kaastra (SRON, Netherland)

✓Big blue bump 
✓iron line (+ reflection hump)
✓ soft X-ray excess
✓ WA
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Broad band continuum analysis
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P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 Broad band spectral analysis.

Fig. 1. Count rates light curves in different energy ranges. From
top to bottom: 3-6 eV, 0.5-1 keV, 3-10 keV, 20-60 keV and 60-
200 keV. The dashed lines represent the ± 1σ uncertainties.

structure. Thus, for the really first time, we are able to
make a broad band spectral analysis of UV to X-rays data
of a Seyfert galaxies, on a month time scale, including all
the major spectral components known to be present in this
class of objects.

The paper is organized as follows. We shortly describe
the observation and data reduction in Sect. 2, referring the
reader to the other papers of the collaboration, where this
is detailed. In Sect. 3 we present different energy band
light curves and inter-band correlations including for the
first time the INTEGRAL data. In Sect. 4, a Principal
Component Analysis of the UV/X-ray/γ-ray data is shown,
revealing two main modes of spectral variability. The de-
tailed spectral analysis is done in Sect. 5. The results are
discussed in Sect. 6 before conclusions.

2. Observations and data reduction

The XMM-INTEGRAL monitoring of Mrk 509 lasted
about 1 month, with simultaneous observations by both
satellites every ∼4 days. Kaastra et al. (2011) provides a
full description of these observations.

The XMM-pn data treatment is detailed in Ponti et al.
(2011, in preparation) and we refer the reader to this paper
for more information. This analysis has been made with
the latest version of the SAS software (version 10.0.0),

Fig. 2. Flux-flux correlation coefficients in different energy
bands for the 10 XMM+INTEGRAL observations. In each
panel, the green star is the XMM/OM light curve in the 3-6
eV band; the three blue crosses correspond to the XMM/pn soft
X-ray bands: 0.2-0.5 keV, 0.5-1 keV, 1-2 keV; the three red di-
amonds correspond to the XMM/pn medium X-ray bands: 2-4
keV, 4-6 keV, 6-12 keV; and the two black triangles correspond
to the INTEGRAL/ISGRI hard X-ray bands: 20-60 keV and
60-200 keV. In each panel, the light curves are correlated with
the one marked with the vertical dotted lines.

starting from the ODF files. The contribution due to soft
protons flares is negligible during the 2009 monitoring.

The XMM-OM data treatment is detailed in M11 and
we also refer the reader to this paper for more information.

INTEGRAL/ISGRI data have been reduced with OSA
8, with the addition of the ghost cleaning improvements
provided in OSA 9. The presence of a SPI annealing cut-
ting some 40% of the SPI observations during this campaign
unfortunately prevented us from reaching adequate sensi-
tivity in the SPI energy bands. Observation 6 was split in
two due to operational contingency and the two parts were
added together to improve the statistics.

3. Light curves and flux correlation

The XMM and INTEGRAL count rates light curves are
reported in Fig. 1 in different energy ranges: 0.5-1 keV, 3-
10 keV for XMM-Newton and 20-60 keV and 60-200 keV for
INTEGRAL. A peak-to-peak variability of 30-40% is visible
in the EPIC-pn light curves. Some variability seems to be
present in the 20-60 keV and 60-200 keV band of ISGRI.
Noticeably, the INTEGRAL 20-60 keV light curve looks
very similar to the XMM 3-10 keV one. However, given the
error bars the ISGRI soft and hard band count rate light
curves are formally consistent with a constant. The 3-6 eV
band flux obtained with the XMM-OM is also shown on
top of Fig. 1 for comparison.

An important result observed during this campaign is
the presence of a strong correlation between the UV and
soft X-ray flux, while no correlation was found between the

3

Observation number
1 2 3 4 5 6 7 8 9 10

• One month XMM/INTEGRAL 
monitoring (1 obs. every 4 days)

IBIS: 20 keV à 10 MeV
SPI: 20 keV à 8 MeV. 
JEMX: 2-20 keV
OMC: optique

EPIC:0.15 to 15 keV
RGS: spectro. 0.5-2 keV
OM: 2-6 eV

Broad band monitoring
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Two independent spectral 
components?

P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 Broad band spectral analysis.

Fig. 1. Count rates light curves in different energy ranges. From
top to bottom: 3-6 eV, 0.5-1 keV, 3-10 keV, 20-60 keV and 60-
200 keV. The dashed lines represent the ± 1σ uncertainties.

structure. Thus, for the really first time, we are able to
make a broad band spectral analysis of UV to X-rays data
of a Seyfert galaxies, on a month time scale, including all
the major spectral components known to be present in this
class of objects.

The paper is organized as follows. We shortly describe
the observation and data reduction in Sect. 2, referring the
reader to the other papers of the collaboration, where this
is detailed. In Sect. 3 we present different energy band
light curves and inter-band correlations including for the
first time the INTEGRAL data. In Sect. 4, a Principal
Component Analysis of the UV/X-ray/γ-ray data is shown,
revealing two main modes of spectral variability. The de-
tailed spectral analysis is done in Sect. 5. The results are
discussed in Sect. 6 before conclusions.

2. Observations and data reduction

The XMM-INTEGRAL monitoring of Mrk 509 lasted
about 1 month, with simultaneous observations by both
satellites every ∼4 days. Kaastra et al. (2011) provides a
full description of these observations.

The XMM-pn data treatment is detailed in Ponti et al.
(2011, in preparation) and we refer the reader to this paper
for more information. This analysis has been made with
the latest version of the SAS software (version 10.0.0),

Fig. 2. Flux-flux correlation coefficients in different energy
bands for the 10 XMM+INTEGRAL observations. In each
panel, the green star is the XMM/OM light curve in the 3-6
eV band; the three blue crosses correspond to the XMM/pn soft
X-ray bands: 0.2-0.5 keV, 0.5-1 keV, 1-2 keV; the three red di-
amonds correspond to the XMM/pn medium X-ray bands: 2-4
keV, 4-6 keV, 6-12 keV; and the two black triangles correspond
to the INTEGRAL/ISGRI hard X-ray bands: 20-60 keV and
60-200 keV. In each panel, the light curves are correlated with
the one marked with the vertical dotted lines.

starting from the ODF files. The contribution due to soft
protons flares is negligible during the 2009 monitoring.

The XMM-OM data treatment is detailed in M11 and
we also refer the reader to this paper for more information.

INTEGRAL/ISGRI data have been reduced with OSA
8, with the addition of the ghost cleaning improvements
provided in OSA 9. The presence of a SPI annealing cut-
ting some 40% of the SPI observations during this campaign
unfortunately prevented us from reaching adequate sensi-
tivity in the SPI energy bands. Observation 6 was split in
two due to operational contingency and the two parts were
added together to improve the statistics.

3. Light curves and flux correlation

The XMM and INTEGRAL count rates light curves are
reported in Fig. 1 in different energy ranges: 0.5-1 keV, 3-
10 keV for XMM-Newton and 20-60 keV and 60-200 keV for
INTEGRAL. A peak-to-peak variability of 30-40% is visible
in the EPIC-pn light curves. Some variability seems to be
present in the 20-60 keV and 60-200 keV band of ISGRI.
Noticeably, the INTEGRAL 20-60 keV light curve looks
very similar to the XMM 3-10 keV one. However, given the
error bars the ISGRI soft and hard band count rate light
curves are formally consistent with a constant. The 3-6 eV
band flux obtained with the XMM-OM is also shown on
top of Fig. 1 for comparison.

An important result observed during this campaign is
the presence of a strong correlation between the UV and
soft X-ray flux, while no correlation was found between the

3
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Fig. 3. Correlation coefficients between the XMM/OM filter and
different XMM/PN energy band light curves.

UV and the hard (>3 keV) X-rays (see M11). This indeed
suggests that the UV and soft X-ray excess variability ob-
served on the timescale of the campaign is produced by the
same spectral component, possibly thermal comptonisation
(see below). We have plotted in Fig. 2 the correlation coeffi-
cients between different energy bands including those above
10 keV, i.e. from the INTEGRAL/ISGRI instrument. The
UV and soft X-rays (<1 keV) bands are clearly correlated.
On the contrary, the absence of correlation with the higher
energy bands points to a separate component. Indeed, the
XMM-Newton energy bands above ∼2 keV appears to vary
accordingly, and correlates also well with the 20-60 keV
INTEGRAL energy band, suggesting a common physical
origin.

The correlations between the X-rays and the different
optical-UV filters show also a rather complex interconnec-
tion. We have plotted the correlation coefficients between
the light curves of the different OM filters and different X-
ray energy bands in Fig. 3. As already discussed before,
these correlation coefficients are larger for the soft X-ray
bands than the hard X-ray band. But, surprisingly, they
are also always larger for the optical bands compared to
the UV ones. Even the X-ray flux in the hard bands (>
1 keV) better correlate (but the correlation coefficient are
small) with the optical than the UV. This is discussed in
Sect. 6. FAIRE REFERENCE AU PAPIER DE MISSAGH!

4. Principal component analysis

Before going deeper in the spectral analysis, we perform
a principal component analysis (PCA) to search for vari-
ability patterns. PCA is a powerful tool for multivariate
data analysis which is now widely used in astronomy (e.g.
Vaughan & Fabian 2004; Malzac et al. 2006; Miller et al.
2007; Pris et al. 2011). It allows to transform a number of
(possibly) correlated variables into a (smaller) number of
uncorrelated variables called principal components. In the
present case, even if we only have 10 different spectra, the
long exposures per observation enable the use of a large
number of energy bins without being limited by the poisson
noise. We choose a number of 91 energy bins, from the UV
(6 bins) up to the hard X-rays (85 bins). Consequently we
have p=10 spectra obtained at different time t1, t2, ..., tp,

Fig. 4. The first (left panels) and second (right panels) princi-
pal components of variability. The upper panels show the spec-
tra corresponding to the maximal and minimal coordinate αj,k

over the j=10 observations of the first (k=1,left) and second
(k=2, right) eigenvectors. The middle panels show the ratio of
the maximum and minimum spectra to the average spectrum
of the source. The bottom panels show the contribution of each
component to the total variance as a function of energy.

and binned into n=91 energy bins Ei=1,n. Thus we have a
p × n matrix F whose coefficients are given by the energy
fluxes of each spectrum in each energy bins. The PCA
gives the eigenvalues and eigenvectors Vk=1,n(E) of the
correlation matrix of F, thus defining a new coordinate
system that best describes the variance in the data. The
observed spectra F(E, tj) can be decomposed along the
eigenvectors with a given set of coordinates αk following

F (Ei, tj) =
n∑

k=1

αk(tj)Vk(Ei) for each energy bins Ei=1,n.

The coordinates αk vary from observation to observation
and their fluctuations account for the observed variance.
On the contrary, the eigenvectors are constant and defined
the different variability modes of the set of observations.

The first PCA components are those which reproduce
most of the observed variability, the others being dominated
by the statistical noise in the data. We have plotted the two
first principal components of our analysis in Fig. 4. The first
component (left panels of Fig. 4) consists mainly in a vari-
ability mode dominated by flux variations in the hard (> 1
keV) energy range. Most of the sample variance (>84%) is
produced by this component. The second PCA component
(right panels of Fig. 4) is dominated by variability below 1
keV, and represent 10% of the total variance. This result
nicely supports the idea that 2 main components are dom-
inated the broad band variability of this campaign, one in
the UV-soft X-rays and the other in the hard X-rays
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(see below). We have plotted in Fig. 2 the correlation coeffi-
cients between different energy bands including those above
10 keV, i.e. from the INTEGRAL/ISGRI instrument. The
UV and soft X-rays (<1 keV) bands are clearly correlated.
On the contrary, the absence of correlation with the higher
energy bands points to a separate component. Indeed, the
XMM-Newton energy bands above ∼2 keV appears to vary
accordingly, and correlates also well with the 20-60 keV
INTEGRAL energy band, suggesting a common physical
origin.

The correlations between the X-rays and the different
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the light curves of the different OM filters and different X-
ray energy bands in Fig. 3. As already discussed before,
these correlation coefficients are larger for the soft X-ray
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uncorrelated variables called principal components. In the
present case, even if we only have 10 different spectra, the
long exposures per observation enable the use of a large
number of energy bins without being limited by the poisson
noise. We choose a number of 91 energy bins, from the UV
(6 bins) up to the hard X-rays (85 bins). Consequently we
have p=10 spectra obtained at different time t1, t2, ..., tp,
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tra corresponding to the maximal and minimal coordinate αj,k

over the j=10 observations of the first (k=1,left) and second
(k=2, right) eigenvectors. The middle panels show the ratio of
the maximum and minimum spectra to the average spectrum
of the source. The bottom panels show the contribution of each
component to the total variance as a function of energy.

and binned into n=91 energy bins Ei=1,n. Thus we have a
p × n matrix F whose coefficients are given by the energy
fluxes of each spectrum in each energy bins. The PCA
gives the eigenvalues and eigenvectors Vk=1,n(E) of the
correlation matrix of F, thus defining a new coordinate
system that best describes the variance in the data. The
observed spectra F(E, tj) can be decomposed along the
eigenvectors with a given set of coordinates αk following

F (Ei, tj) =
n∑
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αk(tj)Vk(Ei) for each energy bins Ei=1,n.

The coordinates αk vary from observation to observation
and their fluctuations account for the observed variance.
On the contrary, the eigenvectors are constant and defined
the different variability modes of the set of observations.

The first PCA components are those which reproduce
most of the observed variability, the others being dominated
by the statistical noise in the data. We have plotted the two
first principal components of our analysis in Fig. 4. The first
component (left panels of Fig. 4) consists mainly in a vari-
ability mode dominated by flux variations in the hard (> 1
keV) energy range. Most of the sample variance (>84%) is
produced by this component. The second PCA component
(right panels of Fig. 4) is dominated by variability below 1
keV, and represent 10% of the total variance. This result
nicely supports the idea that 2 main components are dom-
inated the broad band variability of this campaign, one in
the UV-soft X-rays and the other in the hard X-rays
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Figure 1. 3-10 keV EPIC-pn light curve of the 10 XMM-Newton observa-
tions of the 2009 monitoring campaign.

absorption components one outflowing with a velocity consistent
with the ones generally observed in warm absorbers (v∼ 14000

km s−1; Ponti et al. 2009) and the others out(in)flowing with rela-
tivistic velocities (Cappi et al. 2009; Dadina et al. 2005).

Here, we present the spectral and variability analysis of the
complex Fe K band of Mrk 509 using the set of 10 XMM-Newton
observations (60 ks each) about one every few days and spanning
more than 1 month (see the 3-10 keV light curve in Fig. 1). We will
also re-analyse the whole set of XMM-Newton and Suzaku observa-
tions.

2 OBSERVATIONS AND DATA REDUCTION

Mrk 509 was observed for a total of 15 times by XMM-Newton
on 2000–10–25, 2001–04–20, 2005–10–16, 2005–10–20, 2006–
04–25 and 10 times in 2009 (see Fig. 1 starting from 2009-10-15
and ending on 2009-11-20). Ponti et al. 2009 and Kaastra et al.
2011 provide a full description of the first 5 and the last 10 XMM-
Newton observations, respectively. We followed those authors for
the data reduction. The analysis has been made with the latest ver-
sion of the SAS software (version 10.0.0), starting from the ODF
files. The contribution due to soft protons flares is negligible, dur-
ing the 2009 monitoring. The spectral analysis has been performed
fitting simultaneously both pn and MOS data (even if some figures
might show only the pn data for clarity purpose).

Suzaku observed Mrk 509 four times on 2006–04–25, 2006–
10–14, 2006–11–15 and 2006–11–27. Please see Ponti et al. 2009
for a description of the observation log and data reduction.

The High Energy resolution Transmission Grating (HETG)
camera aboard Chandra, observed Mrk509 on ??. please Stefano
provide more details on the chandra data reduction matrices gen-
eration, etc.

All spectral fits were performed using the Xspec soft-
ware (version 12.3.0) and include neutral Galactic absorption
(4.2×1020 cm−2; Dickey & Lockman 1990), the energies are rest
frame if not specified otherwise, and the errors are reported at the
90 per cent confidence level for one interesting parameter (Avni
1976). The sum of the spectra has been performed with the MATH-
PHA, ADDRMF and ADDARF tools within the HEASOFT
package (version ??).
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Figure 2. (Upper panel) Summed EPIC-pn spectra of the 10 observations
performed during the 2009 XMM-Newton monitoring campaign. The data
are fitted, in the 3.5-5 and 7.5-10 keV bands, with a simple power law, ab-
sorbed by Galactic material, and the ratio of the data to the best-fit model is
shown. The dotted lines indicate the positions of the Fe Kα, Fe Kβ, Fe XXV
and Fe XXVI lines. (Lower panel) In red the XIS0+XIS3 Suzaku summed
mean spectra are showed. In black the summed spectra of the 5 observations
performed between 2000 and 2006 are showed. This Figure is taken from
Ponti et al. (2009). The arrows mark absorption features in the spectrum.

3 THE MEAN SPECTRUM

The upper panel of Figure 2 shows the ratio plot of the the summed
spectra of the 10 EPIC-pn observations performed during the 2009
XMM-Newton monitoring campaign, once fitted in the 3.5-5 and
7.5-10 keV band with a simple plower law, absorbed by Galactic
material. For comparison, the black data points in the lower panel
of Fig. 2 show the same plot for the summed EPIC-pn spectrum
of the previous 5 XMM-Newton observations taken between 2000
and 2006, while the red data show the summed XIS0+XIS3 spec-
tra of the 4 Suzaku observations accumulated between April and
November 2006 (see Ponti et al. 2009 for more details).

Thanks to a longer exposure and a slightly higher flux, the
source spectrum in the FeK band has significantly better statistics
during the 2009 campaign than with the sum of all the previous
observations (see Fig. 2), this allows us to better constrain the FeK
complex and to study its variability not only on the time-scales of
days and weeks over which the monitoring has been performed, but
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Figure 4. (Left and right panel) show the intensity and EW of the resolved (σ = 0.22 keV) Fe Kα component (the other Fe Kα component assumed to be
narrow σ = 0.027 keV and constant over time) as a function of the 3-10 keV flux. Blue stars and red dots show the best fit results of the 10 observations of the
2009 campaign and of the previous XMM-Newton observations, respectively. Dashed and dot dashed lines show the constant intensity and constant EW cases,
respectively. The best fit relation (dotted line) is consistent with the resolved component of the Fe Kα line having constant EW. The intensity of the resolved
component of the Fe Kα line follows, with a 1-to-1 relation the 3-10 keV continuum variations.

Modified Julian Date, MJD; 51500 corresponds to the November
18

th 1999). The line intensity is observed to vary by less than 25
%. The fit with a constant Fe Kα intensity (dashed line), however,
results to be unsatisfactory (χ2

= 10.7 for 5 dof). The middle panel
of Fig. 3 shows the Fe Kα intensity vs. source flux in the 3-10 keV
band. The fit slightly improves when a linear relation (see dotted
line) is considered (∆χ2

= 7.6 for the addition of one more pa-
rameter; 97 % F-test probability). The increase in Fe Kα intensity
with flux might suggests that the line is responding to the illuminat-
ing continuum, keeping a constant EW with flux. The dash-dotted
line shows the expected Fe Kα intensity variation for a line with
constant EW. The observed line intensity variations are intermedi-
ate between the constant intensity and constant EW cases. The right
panel of Fig. 3 confirms that the line has neither a constant intensity
nor constant EW, instead it sits somewhere in the middle between
these two cases.

The Fe Kα variations on years time-scales suggest that at least
part of the line is varying following the 3-10 keV continuum. We
want to point out that the width of the Fe Kα line is comparable
to the EPIC-pn energy resolution. This means that the observed
Fe Kα variability may be the product of a constant narrow com-
ponent, coming from distant material, plus a broader, resolved and
variable Fe Kα line produced closer to the BH. Unfortunately, due
to the limited energy resolution of the EPIC cameras aboard XMM-
Newton, we can not distinguish the Fe K emission, coming from
regions located at light weeks from the one located at light years
from the BH, based on the Fe Kα line widths. Only with the Chan-
dra high energy gratings we can confidently pose some constraints
on the distribution of Fe K emission from more distant material, in
this way.

4.2 Chandra HETG

Chandra observed Mrk 509 with the HETG instrument only once
for 50 ks. During the HETG observation the 3-10 keV flux was
4.36 × 10

−11 erg cm−2 s−1 with a power law shape with spectral
index of Γ = 1.76+0.03

−0.02 . An excess was present at 6.4 keV, thus

we added to the model a Gaussian line1. In agreement with the
results obtained by Shu, Yaqoob & Wang (2010) and Yaqoob &
Padmanabhan (2004) we detect a line at 6.42 ± 0.02 keV with an
intensity of 3± 2× 10

−5 photons cm−2 s−1. The line is resolved
with a width significantly smaller than the one measured by XMM-
Newton, being: σ = 0.027+0.018

−0.010 keV. This suggests that, at least
part of, the neutral Fe Kα emission is produced in regions more
distant than few thousands gravitational radii. In fact, if the material
is in Keplerian motion and assuming a BH mass of Mrk 509 of
MBH = 1.4×10

8 M" (Bentz et al. 2009), then the narrow core of
the line is produced at a distance from the central source of r=0.23
pc (∼ 30000 rg). We note that this value is of the same order of
magnitude of the molecular sublimation radius for Mrk 509. In fact
assuming that the source bolometric luminosity (LBol = 1.07 ×

10
45 erg s−1; Woo & Urry 2002) is mainly radiated in the UV,

following eq. 5 of Barvainis (1987), we obtain a dust evaporation
radius of about 0.4 pc. This suggests that this narrow component of
the Fe K line might be associated to the inner wall of the molecular
torus.

4.3 Two components of the Fe Kα line

Thus, as suggested by the analysis of the Chandra HETG data and
in agreement with the observed variability on years time-scales, we
assume that the Fe Kα line is composed by two components which
are indistinguishable at the EPIC resolution. Thus, we first re-fit
the mean spectrum of the 2009 campaign with two components for
the Fe Kα line. One ”narrow” for which we impose a line width,
σ = 0.027 keV plus a ”resolved” component with its width free to
vary. Table 2 shows the best fit results assuming such narrow Gaus-
sian line emitting at the same energy of the resolved component.
The narrow component has a best fit EW= 27 ± 4 eV, while the
resolved neutral line has EW= 40

+9
−5 eV and a larger best fit line

width σ = 0.22±0.05 keV than with the single Gaussian Fe Kα fit

1 In order not to loose the excellent energy resolution, we decided not to
rebin the spectrum and to fit the data using the C-statistics (Cash 1979). The
best fit has C-stat value of 370.5 for 284 dof.
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Obs Γwc kTwc τwc kThc yhc τhc Tbb,wc =Tbb,hc Npexmon χ2/dof
(keV) (keV) (eV) (× 10−3)

Average 3.10±0.01 0.65±0.01 13.2±0.2 160±5 0.53±0.01 0.42+0.02
−0.02 9.3±0.1 3.6 1867/679

Obs 1 2.94+0.03
−0.02 0.78+0.12

−0.16 13.5+1.7
−1.5 250+40

−60 0.58+0.09
−0.09 0.30+0.15

−0.08 7.2±0.1 (f) 410/405
Obs 2 2.93+0.02

−0.03 0.91+0.09
−0.19 12.4+1.9

−1.1 250+40
−40 0.59+0.07

−0.10 0.30+0.10
−0.08 7.2±0.1 (f) 530/405

Obs 3 3.05+0.02
−0.03 0.98+0.02

−0.22 10.9+1.9
−0.4 190+35

−35 0.60+0.04
−0.07 0.40+0.12

−0.10 9.2±0.1 (f) 530/405
Obs 4 3.14+0.03

−0.02 1.00+0.00
−0.22 9.9+2.3

−0.4 205+30
−40 0.63+0.04

−0.08 0.39+0.11
−0.09 9.7+1.0

−0.2 (f) 537/405
Obs 5 3.18+0.02

−0.03 0.90+0.00
−0.15 10.5+1.9

−0.2 170+30
−35 0.58+0.03

−0.05 0.44+0.15
−0.08 11.0+0.1

−0.4 (f) 511/405
Obs 6 3.07+0.03

−0.02 0.89+0.11
−0.16 11.3+1.5

−1.1 175+30
−40 0.60+0.04

−0.05 0.44+0.15
−0.09 9.1+0.3

−0.1 (f) 527/405
Obs 7 3.08+0.03

−0.02 1.00+0.34
−0.24 10.5+1.9

−1.9 180+20
−40 0.57+0.03

−0.05 0.40+0.14
−0.06 9.3+0.1

−0.1 (f) 534/405
Obs 8 2.87+0.02

−0.03 0.85+0.15
−0.15 13.5+1.5

−1.5 255+50
−40 0.57+0.09

−0.11 0.29+0.10
−0.09 7.2+0.1

−0.1 (f) 509/405
Obs 9 2.89+0.02

−0.02 0.85+0.15
−0.10 13.4+1.1

−1.7 290+75
−20 0.60+0.10

−0.17 0.26+0.06
−0.10 7.3+0.1

−0.1 (f) 498/405
Obs 10 3.00+0.03

−0.02 0.81+0.19
−0.13 12.6+1.5

−1.7 200+40
−45 0.62+0.07

−0.06 0.40+0.16
−0.09 8.1+0.1

−0.1 (f) 448/405

Table 2. Best fit parameters of the average spectrum and the different observations using the comptonisation model compps for
the primary continuum and nthcomp for the UV-Soft X-rays. All the temperatures are in keV. A multicolor disc component was
added in all the spectra and fixed to its best fit value obtained with the average spectrum, i.e. a temperature peaking at 1.2 eV
and a total flux of 5.1×10−11 ergs.cm−2.s−1. The optical depth τwc of the warm corona is estimated from eqpair fits (see App.
A).

these discrepancies could come from the fact that the
source is variable. The average spectrum is then a mixed
of different spectral states which cannot be easily fit with
”steady-state” components.

Note also that the hot corona temperature has a ”stan-
dard” value for Seyfert galaxies (e.g. Petrucci et al. 2001)
while we have only a lower limit on the high energy cut-off
Ec >200 keV when fitting with a cut-off power law shape
for the primary continuum (see Sect. 5.1). The reason is
twofold. First, as said in the introduction, the cut-off spec-
tral shape of a comptonisation spectrum differs from an
exponential cut-off and, roughly speaking, Ec is about a
factor 2 or 3 larger than the corona temperature. Thus
Ec > 200 keV is compatible with a corona temperature
of 160 keV. On the other hand, comptonisation models are
bumpy, especially for low optical depth, the positions of
the bump depending mainly on the corona temperature.
The ratio between the UV and soft X-ray flux in a thermal
Compton spectrum is also directly related to the optical
depth of the corona. Thus, the X-ray data (below 10 keV),
combined with measurements in the UV bands, also help
in constraining the corona temperature.

5.2.3. All pointings

We apply the same fitting procedure to the 10 different ob-
servations, still imposing Tbb,hc =Tbb,wc . Like in Sect. 5.1.2,
the pexmon normalization is fixed to the best fit value ob-
tained with the average spectrum. The best fit parameters
for each pointing are reported in Tab. 2 and their light
curves along the campaign are plotted in Fig. 7.

The warm corona photon index and the soft photon
temperature are clearly variable, their light curves being
inconsistent with a constant at more than 99%. This
is marginally the case for the hot corona temperature,
with a probability of only 50% of being consistent with a
constant. All the other parameters are consistent with a
constant. We have reported the 90% contour plots of the
temperature versus optical depth for the hot and warm
corona and for the 10 observations in Fig. 8.

Fig. 7. Light curves of the different fit parameters. From top to
bottom: the hot corona temperature kThc , Compton parameter
yhc and optical depth τhc and the warm corona kTwc , photon
index Γwc and optical depth τwc . The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.

6. Discussion

6.1. Coronae geometry

As already said in Sect. 5.2, no links between the comp-
tonised spectrum and the soft UV emission are imposed a
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Fig. 8. Temperature versus optical depth for the hot (Top) and
warm (Bottom) corona for the 10 observations. We have over-
plotted the predicted relationship τ vs. kT in steady state for dif-
ferent heating/cooling ratios: dot-dashed line: (Lc−Ls)/Ls=0.1,
sort dashed line: (Lc−Ls)/Ls=0.5, dotted line: (Lc−Ls)/Ls=1,
dot-dot-dot-dashed: (Lc −Ls)/Ls=10. We have also overplotted
τ -kTe curves expected in the case of a pair dominated spheri-
cal corona for constant values of the soft compactness (in long
dashed lines, from right to left, ls=1, 5 and 50) but varying the
heating/cooing ratio (Lc − Ls)/Ls.

priori in our fitting procedure. The model simply adjusts
its parameters to fit the data. We can however compare our
best fit values to theoretical expectations and constrain
our own scenario.

The spectral shape of comptonisation models depends
on the temperature and optical depth of the corona. The
seed photons temperature also plays a role but its effect
is very weak if it does not vary by large amount. Another
important parameter is the geometry of the disc-corona
system. This can be easily understood in term of the am-
plification factor. Let’s call Lc the total corona luminosity
and Ls the intercepted soft photon luminosity i.e. the part
of the soft photon luminosity emitted by the accretion
disc that effectively enters and cools the corona. The
difference Lc −Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the soft seed
photons. The ratio (Lc − Ls)/Ls then corresponds to the

ratio between the heating and the cooling of the corona and
the ratio Lc/Ls is called the Compton amplification ratio.
These ratios depend naturally on the disc-corona geometry.
In steady states, the corona temperature adjusts, for a
given optical depth, to keep this ratio to a constant value.
In the case of thermal equilibrium and a plane parallel
geometry for the corona-disc system, and neglecting direct
heating of the disc, this amplification ratio is expected to
be of the order of 2 (e.g. Haardt & Maraschi 1991).

From our best fits obtained for each observation, we
can estimate the seed soft photon luminosity Ls that
enters both coronae. Indeed the number of photons is
conserved in the comptonisation process unless pair
production is important, which is apparently not the case
(but see next section). Consequently, from the number of
photons measured in our nthcomp and compps model
components and the temperature of the soft photon field
(assuming a multicolor disc distribution), we can deduce
the corresponding soft photon luminosity that crosses and
cools each corona. Concerning the total corona luminosity
Lc, it is of the order of the observed luminosity of each
comptonisation model component, unless the coronae
emission is highly anisotropic.

We have overplotted in Fig. 8 the predicted rela-
tionships in steady state between the temperature and
the optical depth for different heating/cooling ratios i.e.
(Lc − Ls)/Ls=0.1 in dot-dashed line, (Lc − Ls)/Ls=0.5
in dashed line, (Lc − Ls)/Ls=1 in dotted line and
(Lc − Ls)/Ls=10 in dot-dot-dot-dashed. We have also
plotted the estimated amplification ratios for both coronae
but for the 10 observations in Fig. 9a, 3 The warm and
hot coronae have clearly different amplification ratios, in
between 1 and 2 for the warm plasma but of the order of
10 for the hot corona.

In the latter case, the disc-corona system is in a
”photon-starved” configuration i.e. the hot corona is
under-cooled compared to the plane geometry. This sug-
gests a patchy structure where the solid angle under which
the corona ”sees” the accretion disc is small. This is a com-
mon result for Seyfert galaxies. Indeed the slab geometry
cannot reproduce hard X-ray spectra (Γ2−10 <2) like those
observed in Seyfert galaxies because of the strong cooling
that is expected from the accretion disc in such geometry
(e.g. Haardt 1993; Haardt et al. 1994). A patchy corona
means less cooling compared to the slab geometry and
thus harder spectra. More interestingly, our data suggest
that the warm corona is close to a slab configuration (i.e.
Lc/Ls∼<2) but in a (marginally) ”photon-fed”, over-cooled
(in comparison to the slab corona over a passive disc),
situation. Then, in comparison to the hot plasma, the
warm corona has a larger accretion disc covering factor.

The ratio of the intercepted soft photon luminosity Ls

computed for both coronae should be of the order, in first

3 The errors on Lc and Ls have been estimated from a large
number of coronae model parameters (by varying kTwc , Γwc ,
kThc , yhc and the model normalisations) taking into account
their likelihood given by the contour plots shown in Fig. 8. The
corresponding flux histograms are then fitted by a gaussian from
which the 1 σ error is deduced.
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priori in our fitting procedure. The model simply adjusts
its parameters to fit the data. We can however compare our
best fit values to theoretical expectations and constrain
our own scenario.

The spectral shape of comptonisation models depends
on the temperature and optical depth of the corona. The
seed photons temperature also plays a role but its effect
is very weak if it does not vary by large amount. Another
important parameter is the geometry of the disc-corona
system. This can be easily understood in term of the am-
plification factor. Let’s call Lc the total corona luminosity
and Ls the intercepted soft photon luminosity i.e. the part
of the soft photon luminosity emitted by the accretion
disc that effectively enters and cools the corona. The
difference Lc −Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the soft seed
photons. The ratio (Lc − Ls)/Ls then corresponds to the

ratio between the heating and the cooling of the corona and
the ratio Lc/Ls is called the Compton amplification ratio.
These ratios depend naturally on the disc-corona geometry.
In steady states, the corona temperature adjusts, for a
given optical depth, to keep this ratio to a constant value.
In the case of thermal equilibrium and a plane parallel
geometry for the corona-disc system, and neglecting direct
heating of the disc, this amplification ratio is expected to
be of the order of 2 (e.g. Haardt & Maraschi 1991).

From our best fits obtained for each observation, we
can estimate the seed soft photon luminosity Ls that
enters both coronae. Indeed the number of photons is
conserved in the comptonisation process unless pair
production is important, which is apparently not the case
(but see next section). Consequently, from the number of
photons measured in our nthcomp and compps model
components and the temperature of the soft photon field
(assuming a multicolor disc distribution), we can deduce
the corresponding soft photon luminosity that crosses and
cools each corona. Concerning the total corona luminosity
Lc, it is of the order of the observed luminosity of each
comptonisation model component, unless the coronae
emission is highly anisotropic.

We have overplotted in Fig. 8 the predicted rela-
tionships in steady state between the temperature and
the optical depth for different heating/cooling ratios i.e.
(Lc − Ls)/Ls=0.1 in dot-dashed line, (Lc − Ls)/Ls=0.5
in dashed line, (Lc − Ls)/Ls=1 in dotted line and
(Lc − Ls)/Ls=10 in dot-dot-dot-dashed. We have also
plotted the estimated amplification ratios for both coronae
but for the 10 observations in Fig. 9a, 3 The warm and
hot coronae have clearly different amplification ratios, in
between 1 and 2 for the warm plasma but of the order of
10 for the hot corona.

In the latter case, the disc-corona system is in a
”photon-starved” configuration i.e. the hot corona is
under-cooled compared to the plane geometry. This sug-
gests a patchy structure where the solid angle under which
the corona ”sees” the accretion disc is small. This is a com-
mon result for Seyfert galaxies. Indeed the slab geometry
cannot reproduce hard X-ray spectra (Γ2−10 <2) like those
observed in Seyfert galaxies because of the strong cooling
that is expected from the accretion disc in such geometry
(e.g. Haardt 1993; Haardt et al. 1994). A patchy corona
means less cooling compared to the slab geometry and
thus harder spectra. More interestingly, our data suggest
that the warm corona is close to a slab configuration (i.e.
Lc/Ls∼<2) but in a (marginally) ”photon-fed”, over-cooled
(in comparison to the slab corona over a passive disc),
situation. Then, in comparison to the hot plasma, the
warm corona has a larger accretion disc covering factor.

The ratio of the intercepted soft photon luminosity Ls

computed for both coronae should be of the order, in first

3 The errors on Lc and Ls have been estimated from a large
number of coronae model parameters (by varying kTwc , Γwc ,
kThc , yhc and the model normalisations) taking into account
their likelihood given by the contour plots shown in Fig. 8. The
corresponding flux histograms are then fitted by a gaussian from
which the 1 σ error is deduced.
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Fig. 9. a) Compton amplification ratio Lc/Ls for the warm
(bottom curve) and hot (top curve) coronae respectively. The
middle curve corresponds to the ”total” amplification ratio (see
Sect. 6.2). The dashed line is the expected value for a slab corona
geometry in radiative equilibrium above a passive disc. b) Ratio
of the warm to hot corona intercepted soft photon luminosity
Ls. Note that most of the error bars are smaller than the plot
symbols.

approximation, to the ratio of the warm to hot corona
covering factors. This ratio is plotted in Fig. 9b and varies
between ∼ 20 and ∼ 50. The largest value is obtained in Obs
4, which shows a significant decrease of its hard X-ray (> 1
keV) emission (see Fig. 1). Our model reproduces this hard
X-ray variability by decreasing the soft photon flux enter-
ing the hot coronae. Note that the corona aspect ratio has
some importance in the interpretation of these numbers. If
both coronae are in thermal equilibrium, the balance be-
tween the pressure gradient and gravity forces implies geo-
metrical thicknesses directly proportional to the square root
of their temperatures. The hot corona having a mean tem-
perature ∼200 times larger than the warm plasma we ex-
pect the former to have a geometrical thickness more than
10 times larger than the latter. The variations of the corona
geometrical thickness (due to e.g. changes of the tempera-
ture) can then also result in variation of the intercepted soft
photon luminosity

6.2. Disc emission dominated by reprocessing?

The fact that the amplification ratio of the warm corona
is smaller than 1 suggests that the optical-UV emission en-
tering and cooling this corona does not simply result from
the reprocessing of its X-ray emission. A possibility could
be that some intrinsic emission is produced by the accre-
tion disc. On the other hand, part of the emission from the
hot corona is also expected to heat the accretion disc and
be reprocessed in optical-UV, thus mimicking intrinsic disc
emission. To check that, we have compared the sum of the

intercepted soft photon luminosity Ls by both coronae (i.e.
the total cooling) to the sum of their heating power Lc−Ls

(i.e. the total heating). The ratio is reported in Fig. 9a (di-
amonds). Very interestingly, this ratio is very close to 2 at
the beginning and the end of the campaign suggesting that
the disc emission could be entirely due to the reprocess-
ing of the X-ray emission of both coronae. The fact that
this ampification ratio becomes significantly (given the er-
ror bars) smaller than 1 between Obs 3 and Obs 8 however
indicate changes of the disc-coronae configurations as dis-
cussed in the next section.

6.3. Geometry variations

Simulations of Malzac & Jourdain (2001) show that the
time scale for a disc-corona system to reach equilibrium,
after rapid radiative perturbation in one of the two phases,
is of the order of a few corona light crossing times i.e. well
smaller than a day. We can thus (reasonably) assume that
each of the 10 spectra of Mkn 509 correspond to a disc-
corona system where hot and cold phases are in radiative
balance with each other.

We have also shown in the previous section that the
disc emission is apparently dominated by the X-ray repro-
cessing. In this case, a fixed disc-corona configuration in
radiative equilibrium should correspond to a constant heat-
ing/cooling ratio. This is contrary to what we observe (see
Fig. 9a), the amplification ratios of both coronae decreas-
ing in the middle of the campaign. We are thus brought
to the conclusion that the disc-corona configuration (e.g.
the corona covering factor or geometrical thickness, or the
intrinsic disc emission) necessarily vary during the moni-
toring, producing the observed spectral and flux variability.

If the decrease of the coronae amplification ratios is due
to an increase of the coronae covering factors, the X-ray
emission would be reprocessed by a larger part of the disc
and consequently the global optical-UV emission should
increases, as observed (see the 3-6 eV light curve in Fig.
1). This is also naturally expected if the decrease of the
coronae amplification ratios is due to an increase of the
intrinsic disc emission. And in both cases, we naturally ex-
pect an anti-correlation between the coronae temperatures
and the intercepted disc emission. This is indeed what we
observe, at least concerning the hot corona temperature
which correlates with the soft photon luminosity with a
Spearman correlation coefficient of -0.83 (cf. Fig. 10). On
the other hand, no correlation is found in the case of the
warm corona temperature.

Note however that the variations of the amplification ra-
tios reach a factor 3 for the hot corona (and about 40% for
the warm plasma, cf. Fig. 9a). Such large variations can-
not be explained by variations of the intrinsic disc emission,
the opt/UV varying by only tens of %. Thus the data favor
a variation of the coronae geometries, with larger changes
of the corona geometry of the hot corona with respect to
the warm one. In consequence the hot corona tempera-
ture must also change significantly, compared to the warm
corona temperature, to reach a new thermal equilibrium.
This could also explain why we are able observe the anti-
correlation plotted in Fig. 10 for the hot corona and not
for the warm case.
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scale, different variability process dominate the soft and
hard band emission.

7. Do we have all the pieces of the puzzle?

The model we use is certainly not the unique one. Even
with the same components we could relax some constraints
(for example the equality between the two soft photon tem-
peratures Tbb,hc and Tbb,wc) and obtain new best fits. We
can also add other spectral components (like e.g. blurred
reflection) to the fit of the UV and soft X-rays. The pos-
sibilities are numerous and may give a different picture of
the inner regions of Mkn 509 than the one revealed by our
modeling.

Our choice was rather to choose a small number of spec-
tral components. And our main assumption was to assume
that the optical-UV emission, observed in the optical mon-
itor of XMM, was the signature of an optically thick multi-
color accretion disc whose optical-UV photons are comp-
tonised in two different media: the first one (the warm
corona) producing the soft X-ray excess and the second
one (the hot corona) the high energy continuum emission.
In this framework it appears that:

– the warm corona has an amplification ratio much
smaller the the hot one, i.e. the warm corona covers
a much larger part of the optically thick accretion flow
than the hot one. A rough estimate gives a ratio of at
least 20 between the two covering factors.

– the ”total” amplification ratio, i.e. the ratio of the sum
of the heating power of both coronae to the sum of their
cooling, is of the order unity. This agrees with the opti-
cally thick multicolor disc emission being dominated by
reprocessing i.e. most of the disc emission is due to the
heating from the coronae X-ray emission.

– the disc emission (estimated before comptonisation in
the coronae) is consistent with a disc extending down
to a few Schwarzschild radii (assuming a 108 black hole
solar masses).

– the coronae covers only the inner part of the accretion
disc, < 100 Rg

– the observed flux and spectral variability are mainly due
to changes of the coronae geometries.

What global geometry of the inner regions of Mkn
509 could agree with these different constraints? It has
been recently suggested by Done et al. (2011) that the
accretion disc in AGNs could evolve radially from an
optically thick accretion disk, beyond a transition radius
called Rcorona, to a two-phase accretion flow, at smaller
radii, formed by an optically thick comptonised disc and
an optically thin corona. The latter would play the role of
our hot plasma in our modeling while the optically thick
comptonised disc will produce the warm comptonised
emission. The apparently large covering factor sustained
by the warm plasma in our data, seems to disfavor such
radial dichotomy and rather suggest a vertically stratified
disc, the warm plasma being the upper layers of the disk
(e.g. Janiuk et al. 2001; Czerny et al. 2003). A tentative
sketch of the disc-corona configuration in the galaxy Mkn
509 which agrees with these different constraints is shown
in Fig. 13.

Different observational facts indicate however that re-
ality is (certainly) more complex. First, and although
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Fig. 13. A sketch of the disc-corona configuration in the galaxy
Mkn 509. The hot corona, producing the hard X-ray emission,
has a temperature of ∼ 200 keV and optical depth ∼ 0.5. It is
patchy and covers only small part of the disc. On the contrary,
the warm corona component, producing the optical-UV up to
soft X-ray emission, has a temperature of ∼ 1 keV and an optical
depth ∼ 15. It extends over a much larger part of the disc.

the HST/COS data were not simultaneous to the
XMM/INTEGRAL ones (which prevent any robust con-
clusion), they suggest a multicolor disc component peaking
at lower temperature (∼3-4 eV) than the one obtained in
our fits (which is about 7-10 eV, see Tab. 2). The better
correlations observed between the hard X-ray and the opti-
cal bands compared to those obtained with the UV bands
(see Fig. 3) are also rather puzzling. Both cases seem to in-
dicate the presence of a spectral component in the optical
that would better fit the optical-UV data and would also
be linked to the hot corona. The optical emission being ex-
pected to come from the outer part of the disc, the reason
for a radiative coupling with the hot corona, whose lumi-
nosity is of the order of the accreting power liberated close
to the black hole, is however not straightforward. Future
works will test others models and try to give clearer con-
clusions in this respect.

8. Conclusions

Mkn 509 has been monitored simultaneously with XMM
and INTEGRAL during 1 month in late 2009, with one
observation every 4 days for a total of 10 observations. A
series of paper has been already published on these data
focusing on different aspects of the campaign. Here we have
analysed the broad band opt-UV-X-rays-γ-ray continuum
of the source all along this monitoring. Our main effort
was to adopt realistic Comptonization models to fit the
primary continuum and the opt-UV to soft X-rays emission.

We obtain relatively good fit of the data with the
existence of two clearly different media: a hot (kT ∼ 200
keV), optically-thin (τ ∼ 0.5) corona, for the primary
continuum, and a warm (kT ∼ 1 keV), optically-thick (τ ∼
10-20) plasma for the soft X-ray excess. These two media
have also very different geometries, the latter covering large
part of the accretion flow which produces the soft photon
field cooling the coronae, while the former is characterized
by a very patchy structure. The disc emission agrees with
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nents), C1 and D2 (possibly blended with E2). It is clear from
these comparisons that, although all these earlier observations
detected the main components of the outflow, in order to obtain
a more complete picture of the outflow, we need a high quality
spectrum, like the one shown in this paper.

Two of the three velocity components that we detected are
consistent with earlier results, including the UV data (Kriss et al.
2000; Yaqoob et al. 2003; Kraemer et al. 2003), and correspond
to the two main groups of UV velocity components, one at sys-
temic velocity and the other at − 370 km s−1. Generally speak-
ing, the ionization parameter of the UV components is much
lower than those of the X-ray components detected here. This
could indicate that the UV and X-ray absorbers are co-spatial,
but have different densities. A full discussion of the connection
between the UV and X-ray absorbers will be presented in Ebrero
et al. (2011), where the simultaneous HST COS and Chandra
LETGS data will be compared.

The highest velocity outflow component is only significantly
detected in two ions (Mg xi and Fe xxi). Fig. 12 shows the two
absorption lines fitted with a − 770 km s−1 velocity and a − 300
km s−1 velocity (just as component two in model 2). The im-
provement using the − 770 km s−1 component is ∆χ2 = 16. We
have checked whether this component is also detected in other
ions, but most of them (apart from Ne ix) only yield upper limits
to the ionic column density. An explanation why this component
is only clearly detected in these two ions and not in other ions
with a similar ionization parameter is lacking. We have checked
if the line profiles are the same for the separate RGS 1 and RGS 2
spectra and also in the first and second order spectra. In all cases
the line profile is consistent with a 770 km s−1 blueshift. Also a
possible Mg xi forbidden emission line can not play a role here,
as it is too far away (about 0.3 Å) to influence the line profile in
any way. This velocity component is consistent with an earlier
Chandra HETGS observations, where there was an indication of
this velocity component (Yaqoob et al. 2003). A trend visible in
Table 4 and Fig. 13 is that the higher ionized ions tend to have a
higher outflow velocity. Fitting a constant outflow velocity to the
data yields a value of 70 ± 9 km s−1 with χ2 = 72 for 24 d.o.f. A
linear fit to the points gives a slope of 0.62 ± 0.07 and improves
the χ2 to 46 for 24 d.o.f. If we instead fit a power-law, a relation
of v " ξ0.64±0.10 is obtained, with a total χ2 of 34 for 24 d.o.f. The
MHD models of Fukumura et al. (2010) predict v " ξ0.5, which
is consistent with the relation found here. However it has to be
noted that due to the blending of multiple velocity components
(including gas which might not be outflowing at all), additional
uncertainties are introduced which could effect the results. se-
lecting only those ions, which clearly show blue-shifts as well
as more accurate outflow velocities would be needed to inves-
tigate this trend further. The O iv ion shows a large redshifted
velocity, undetected in the other ions. Most likely this is due to
the blending of the O iv absorption line with the O i line from the
Galactic ISM at z = 0. This blend makes it difficult to determine
the centroid of the O iv line exactly (Kaastra et al. 2011b).

We do not clearly detect the 200 km s−1 redshifted compo-
nent, which was found in the UV data (velocity component 7 of
Kriss et al. 2000). There is some indication that there could be a
O vi component at that velocity (there is some extra absorption
at the red side of the line in Fig 6 at 22.78 Å). We only obtain
an upper limit of the O vi column density in this velocity com-
ponent of 1020 m−2. However, this is consistent with the lower
limit from the UV data, which is 1019 m−2.

Fig. 12. The absorption lines of Mg xi and Fe xxi which show a
blueshift of 770 km s−1. The dashed-dotted line shows a model with
a blueshift of 300 km s−1 and the solid line shows the model with a
blueshift of 770 km s−1.

Fig. 13. Outflow velocity vs. ξ. A general trend of increasing outflow
velocity for ions with a higher ionization parameter can be seen. A neg-
ative velocity indicates redshifted absorption.
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• Dashed lines: ratios of 
transmission for the higher to 
the lower ionisation satte
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Where is the gaz?
• From 10 continuum model fits 
 predicted ξ change for each of 10 
observations, compared to average 
spectrum

• I f gas responds immediately, 
transmission outflow changes 
immediately

• Changing the distance r of the gas to 
the central source will change the 
time delay and the gas density 
(nr2=L/ξ=cste) i.e. the ionisation/
recombination times.

J.S. Kaastra et al.: Multiwavelength campaign on Mrk 509

comes significantly smaller. Here our model predictions become
quite uncertain, as we lack sufficient information on the flux his-
tory of the years before the start of our campaign. There are only
some sparse individual measurements available. Should compo-
nent A originate from such a large distance, then this would im-
ply that the ionisation balance as derived from the simultaneous
SED may not be appropriate.

4.4.2. Time evolution for the most prominent ions

In Fig. 13 we show the time-evolution of the most important
ions for our variability study. Starting with oxygen, we see that
the strong soft X-ray flux enhancement near the center of the
XMM-Newton observations has a strong ionising effect: both the
O  and O  concentrations decrease for gas at distances <
1017.25 m; for larger distances, the history at longer time scales
becomes more important.

Comparing Fe with O , it is seen that iron responds faster
to continuum changes than oxygen: a similar delay is found for
iron at three times larger distances (compare the curves for O 
and Fe  at 1017.00 and 1017.50 m, respectively). For the iron M-
shell ions Fe  – Fe  we see the tendency that the lower ioni-
sations stages decrease in column density while the higher ion-
isation stages increase near the center of the XMM-newton ob-
servations.

Finally, the two panels for Fe  for component C and D
show that the response does not only depend strongly on the dis-
tance to the central source, but also on the ionisation parameter:
component D has a six times higher ionisation parameter than
component C, and it responds less pronounced.

In the next subsection we use these time-dependent ion con-
centrations to derive the predicted changes in transmission, and
the limits on the distance that are obtained by comparing these
to the observed spectra.

4.4.3. Changes in the transmission

With the calculated time-dependent column densities we next
predict the changes in the transmission for each component. We
compare the calculated transmission for individual observations
to the calculated time-averaged transmission for all ten observa-
tions. This average is different for each adopted distance, cf. the
different curves in Fig. 13.

Table 5. Lower limits to the distance of the absorption components for
different energy bands and instruments, at the 90% and 99% confidence
level.

90% lim. 99% lim.
Com- Instru- range χ2/d.o.f. log r log r
ponent ment (m) (m)
C pn 0.5–1.5 keV 508/279 >18.39 >18.30
C pn 0.62–0.78 keV 109/59 >17.93 >17.86
C RGS 7–36 Å 7056/4972 >18.38 >18.33
C RGS 16.5–17.5 Å 217/169 >18.40 >18.33
C RGS 15.4–15.6 Å 45/19 >17.61 >17.56
D RGS 19.5–19.7 Å 33/19 >17.25 >17.19
E pn 0.5–1.5 keV 508/279 >17.22 >17.17
E RGS 11.25–12.8 Å 342/259 >16.54 >16.51

In Sect. 3 we have found no evidence for an instantaneous
response for any of the components where our sensitivity is suf-

ficient to detect it. Here we follow a more general approach. For
each ionisation component and for a grid of distances we de-
termine the formal agreement of the predicted ratio Rpred with
the observed Robs by calculating χ2-values in given energy or
wavelength bands. We summarise our findings in Table 5. For all
cases, the best agreement was obtained for the assumption of no
response (the low-density limit). Hence our data provide lower
limits to the distances of the absorption components. Our table
also shows the χ2-value and degrees of freedom for the low-
density limit (no response). The offsets in χ2-values are caused
by the slight mismatch of our continuum model for some of the
observations (see Sect. 3.2) but these do not affect the distance
estimates below because these depend on the relative increases
in χ2 and not on the absolute values.

For component C, the comparison of the pn results for the
0.5–1.5 and 0.62–0.78 keV band shows that the highest sen-
sitivity is reached by using the full band. This is in line with
Fig. 6 which shows that apart from the main peak at 0.72 keV
there is also a weaker contribution from the broader 1.0–1.5 keV
band. The RGS data in the 16.5–17.5 Å band yield a distance
limit that is almost equal to the limit obtained from the pn data.
The narrower band around the Fe  λ15.01 Å line also yields
lower limits but these are less restrictive than the limits from the
broader band.

For component D, the pn data cannot well distinguish the
different cases so we only get a lower limit from the O  Lyα
line as measured by RGS. For component E the pn spectrum
provides the best limit.

Table 6. Combined lower limits to the distance of the absorption com-
ponents at the 90% confidence level.

Component Distance (pc)
C >91
D >5.8
E >5.4

Combining our results for component C from pn and RGS,
Table 6 summarises the 90% confidence lower limits to the dis-
tance of components C–E.

5. Long-term variability
In the previous section we have shown that there are no indi-
cations for a change in the absorption components C–E during
our intensive XMM-Newton monitoring period of 36 days. Here
we investigate the longer-term variability. To this aim we have
investigated the five archival XMM-Newton observations taken
between 2000–2006. Following a similar procedure as for our
campaign, we have divided the fluxed pn spectra for all these
observations by the fluxed pn spectrum of the combined 2009
observations. As a first step, we simply fit the ratios of the fluxed
spectra to a power-law plus three Gaussians in the 0.5–1.5 band.
For the Gaussians we kept the centroids and widths fixed to the
values given in Table 2, representing the expected differences
due to changes in the ionising luminosity. We plot these ratios,
with the local power-lawmodel divided out, in Fig. 14. We show
the best-fit amplitudes for the Gaussians in Table 7.

It is clear from Fig. 14 and Table 7 that there are no signif-
icant differences in transmission between the two spectra taken
in 2005 and the 2009 spectrum. There may be a hint for a small
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Mass loss through the wind
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Outflows in Mkn 509

• It should occur in narrow, density stratified streamers

• Originate at a few pc (from the torus?)

• Higher column for higher ionisation parameter

• Higher outflow velocity for higher ionisation parameter

10-100 pc

n, v, ξ ➘
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The Big Picture

P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 Broad band spectral analysis.

scale, different variability process dominate the soft and
hard band emission.

7. Do we have all the pieces of the puzzle?

The model we use is certainly not the unique one. Even
with the same components we could relax some constraints
(for example the equality between the two soft photon tem-
peratures Tbb,hc and Tbb,wc) and obtain new best fits. We
can also add other spectral components (like e.g. blurred
reflection) to the fit of the UV and soft X-rays. The pos-
sibilities are numerous and may give a different picture of
the inner regions of Mkn 509 than the one revealed by our
modeling.

Our choice was rather to choose a small number of spec-
tral components. And our main assumption was to assume
that the optical-UV emission, observed in the optical mon-
itor of XMM, was the signature of an optically thick multi-
color accretion disc whose optical-UV photons are comp-
tonised in two different media: the first one (the warm
corona) producing the soft X-ray excess and the second
one (the hot corona) the high energy continuum emission.
In this framework it appears that:

– the warm corona has an amplification ratio much
smaller the the hot one, i.e. the warm corona covers
a much larger part of the optically thick accretion flow
than the hot one. A rough estimate gives a ratio of at
least 20 between the two covering factors.

– the ”total” amplification ratio, i.e. the ratio of the sum
of the heating power of both coronae to the sum of their
cooling, is of the order unity. This agrees with the opti-
cally thick multicolor disc emission being dominated by
reprocessing i.e. most of the disc emission is due to the
heating from the coronae X-ray emission.

– the disc emission (estimated before comptonisation in
the coronae) is consistent with a disc extending down
to a few Schwarzschild radii (assuming a 108 black hole
solar masses).

– the coronae covers only the inner part of the accretion
disc, < 100 Rg

– the observed flux and spectral variability are mainly due
to changes of the coronae geometries.

What global geometry of the inner regions of Mkn
509 could agree with these different constraints? It has
been recently suggested by Done et al. (2011) that the
accretion disc in AGNs could evolve radially from an
optically thick accretion disk, beyond a transition radius
called Rcorona, to a two-phase accretion flow, at smaller
radii, formed by an optically thick comptonised disc and
an optically thin corona. The latter would play the role of
our hot plasma in our modeling while the optically thick
comptonised disc will produce the warm comptonised
emission. The apparently large covering factor sustained
by the warm plasma in our data, seems to disfavor such
radial dichotomy and rather suggest a vertically stratified
disc, the warm plasma being the upper layers of the disk
(e.g. Janiuk et al. 2001; Czerny et al. 2003). A tentative
sketch of the disc-corona configuration in the galaxy Mkn
509 which agrees with these different constraints is shown
in Fig. 13.

Different observational facts indicate however that re-
ality is (certainly) more complex. First, and although
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Fig. 13. A sketch of the disc-corona configuration in the galaxy
Mkn 509. The hot corona, producing the hard X-ray emission,
has a temperature of ∼ 200 keV and optical depth ∼ 0.5. It is
patchy and covers only small part of the disc. On the contrary,
the warm corona component, producing the optical-UV up to
soft X-ray emission, has a temperature of ∼ 1 keV and an optical
depth ∼ 15. It extends over a much larger part of the disc.

the HST/COS data were not simultaneous to the
XMM/INTEGRAL ones (which prevent any robust con-
clusion), they suggest a multicolor disc component peaking
at lower temperature (∼3-4 eV) than the one obtained in
our fits (which is about 7-10 eV, see Tab. 2). The better
correlations observed between the hard X-ray and the opti-
cal bands compared to those obtained with the UV bands
(see Fig. 3) are also rather puzzling. Both cases seem to in-
dicate the presence of a spectral component in the optical
that would better fit the optical-UV data and would also
be linked to the hot corona. The optical emission being ex-
pected to come from the outer part of the disc, the reason
for a radiative coupling with the hot corona, whose lumi-
nosity is of the order of the accreting power liberated close
to the black hole, is however not straightforward. Future
works will test others models and try to give clearer con-
clusions in this respect.

8. Conclusions

Mkn 509 has been monitored simultaneously with XMM
and INTEGRAL during 1 month in late 2009, with one
observation every 4 days for a total of 10 observations. A
series of paper has been already published on these data
focusing on different aspects of the campaign. Here we have
analysed the broad band opt-UV-X-rays-γ-ray continuum
of the source all along this monitoring. Our main effort
was to adopt realistic Comptonization models to fit the
primary continuum and the opt-UV to soft X-rays emission.

We obtain relatively good fit of the data with the
existence of two clearly different media: a hot (kT ∼ 200
keV), optically-thin (τ ∼ 0.5) corona, for the primary
continuum, and a warm (kT ∼ 1 keV), optically-thick (τ ∼
10-20) plasma for the soft X-ray excess. These two media
have also very different geometries, the latter covering large
part of the accretion flow which produces the soft photon
field cooling the coronae, while the former is characterized
by a very patchy structure. The disc emission agrees with
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