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Comptonisation Spectrum
Compton sp e ct r um often 
approximated by a cut-off 
power law
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The case 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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CorrelationsP.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 XII. Broad band spectral analysis.

Fig. 2. Count rate-count rate correlation coefficients between
different energy bands for the 10 observations. In each panel, the
green star is the XMM-Newton/OM light curve in the 3-6 eV
band; the three blue crosses correspond to the XMM-Newton/pn
soft X-ray bands: 0.2-0.5 keV, 0.5-1 keV, 1-2 keV; the three red
diamonds correspond to the XMM-Newton/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 cor-
related with the one marked with the vertical dotted lines. We
have overplotted the 95 and 99% confidence levels for the signifi-
cance of the correlation (it corresponds to correlation coefficients
of 0.64 and 0.78, respectively, for 10 points) with horizontal dot-
dashed and dashed lines respectively.

including those above 10 keV from the INTEGRAL/ISGRI
instrument. The error bars reported in this figure have been
estimated in the following way. To simplify, let’s focus on
the error of the Pearson correlation coefficient of 0.78 ob-
tained between the 3-6 eV and 0.2-0.5 keV count rate light
curves. For both energy ranges, we have simulated 200 light
curves of 10 count rates, each of these count-rates being tri-
alled following a Gaussian distribution probability centered
on the observed values (in these energy ranges) and with a
standard deviation equal to the 68% count rate error of the
observed data.

Let’s take the example of the simulation of the faked
3-6 eV count rates for Obs 1. The observed count rate
for Obs 1 is 14.06 cts s−1 with a 90% error of ±0.76 cts
s−1. Thus we trial 200 faked 3-6 eV count rates from a
gaussian centered on 14.06 cts s−1 and with a standard
deviation of 0.76/1.65=0.46 cts s−1. We proceed in the
same manner for the 0.2-0.5 keV energy band. Then we
correlate the 200 simulated 3-6 eV light curves with the
200 simulated 0.2-0.5 keV light curves to obtain a set
of 200×200 fake correlation coefficients. We define the
correlation coefficient cmin (respectively cmax) as the
value below (respectively above) which we have 5% of the
simulated correlation coefficients. In the present example
cmin = 0.47 and cmax = 0.85 and we use cmin and cmax

as the corresponding 90% error on the observed correlation
coefficient. We apply the same procedure for the other
correlation coefficients shown in Fig. 2. We have also

Fig. 3. 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 total spectrum of
the source. The bottom panels show the contribution of each
component to the total variance as a function of energy.

overplotted, in this figure, the 95 and 99% confidence levels
for the significance of the correlation (this correspond to
correlation coefficients of 0.64 and 0.78, respectively, for 10
points) with dot-dashed and dashed lines respectively.

Figure 2 shows that the UV and soft X-rays (<1 keV)
bands are indeed well correlated even if the errors on the
correlation coefficient are relatively large. But, in contrast,
the absence of correlation with the higher-energy bands
points to separated components between the low (<1 keV)
and high (>1 keV) energies. Noticeably, the XMM-Newton
energy bands above ∼2 keV appear to vary in unison, and
correlate also well with the 20-60 keV INTEGRAL energy
band, suggesting a common physical origin.

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. Paltani & Walter 1996; 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
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Principal Component Analysis
P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 XII. Broad band spectral analysis.

Fig. 2. Count rate-count rate correlation coefficients between
different energy bands for the 10 observations. In each panel, the
green star is the XMM-Newton/OM light curve in the 3-6 eV
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correspond to the INTEGRAL/ISGRI hard X-ray bands: 20-60
keV and 60-200 keV. In each panel, the light curves are cor-
related with the one marked with the vertical dotted lines. We
have overplotted the 95 and 99% confidence levels for the signifi-
cance of the correlation (it corresponds to correlation coefficients
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dashed and dashed lines respectively.
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P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 XII. Broad band spectral analysis.

Fig. 2. Count rate-count rate correlation coefficients between
different energy bands for the 10 observations. In each panel, the
green star is the XMM-Newton/OM light curve in the 3-6 eV
band; the three blue crosses correspond to the XMM-Newton/pn
soft X-ray bands: 0.2-0.5 keV, 0.5-1 keV, 1-2 keV; the three red
diamonds correspond to the XMM-Newton/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 cor-
related with the one marked with the vertical dotted lines. We
have overplotted the 95 and 99% confidence levels for the signifi-
cance of the correlation (it corresponds to correlation coefficients
of 0.64 and 0.78, respectively, for 10 points) with horizontal dot-
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on the observed values (in these energy ranges) and with a
standard deviation equal to the 68% count rate error of the
observed data.
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3-6 eV count rates for Obs 1. The observed count rate
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gaussian centered on 14.06 cts s−1 and with a standard
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correlate the 200 simulated 3-6 eV light curves with the
200 simulated 0.2-0.5 keV light curves to obtain a set
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correlation coefficient are relatively large. But, in contrast,
the absence of correlation with the higher-energy bands
points to separated components between the low (<1 keV)
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energy bands above ∼2 keV appear to vary in unison, and
correlate also well with the 20-60 keV INTEGRAL energy
band, suggesting a common physical origin.
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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
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The Model

Energy (keV)

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

Obs Γwc kTwc τwc kThc yhc τhc Tbb,wc Tbb,hc Npexmon χ2/dof
(keV) (keV) (eV) (eV) (× 10−3)

Total 2.595+0.005
−0.005 0.56+0.02

−0.02 18.4+0.3
−0.4 123+5

−6 0.63+0.01
−0.01 0.65+0.01

−0.01 3.4+0.1
−0.1 100+1

−1 2.9 1387/690
Obs 1 2.56+0.03

−0.01 0.48+0.07
−0.04 20.3+1.1

−0.1 102+31
−10 0.63+0.06

−0.01 0.89+0.10
−0.03 2.6+0.2

−0.1 97+13
−7 (f) 396/415

Obs 2 2.55+0.01
−0.01 0.54+0.06

−0.06 19.3+0.7
−1.5 122+18

−17 0.63+0.02
−0.02 0.66+0.03

−0.08 2.7+0.2
−0.1 95+1

−2 (f) 510/415
Obs 3 2.53+0.01

−0.01 0.54+0.04
−0.06 19.3+1.2

−0.4 120+8
−19 0.60+0.02

−0.02 0.65+0.07
−0.01 2.9+0.2

−0.1 108+1
−2 (f) 501/415

Obs 4 2.60+0.01
−0.01 0.56+0.05

−0.04 17.1+2.1
−0.1 164+18

−15 0.54+0.02
−0.01 0.42+0.02

−0.03 3.2+0.1
−0.5 102+1

−2 (f) 500/415
Obs 5 2.57+0.01

−0.01 0.50+0.03
−0.03 19.8+1.4

−1.5 141+11
−13 0.51+0.01

−0.01 0.46+0.02
−0.03 3.3+0.2

−0.3 105+1
−1 (f) 467/415

Obs 6 2.54+0.03
−0.01 0.59+0.04

−0.08 18.5+1.4
−2.5 108+8

−21 0.66+0.03
−0.04 0.78+0.08

−0.03 2.9+0.1
−0.2 116+2

−2 (f) 518/415
Obs 7 2.54+0.01

−0.01 0.54+0.05
−0.08 19.0+1.3

−0.8 119+13
−20 0.60+0.02

−0.03 0.67+0.07
−0.02 2.9+0.4

−0.2 104+1
−2 (f) 513/415

Obs 8 2.52+0.02
−0.01 0.52+0.07

−0.03 20.0+3.2
−0.9 78+13

−10 0.64+0.05
−0.02 1.05+0.09

−0.12 2.6+0.2
−0.1 114+2

−3 (f) 494/415
Obs 9 2.55+0.02

−0.01 0.49+0.04
−0.04 20.2+0.1

−1.4 115+9
−16 0.60+0.02

−0.02 0.67+0.08
−0.02 3.0+0.1

−0.2 100+2
−1 (f) 450/415

Obs 10 2.53+0.01
−0.01 0.53+0.05

−0.05 19.7+1.2
−0.9 102+12

−12 0.67+0.03
−0.03 0.84+0.04

−0.05 2.6+0.3
−0.2 108+1

−4 (f) 409/415

Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
is very bad with χ2/dof =8850/691 and the data/model
ratio shows several features in the X-rays. Relaxing
the constrain of equal soft temperatures between the
two plasmas enables us to reach a much better fit with
χ2/dof =1387/690. The corresponding best-fit parameter
values are reported in the first row of Tab. 2. We have
plotted in Fig. 5 the corresponding unfolded best-fit
model. The data are the black crosses and the best-fit
model is plotted in black solid line. The different spectral
components, without the effects of absorption, are plotted
in gray dotted lines. The absorbed components are plotted
in gray dashed lines.

The two plasmas have clearly different characteristics.
The warm corona is optically thick with τwc∼20, a temper-
ature kTwc of the order of 600 eV and a soft-photon tem-
perature Tbb,wc ∼3 eV. On the contrary the hot corona is
optically thin τhc∼0.6, with a temperature kThc of about
100 keV and a soft-photon temperature Tbb,hc∼100 eV.

In this model, the optical/UV data are entirely fitted
by the low-energy part of the warm plasma emission
(see Fig. 5). The soft-photon bump of the hot corona,
instead, peaks in the soft X-ray range and contributes
to the soft X-ray excess. The soft-photon temperature
of ∼100 eV suggests that the hot corona is localized
in the inner region of the accretion flow compared to
the warm corona. Note however that a 100 eV temper-
ature is large for a ”standard” accretion disk around a
∼ 108 M" black hole. This point is discussed in Sect. 6.2.1.

The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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The Model

• A multi-black body disc to fit the optical-UV data 

Energy (keV)

P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 XII. Broad band spectral analysis.
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−15 0.54+0.02
−0.01 0.42+0.02

−0.03 3.2+0.1
−0.5 102+1

−2 (f) 500/415
Obs 5 2.57+0.01

−0.01 0.50+0.03
−0.03 19.8+1.4

−1.5 141+11
−13 0.51+0.01

−0.01 0.46+0.02
−0.03 3.3+0.2

−0.3 105+1
−1 (f) 467/415

Obs 6 2.54+0.03
−0.01 0.59+0.04

−0.08 18.5+1.4
−2.5 108+8

−21 0.66+0.03
−0.04 0.78+0.08

−0.03 2.9+0.1
−0.2 116+2

−2 (f) 518/415
Obs 7 2.54+0.01

−0.01 0.54+0.05
−0.08 19.0+1.3

−0.8 119+13
−20 0.60+0.02

−0.03 0.67+0.07
−0.02 2.9+0.4

−0.2 104+1
−2 (f) 513/415

Obs 8 2.52+0.02
−0.01 0.52+0.07

−0.03 20.0+3.2
−0.9 78+13

−10 0.64+0.05
−0.02 1.05+0.09

−0.12 2.6+0.2
−0.1 114+2

−3 (f) 494/415
Obs 9 2.55+0.02

−0.01 0.49+0.04
−0.04 20.2+0.1

−1.4 115+9
−16 0.60+0.02

−0.02 0.67+0.08
−0.02 3.0+0.1

−0.2 100+2
−1 (f) 450/415

Obs 10 2.53+0.01
−0.01 0.53+0.05

−0.05 19.7+1.2
−0.9 102+12

−12 0.67+0.03
−0.03 0.84+0.04

−0.05 2.6+0.3
−0.2 108+1
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Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
is very bad with χ2/dof =8850/691 and the data/model
ratio shows several features in the X-rays. Relaxing
the constrain of equal soft temperatures between the
two plasmas enables us to reach a much better fit with
χ2/dof =1387/690. The corresponding best-fit parameter
values are reported in the first row of Tab. 2. We have
plotted in Fig. 5 the corresponding unfolded best-fit
model. The data are the black crosses and the best-fit
model is plotted in black solid line. The different spectral
components, without the effects of absorption, are plotted
in gray dotted lines. The absorbed components are plotted
in gray dashed lines.

The two plasmas have clearly different characteristics.
The warm corona is optically thick with τwc∼20, a temper-
ature kTwc of the order of 600 eV and a soft-photon tem-
perature Tbb,wc ∼3 eV. On the contrary the hot corona is
optically thin τhc∼0.6, with a temperature kThc of about
100 keV and a soft-photon temperature Tbb,hc∼100 eV.

In this model, the optical/UV data are entirely fitted
by the low-energy part of the warm plasma emission
(see Fig. 5). The soft-photon bump of the hot corona,
instead, peaks in the soft X-ray range and contributes
to the soft X-ray excess. The soft-photon temperature
of ∼100 eV suggests that the hot corona is localized
in the inner region of the accretion flow compared to
the warm corona. Note however that a 100 eV temper-
ature is large for a ”standard” accretion disk around a
∼ 108 M" black hole. This point is discussed in Sect. 6.2.1.

The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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The Model

• A multi-black body disc to fit the optical-UV data 

• A “warm” corona to fit the soft X-ray emission

Energy (keV)

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

Obs Γwc kTwc τwc kThc yhc τhc Tbb,wc Tbb,hc Npexmon χ2/dof
(keV) (keV) (eV) (eV) (× 10−3)

Total 2.595+0.005
−0.005 0.56+0.02

−0.02 18.4+0.3
−0.4 123+5

−6 0.63+0.01
−0.01 0.65+0.01

−0.01 3.4+0.1
−0.1 100+1

−1 2.9 1387/690
Obs 1 2.56+0.03

−0.01 0.48+0.07
−0.04 20.3+1.1

−0.1 102+31
−10 0.63+0.06

−0.01 0.89+0.10
−0.03 2.6+0.2

−0.1 97+13
−7 (f) 396/415

Obs 2 2.55+0.01
−0.01 0.54+0.06

−0.06 19.3+0.7
−1.5 122+18

−17 0.63+0.02
−0.02 0.66+0.03

−0.08 2.7+0.2
−0.1 95+1

−2 (f) 510/415
Obs 3 2.53+0.01

−0.01 0.54+0.04
−0.06 19.3+1.2

−0.4 120+8
−19 0.60+0.02

−0.02 0.65+0.07
−0.01 2.9+0.2

−0.1 108+1
−2 (f) 501/415

Obs 4 2.60+0.01
−0.01 0.56+0.05

−0.04 17.1+2.1
−0.1 164+18

−15 0.54+0.02
−0.01 0.42+0.02

−0.03 3.2+0.1
−0.5 102+1

−2 (f) 500/415
Obs 5 2.57+0.01

−0.01 0.50+0.03
−0.03 19.8+1.4

−1.5 141+11
−13 0.51+0.01

−0.01 0.46+0.02
−0.03 3.3+0.2

−0.3 105+1
−1 (f) 467/415

Obs 6 2.54+0.03
−0.01 0.59+0.04

−0.08 18.5+1.4
−2.5 108+8

−21 0.66+0.03
−0.04 0.78+0.08

−0.03 2.9+0.1
−0.2 116+2

−2 (f) 518/415
Obs 7 2.54+0.01

−0.01 0.54+0.05
−0.08 19.0+1.3

−0.8 119+13
−20 0.60+0.02

−0.03 0.67+0.07
−0.02 2.9+0.4

−0.2 104+1
−2 (f) 513/415

Obs 8 2.52+0.02
−0.01 0.52+0.07

−0.03 20.0+3.2
−0.9 78+13

−10 0.64+0.05
−0.02 1.05+0.09

−0.12 2.6+0.2
−0.1 114+2

−3 (f) 494/415
Obs 9 2.55+0.02

−0.01 0.49+0.04
−0.04 20.2+0.1

−1.4 115+9
−16 0.60+0.02

−0.02 0.67+0.08
−0.02 3.0+0.1

−0.2 100+2
−1 (f) 450/415

Obs 10 2.53+0.01
−0.01 0.53+0.05

−0.05 19.7+1.2
−0.9 102+12

−12 0.67+0.03
−0.03 0.84+0.04

−0.05 2.6+0.3
−0.2 108+1

−4 (f) 409/415

Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
is very bad with χ2/dof =8850/691 and the data/model
ratio shows several features in the X-rays. Relaxing
the constrain of equal soft temperatures between the
two plasmas enables us to reach a much better fit with
χ2/dof =1387/690. The corresponding best-fit parameter
values are reported in the first row of Tab. 2. We have
plotted in Fig. 5 the corresponding unfolded best-fit
model. The data are the black crosses and the best-fit
model is plotted in black solid line. The different spectral
components, without the effects of absorption, are plotted
in gray dotted lines. The absorbed components are plotted
in gray dashed lines.

The two plasmas have clearly different characteristics.
The warm corona is optically thick with τwc∼20, a temper-
ature kTwc of the order of 600 eV and a soft-photon tem-
perature Tbb,wc ∼3 eV. On the contrary the hot corona is
optically thin τhc∼0.6, with a temperature kThc of about
100 keV and a soft-photon temperature Tbb,hc∼100 eV.

In this model, the optical/UV data are entirely fitted
by the low-energy part of the warm plasma emission
(see Fig. 5). The soft-photon bump of the hot corona,
instead, peaks in the soft X-ray range and contributes
to the soft X-ray excess. The soft-photon temperature
of ∼100 eV suggests that the hot corona is localized
in the inner region of the accretion flow compared to
the warm corona. Note however that a 100 eV temper-
ature is large for a ”standard” accretion disk around a
∼ 108 M" black hole. This point is discussed in Sect. 6.2.1.

The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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The Model

• A multi-black body disc to fit the optical-UV data 

• A “warm” corona to fit the soft X-ray emission
• A “hot” corona to fit the hard X-rays

Energy (keV)

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

Obs Γwc kTwc τwc kThc yhc τhc Tbb,wc Tbb,hc Npexmon χ2/dof
(keV) (keV) (eV) (eV) (× 10−3)

Total 2.595+0.005
−0.005 0.56+0.02

−0.02 18.4+0.3
−0.4 123+5

−6 0.63+0.01
−0.01 0.65+0.01

−0.01 3.4+0.1
−0.1 100+1

−1 2.9 1387/690
Obs 1 2.56+0.03

−0.01 0.48+0.07
−0.04 20.3+1.1

−0.1 102+31
−10 0.63+0.06

−0.01 0.89+0.10
−0.03 2.6+0.2

−0.1 97+13
−7 (f) 396/415

Obs 2 2.55+0.01
−0.01 0.54+0.06

−0.06 19.3+0.7
−1.5 122+18

−17 0.63+0.02
−0.02 0.66+0.03

−0.08 2.7+0.2
−0.1 95+1

−2 (f) 510/415
Obs 3 2.53+0.01

−0.01 0.54+0.04
−0.06 19.3+1.2

−0.4 120+8
−19 0.60+0.02

−0.02 0.65+0.07
−0.01 2.9+0.2

−0.1 108+1
−2 (f) 501/415

Obs 4 2.60+0.01
−0.01 0.56+0.05

−0.04 17.1+2.1
−0.1 164+18

−15 0.54+0.02
−0.01 0.42+0.02

−0.03 3.2+0.1
−0.5 102+1

−2 (f) 500/415
Obs 5 2.57+0.01

−0.01 0.50+0.03
−0.03 19.8+1.4

−1.5 141+11
−13 0.51+0.01

−0.01 0.46+0.02
−0.03 3.3+0.2

−0.3 105+1
−1 (f) 467/415

Obs 6 2.54+0.03
−0.01 0.59+0.04

−0.08 18.5+1.4
−2.5 108+8

−21 0.66+0.03
−0.04 0.78+0.08

−0.03 2.9+0.1
−0.2 116+2

−2 (f) 518/415
Obs 7 2.54+0.01

−0.01 0.54+0.05
−0.08 19.0+1.3

−0.8 119+13
−20 0.60+0.02

−0.03 0.67+0.07
−0.02 2.9+0.4

−0.2 104+1
−2 (f) 513/415

Obs 8 2.52+0.02
−0.01 0.52+0.07

−0.03 20.0+3.2
−0.9 78+13

−10 0.64+0.05
−0.02 1.05+0.09

−0.12 2.6+0.2
−0.1 114+2

−3 (f) 494/415
Obs 9 2.55+0.02

−0.01 0.49+0.04
−0.04 20.2+0.1

−1.4 115+9
−16 0.60+0.02

−0.02 0.67+0.08
−0.02 3.0+0.1

−0.2 100+2
−1 (f) 450/415

Obs 10 2.53+0.01
−0.01 0.53+0.05

−0.05 19.7+1.2
−0.9 102+12

−12 0.67+0.03
−0.03 0.84+0.04

−0.05 2.6+0.3
−0.2 108+1

−4 (f) 409/415

Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
is very bad with χ2/dof =8850/691 and the data/model
ratio shows several features in the X-rays. Relaxing
the constrain of equal soft temperatures between the
two plasmas enables us to reach a much better fit with
χ2/dof =1387/690. The corresponding best-fit parameter
values are reported in the first row of Tab. 2. We have
plotted in Fig. 5 the corresponding unfolded best-fit
model. The data are the black crosses and the best-fit
model is plotted in black solid line. The different spectral
components, without the effects of absorption, are plotted
in gray dotted lines. The absorbed components are plotted
in gray dashed lines.

The two plasmas have clearly different characteristics.
The warm corona is optically thick with τwc∼20, a temper-
ature kTwc of the order of 600 eV and a soft-photon tem-
perature Tbb,wc ∼3 eV. On the contrary the hot corona is
optically thin τhc∼0.6, with a temperature kThc of about
100 keV and a soft-photon temperature Tbb,hc∼100 eV.

In this model, the optical/UV data are entirely fitted
by the low-energy part of the warm plasma emission
(see Fig. 5). The soft-photon bump of the hot corona,
instead, peaks in the soft X-ray range and contributes
to the soft X-ray excess. The soft-photon temperature
of ∼100 eV suggests that the hot corona is localized
in the inner region of the accretion flow compared to
the warm corona. Note however that a 100 eV temper-
ature is large for a ”standard” accretion disk around a
∼ 108 M" black hole. This point is discussed in Sect. 6.2.1.

The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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The Model

• A multi-black body disc to fit the optical-UV data 

• A “warm” corona to fit the soft X-ray emission
• A “hot” corona to fit the hard X-rays
• Reflection components to fit the iron line profile

Energy (keV)

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

Obs Γwc kTwc τwc kThc yhc τhc Tbb,wc Tbb,hc Npexmon χ2/dof
(keV) (keV) (eV) (eV) (× 10−3)

Total 2.595+0.005
−0.005 0.56+0.02

−0.02 18.4+0.3
−0.4 123+5

−6 0.63+0.01
−0.01 0.65+0.01

−0.01 3.4+0.1
−0.1 100+1

−1 2.9 1387/690
Obs 1 2.56+0.03

−0.01 0.48+0.07
−0.04 20.3+1.1

−0.1 102+31
−10 0.63+0.06

−0.01 0.89+0.10
−0.03 2.6+0.2

−0.1 97+13
−7 (f) 396/415

Obs 2 2.55+0.01
−0.01 0.54+0.06

−0.06 19.3+0.7
−1.5 122+18

−17 0.63+0.02
−0.02 0.66+0.03

−0.08 2.7+0.2
−0.1 95+1

−2 (f) 510/415
Obs 3 2.53+0.01

−0.01 0.54+0.04
−0.06 19.3+1.2

−0.4 120+8
−19 0.60+0.02

−0.02 0.65+0.07
−0.01 2.9+0.2

−0.1 108+1
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Obs 4 2.60+0.01
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−0.03 3.2+0.1
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−0.01 0.50+0.03
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−0.01 0.46+0.02
−0.03 3.3+0.2

−0.3 105+1
−1 (f) 467/415

Obs 6 2.54+0.03
−0.01 0.59+0.04

−0.08 18.5+1.4
−2.5 108+8

−21 0.66+0.03
−0.04 0.78+0.08

−0.03 2.9+0.1
−0.2 116+2

−2 (f) 518/415
Obs 7 2.54+0.01

−0.01 0.54+0.05
−0.08 19.0+1.3

−0.8 119+13
−20 0.60+0.02

−0.03 0.67+0.07
−0.02 2.9+0.4

−0.2 104+1
−2 (f) 513/415

Obs 8 2.52+0.02
−0.01 0.52+0.07

−0.03 20.0+3.2
−0.9 78+13

−10 0.64+0.05
−0.02 1.05+0.09

−0.12 2.6+0.2
−0.1 114+2

−3 (f) 494/415
Obs 9 2.55+0.02

−0.01 0.49+0.04
−0.04 20.2+0.1

−1.4 115+9
−16 0.60+0.02

−0.02 0.67+0.08
−0.02 3.0+0.1

−0.2 100+2
−1 (f) 450/415

Obs 10 2.53+0.01
−0.01 0.53+0.05

−0.05 19.7+1.2
−0.9 102+12

−12 0.67+0.03
−0.03 0.84+0.04

−0.05 2.6+0.3
−0.2 108+1

−4 (f) 409/415

Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
is very bad with χ2/dof =8850/691 and the data/model
ratio shows several features in the X-rays. Relaxing
the constrain of equal soft temperatures between the
two plasmas enables us to reach a much better fit with
χ2/dof =1387/690. The corresponding best-fit parameter
values are reported in the first row of Tab. 2. We have
plotted in Fig. 5 the corresponding unfolded best-fit
model. The data are the black crosses and the best-fit
model is plotted in black solid line. The different spectral
components, without the effects of absorption, are plotted
in gray dotted lines. The absorbed components are plotted
in gray dashed lines.

The two plasmas have clearly different characteristics.
The warm corona is optically thick with τwc∼20, a temper-
ature kTwc of the order of 600 eV and a soft-photon tem-
perature Tbb,wc ∼3 eV. On the contrary the hot corona is
optically thin τhc∼0.6, with a temperature kThc of about
100 keV and a soft-photon temperature Tbb,hc∼100 eV.

In this model, the optical/UV data are entirely fitted
by the low-energy part of the warm plasma emission
(see Fig. 5). The soft-photon bump of the hot corona,
instead, peaks in the soft X-ray range and contributes
to the soft X-ray excess. The soft-photon temperature
of ∼100 eV suggests that the hot corona is localized
in the inner region of the accretion flow compared to
the warm corona. Note however that a 100 eV temper-
ature is large for a ”standard” accretion disk around a
∼ 108 M" black hole. This point is discussed in Sect. 6.2.1.

The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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The Model

• A warm absorber from the outflow analysis

• A multi-black body disc to fit the optical-UV data 

• A “warm” corona to fit the soft X-ray emission
• A “hot” corona to fit the hard X-rays
• Reflection components to fit the iron line profile

Energy (keV)

P.-O. Petrucci et al.: Multiwavelength campaign on Mrk 509 XII. Broad band spectral analysis.
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−0.1 95+1
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Table 2. Best fit parameters of the total spectrum and the different observations using the comptonisation model compps for the
primary continuum and nthcomp for the UV-soft X-rays. The optical depth τwc of the warm corona is estimated from eqpair
fits (see App. A).

Fig. 5. Unfolded best fit model of the total data spectrum us-
ing a thermal comptonisation component (compps in xspec) for
the primary continuum. The data are the black crosses. The
solid black line is the best fit model including all absorption
(WA and Galactic). The dashed lines correspond to the differ-
ent spectral components (hot and warm corona emission as well
as the reflection produced by pexmon) including the effects of
absorptions while the dotted line are absorption free.

5.2.3. The total spectrum

First, we assume the same soft-photon temperatures for
the two comptonisation models i.e. Tbb,hc=Tbb,wc. The fit
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components, without the effects of absorption, are plotted
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ature kTwc of the order of 600 eV and a soft-photon tem-
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The value of 100 keV for the hot corona temperature
is not incompatible with the lower limit on the high-energy
cut-off Ec >200 keV obtained when fitting with a cut-off
power law shape for the primary continuum (see Sect. 5.1).
Indeed, as said in the introduction, the cut-off spectral
shape of a comptonisation spectrum differs from an expo-
nential cut-off and, roughly speaking, Ec is generally about
a factor 2 or 3 larger than the ”real” corona temperature.
Thus Ec > 200 keV agrees with a corona temperature of
∼100 keV.

However the fit of the total spectrum is still statistically
not acceptable, with the presence of strong features in the
data/model ratio, especially in the soft X-rays. The FUSE
points are also slightly below the best fit model (see Fig.
5). A possible reason for these discrepancies, given that the
fits are reasonably good for each individual observation (see
next section), could be the source spectral variability. The
total spectrum is then a mix of different spectral states
which cannot be easily fit with ”steady-state” components.

5.2.4. Individual observations

We repeat the same fitting procedure for the 10 different
observations, letting Tbb,hc and Tbb,wc free to vary indepen-
dently. Like in Sect. 5.1.2, the pexmon normalization is
fixed to the best-fit value obtained with the total spectrum.
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Ltot/Ls=2
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Fig. 6. Contour plots of the temperature versus optical depth
for the hot (top) and warm (bottom) corona for the 10 ob-
servations. We have over-plotted the predicted relationship τ
vs. kT in steady state assuming a soft-photon temperature of
10 eV and for different Compton amplification ratios: dotted
line: Ltot/Ls=2, dashed line: Ltot/Ls=3, dot-dot-dot-dashed:
Ltot/Ls=11.

The best fit parameters for each pointing are reported in
Table 2. The 90% contour plots of the temperature vs. the
optical depth are plotted in Fig. 6 for both coronae and
for the 10 observations. Note that the errors reported in
Table 2 are computed from these contour plots and not
from the error command of xspec. Indeed, the shape of
the χ2 surface is relatively complex for the models used,
and confidence intervals are better found by determining
the locus of constant ∆χ2 than by the use of the error
command.

The time evolutions of the different best-fit parameters
are plotted in Fig. 7. For each parameter we have over-
plotted their weighted average value in solid line and the
corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.

5.2.5. Heating and cooling

Let’s call Ltot the total corona luminosity and Ls the
intercepted soft-photon luminosity i.e. the part of the
soft-photon luminosity emitted by the cold phase that
effectively enters and cools the corona. The difference
Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
tion) the corresponding soft-photon luminosity that crosses
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corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.

5.2.5. Heating and cooling

Let’s call Ltot the total corona luminosity and Ls the
intercepted soft-photon luminosity i.e. the part of the
soft-photon luminosity emitted by the cold phase that
effectively enters and cools the corona. The difference
Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
tion) the corresponding soft-photon luminosity that crosses
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The best fit parameters for each pointing are reported in
Table 2. The 90% contour plots of the temperature vs. the
optical depth are plotted in Fig. 6 for both coronae and
for the 10 observations. Note that the errors reported in
Table 2 are computed from these contour plots and not
from the error command of xspec. Indeed, the shape of
the χ2 surface is relatively complex for the models used,
and confidence intervals are better found by determining
the locus of constant ∆χ2 than by the use of the error
command.

The time evolutions of the different best-fit parameters
are plotted in Fig. 7. For each parameter we have over-
plotted their weighted average value in solid line and the
corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.

5.2.5. Heating and cooling

Let’s call Ltot the total corona luminosity and Ls the
intercepted soft-photon luminosity i.e. the part of the
soft-photon luminosity emitted by the cold phase that
effectively enters and cools the corona. The difference
Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
tion) the corresponding soft-photon luminosity that crosses
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Fig. 6. Contour plots of the temperature versus optical depth
for the hot (top) and warm (bottom) corona for the 10 ob-
servations. We have over-plotted the predicted relationship τ
vs. kT in steady state assuming a soft-photon temperature of
10 eV and for different Compton amplification ratios: dotted
line: Ltot/Ls=2, dashed line: Ltot/Ls=3, dot-dot-dot-dashed:
Ltot/Ls=11.

The best fit parameters for each pointing are reported in
Table 2. The 90% contour plots of the temperature vs. the
optical depth are plotted in Fig. 6 for both coronae and
for the 10 observations. Note that the errors reported in
Table 2 are computed from these contour plots and not
from the error command of xspec. Indeed, the shape of
the χ2 surface is relatively complex for the models used,
and confidence intervals are better found by determining
the locus of constant ∆χ2 than by the use of the error
command.

The time evolutions of the different best-fit parameters
are plotted in Fig. 7. For each parameter we have over-
plotted their weighted average value in solid line and the
corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.

5.2.5. Heating and cooling

Let’s call Ltot the total corona luminosity and Ls the
intercepted soft-photon luminosity i.e. the part of the
soft-photon luminosity emitted by the cold phase that
effectively enters and cools the corona. The difference
Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
tion) the corresponding soft-photon luminosity that crosses
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are plotted in Fig. 7. For each parameter we have over-
plotted their weighted average value in solid line and the
corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.
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Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
tion) the corresponding soft-photon luminosity that crosses
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the χ2 surface is relatively complex for the models used,
and confidence intervals are better found by determining
the locus of constant ∆χ2 than by the use of the error
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are plotted in Fig. 7. For each parameter we have over-
plotted their weighted average value in solid line and the
corresponding ±1σ uncertainties. All the light curves are
inconsistent with a constant at more than 99% confidence
except for the temperature, optical depth and soft photon
temperature of the warm corona.

Fig. 7. Time evolution of the different fit parameters. From top
to bottom: the hot corona temperature kThc, Compton parame-
ter yhc and optical depth τhc and the warm corona temperature
kTwc, photon index Γwc and optical depth τwc and the soft pho-
ton temperature Tbb,wc and Tbb,hc. The solid lines show the best
fit constant values and the solid lines the ±1σ uncertainties.
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Let’s call Ltot the total corona luminosity and Ls the
intercepted soft-photon luminosity i.e. the part of the
soft-photon luminosity emitted by the cold phase that
effectively enters and cools the corona. The difference
Ltot − Ls then corresponds to the intrinsic heating
power provided by the corona to comptonize the seed
soft-photons. The ratio Ltot/Ls is called the Compton
amplification ratio.

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. Consequently, from the num-
ber of photons measured in our nthcomp and compps
model components and the temperature of the soft-photon
field, we can deduce (assuming a multicolor-disk distribu-
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Fig. 8. a) Total flux Ltot/LEdd emitted by the hot corona
and b) intercepted soft photon luminosity Ls/LEdd entering
and cooling the hot corona. c) and d) like a) and b) but for
the warm corona. e) Compton amplification ratio Ltot/Ls for
the warm (bottom curve) and hot (top curve) coronae respec-
tively. The dotted line in e) is the expected value for a thick
corona in radiative equilibrium above a passive disk. All the lu-
minosities are in Eddington units assuming a black-hole mass
of 1.4×108M" . The error bars on Lobs and Ls have been esti-
mated to be of the order of 5%.

warm plasma, are essentially heated by the warm plasma
itself.

With an optical depth of ∼ 20 and a temperature of
500-600 eV, this (plane) warm corona could be seen as the
warm skin layer of the accretion disk. In this case the soft
emission peaking at 3 eV would come from regions deeper
in the disk and heated by the warm layer. Such vertical
stratification of the disk is clearly expected in the case of
irradiated accretion disks, the upper layer being heated
to the Compton temperature of the illuminating flux (e.g.
Nayakshin, Kazanas & Kallman 2000; Nayakshin 2000;
Ballantyne, Ross & Fabian 2001b, Done & Nayakshin
2001).

Note however that the optical depth of ∼ 20 deduced
from our fits appears to be well above the expected theo-
retical values, of the order of a few. This could be explained
by the very simple assumptions of our corona models,
which assume a constant temperature and optical depth
for the whole corona. The inclination of the accretion disk
could also play a role, since it would increase the effective
optical depth compared to the theoretical estimates, which
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Fig. 9. Correlation of the seed soft-photon luminosity of the
hot corona, Ls,hc, and the total luminosity of the warm plasma
Ltot,wc.

are computed in the vertical direction of the layer.

A natural origin of the illuminating radiation producing
the warm corona could be the hot corona itself (see next
section). However, the hot corona luminosity is of the
order of a factor 2 lower than the total warm corona
luminosity (see Fig. 8). So irradiation is only part of the
heating mechanism of the upper layers of the accretion
disk forming the warm corona. Besides, the amplification
ratio close to 2 disfavors intrinsic emission produced by
the disk deeper layers but rather suggests that the warm
corona has its own heating process. If this interpretation
is correct, it means that the accretion heating power is
preferentially liberated at this disk surface layer and not in
the disk interior. Interestingly, recent 3-D radiation-MHD
calculations, applied to protostellar disks, show that the
disk surface layer can indeed be heated by dissipating the
disk magnetic field while the disk interior is ”magnetically
dead” and colder than a standard accretion disk (Hirose
& Turner, 2011). The same processes could occur in the
disk of Mrk 509, giving birth to the warm corona needed
in our fits.

It is worth noting however that these conclusions
are model-dependent and, for instance, they depend on
our assumption to fit the optical-UV and soft X-ray
emission with the same component. The addition of a
pure multicolor-disk component in the optical-UV band
would necessarily decrease the importance of the warm
corona emission in this energy range and consequently
would decrease its amplification ratio. From a statistical
point of view, there is no need to add such multicolor
disk component, and thus, with this limit in mind, we can
conclude that the warm corona likely covers and heat a
large part of the accretion disk.

6.2.2. hot corona: the hot inner flow?

The total power emitted by the hot corona is of the order
of 1.3×1045 erg s−1 i.e. ∼5% of the Eddington luminosity
of a supermassive black hole of 1.4×108M#. There are a
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.

few theoretical models that explain the presence of such
hot thermal plasma at such high luminosity: for instance
the Luminous Hot Accretion Flow (LHAF) proposed by
Yuan 2001 which is an extension of the ADAF solutions
to high accretion rate (see also Yuan et al. 2006). Jet
Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
JED solution is apparently not appropriate. Aborted jets
have been proposed however to explain the properties
of Seyfert galaxies (Henri & Petrucci, 1997; Petrucci &
Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
the hot corona is a factor ∼5 above the value expected
from a standard accretion disk. A few physical arguments
could help to solve this inconsistency. First the disk spectra
are certainly more complex than the simple sum of black-
bodies due to the possible effects of electron scattering in
comparison to absorption. Special and general relativistic
effects could also play a significant role on the observed
emission. These effects lead to modified black-body spectra
with an ”observed” temperature higher than the effective
temperature by a factor of the order of 2-3 (e.g. Czerny
& Elvis 1987; Ross et al. 1992; Merloni et al. 2000). The
presence of the warm corona above a large part of the disk
can also strongly modify the disk emission, as shown in our
fits (Czerny & Elvis, 1987; Czerny et al., 2003; Done et al.,
2012).

An interesting interpretation could be that the seed soft-
photons of the hot corona are those emitted by the warm
plasma. The warm plasma emission peaks at a few eV and

extends to a few 100’s of eV, so it could be ”seen” by the
hot corona as a soft photon field with an intermediate
temperature of ∼ 100 eV. Such interpretation could not be
easily modeled with xspec but it is nicely supported by the
strong correlation (with a linear Pearson correlation coeffi-
cient equal to 0.92 which corresponds to a >99% confidence
level for its significance) between the seed soft photon lu-
minosity of the hot corona, Ls,hc, and the total luminosity
of the warm plasma Ltot,wc (see Fig. 9).

6.2.3. A tentative toy-picture

From the above discussions, a tentative toy-picture of
the global configuration of the very inner regions of Mrk
509 could be the following: a hot corona (Te ∼ 100 keV,
τ=0.5) fills the inner part of the accretion flow, below
say Rin. It illuminates the outer part of the disk and
contributes to the formation of a warm upper layer (Te ∼
1 keV, τ=20) on the disk beyond Rin, the warm corona.
This warm corona possesses also its own heating process,
potentially through dissipation of magnetic field at the
disk surface. It heats the deeper layers of the accretion
disk which then radiates like a black body (at Tbb ∼3 eV).
This warm corona up-scatters these optical-UV photons
up to the soft X-ray, a small part of them entering and
cooling the hot corona. The small solid angle under which
the hot flow sees the warm plasma agrees with the large
amplification ratio of ∼5–10 estimated from our fits. The
100 eV temperature obtained by our xspec modeling
would be explained by the fact that xspec would try to
mimic the warm plasma emission, which covers an energy
range between ∼ 1 eV and ∼ 1 keV, with the multicolor-
disk spectral energy distribution of the seed soft-photons
available in compps. A tentative sketch is shown in Fig. 10.
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.

few theoretical models that explain the presence of such
hot thermal plasma at such high luminosity: for instance
the Luminous Hot Accretion Flow (LHAF) proposed by
Yuan 2001 which is an extension of the ADAF solutions
to high accretion rate (see also Yuan et al. 2006). Jet
Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
JED solution is apparently not appropriate. Aborted jets
have been proposed however to explain the properties
of Seyfert galaxies (Henri & Petrucci, 1997; Petrucci &
Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
the hot corona is a factor ∼5 above the value expected
from a standard accretion disk. A few physical arguments
could help to solve this inconsistency. First the disk spectra
are certainly more complex than the simple sum of black-
bodies due to the possible effects of electron scattering in
comparison to absorption. Special and general relativistic
effects could also play a significant role on the observed
emission. These effects lead to modified black-body spectra
with an ”observed” temperature higher than the effective
temperature by a factor of the order of 2-3 (e.g. Czerny
& Elvis 1987; Ross et al. 1992; Merloni et al. 2000). The
presence of the warm corona above a large part of the disk
can also strongly modify the disk emission, as shown in our
fits (Czerny & Elvis, 1987; Czerny et al., 2003; Done et al.,
2012).

An interesting interpretation could be that the seed soft-
photons of the hot corona are those emitted by the warm
plasma. The warm plasma emission peaks at a few eV and

extends to a few 100’s of eV, so it could be ”seen” by the
hot corona as a soft photon field with an intermediate
temperature of ∼ 100 eV. Such interpretation could not be
easily modeled with xspec but it is nicely supported by the
strong correlation (with a linear Pearson correlation coeffi-
cient equal to 0.92 which corresponds to a >99% confidence
level for its significance) between the seed soft photon lu-
minosity of the hot corona, Ls,hc, and the total luminosity
of the warm plasma Ltot,wc (see Fig. 9).

6.2.3. A tentative toy-picture

From the above discussions, a tentative toy-picture of
the global configuration of the very inner regions of Mrk
509 could be the following: a hot corona (Te ∼ 100 keV,
τ=0.5) fills the inner part of the accretion flow, below
say Rin. It illuminates the outer part of the disk and
contributes to the formation of a warm upper layer (Te ∼
1 keV, τ=20) on the disk beyond Rin, the warm corona.
This warm corona possesses also its own heating process,
potentially through dissipation of magnetic field at the
disk surface. It heats the deeper layers of the accretion
disk which then radiates like a black body (at Tbb ∼3 eV).
This warm corona up-scatters these optical-UV photons
up to the soft X-ray, a small part of them entering and
cooling the hot corona. The small solid angle under which
the hot flow sees the warm plasma agrees with the large
amplification ratio of ∼5–10 estimated from our fits. The
100 eV temperature obtained by our xspec modeling
would be explained by the fact that xspec would try to
mimic the warm plasma emission, which covers an energy
range between ∼ 1 eV and ∼ 1 keV, with the multicolor-
disk spectral energy distribution of the seed soft-photons
available in compps. A tentative sketch is shown in Fig. 10.
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.

few theoretical models that explain the presence of such
hot thermal plasma at such high luminosity: for instance
the Luminous Hot Accretion Flow (LHAF) proposed by
Yuan 2001 which is an extension of the ADAF solutions
to high accretion rate (see also Yuan et al. 2006). Jet
Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
JED solution is apparently not appropriate. Aborted jets
have been proposed however to explain the properties
of Seyfert galaxies (Henri & Petrucci, 1997; Petrucci &
Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
the hot corona is a factor ∼5 above the value expected
from a standard accretion disk. A few physical arguments
could help to solve this inconsistency. First the disk spectra
are certainly more complex than the simple sum of black-
bodies due to the possible effects of electron scattering in
comparison to absorption. Special and general relativistic
effects could also play a significant role on the observed
emission. These effects lead to modified black-body spectra
with an ”observed” temperature higher than the effective
temperature by a factor of the order of 2-3 (e.g. Czerny
& Elvis 1987; Ross et al. 1992; Merloni et al. 2000). The
presence of the warm corona above a large part of the disk
can also strongly modify the disk emission, as shown in our
fits (Czerny & Elvis, 1987; Czerny et al., 2003; Done et al.,
2012).

An interesting interpretation could be that the seed soft-
photons of the hot corona are those emitted by the warm
plasma. The warm plasma emission peaks at a few eV and

extends to a few 100’s of eV, so it could be ”seen” by the
hot corona as a soft photon field with an intermediate
temperature of ∼ 100 eV. Such interpretation could not be
easily modeled with xspec but it is nicely supported by the
strong correlation (with a linear Pearson correlation coeffi-
cient equal to 0.92 which corresponds to a >99% confidence
level for its significance) between the seed soft photon lu-
minosity of the hot corona, Ls,hc, and the total luminosity
of the warm plasma Ltot,wc (see Fig. 9).

6.2.3. A tentative toy-picture

From the above discussions, a tentative toy-picture of
the global configuration of the very inner regions of Mrk
509 could be the following: a hot corona (Te ∼ 100 keV,
τ=0.5) fills the inner part of the accretion flow, below
say Rin. It illuminates the outer part of the disk and
contributes to the formation of a warm upper layer (Te ∼
1 keV, τ=20) on the disk beyond Rin, the warm corona.
This warm corona possesses also its own heating process,
potentially through dissipation of magnetic field at the
disk surface. It heats the deeper layers of the accretion
disk which then radiates like a black body (at Tbb ∼3 eV).
This warm corona up-scatters these optical-UV photons
up to the soft X-ray, a small part of them entering and
cooling the hot corona. The small solid angle under which
the hot flow sees the warm plasma agrees with the large
amplification ratio of ∼5–10 estimated from our fits. The
100 eV temperature obtained by our xspec modeling
would be explained by the fact that xspec would try to
mimic the warm plasma emission, which covers an energy
range between ∼ 1 eV and ∼ 1 keV, with the multicolor-
disk spectral energy distribution of the seed soft-photons
available in compps. A tentative sketch is shown in Fig. 10.
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.

few theoretical models that explain the presence of such
hot thermal plasma at such high luminosity: for instance
the Luminous Hot Accretion Flow (LHAF) proposed by
Yuan 2001 which is an extension of the ADAF solutions
to high accretion rate (see also Yuan et al. 2006). Jet
Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
JED solution is apparently not appropriate. Aborted jets
have been proposed however to explain the properties
of Seyfert galaxies (Henri & Petrucci, 1997; Petrucci &
Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
the hot corona is a factor ∼5 above the value expected
from a standard accretion disk. A few physical arguments
could help to solve this inconsistency. First the disk spectra
are certainly more complex than the simple sum of black-
bodies due to the possible effects of electron scattering in
comparison to absorption. Special and general relativistic
effects could also play a significant role on the observed
emission. These effects lead to modified black-body spectra
with an ”observed” temperature higher than the effective
temperature by a factor of the order of 2-3 (e.g. Czerny
& Elvis 1987; Ross et al. 1992; Merloni et al. 2000). The
presence of the warm corona above a large part of the disk
can also strongly modify the disk emission, as shown in our
fits (Czerny & Elvis, 1987; Czerny et al., 2003; Done et al.,
2012).

An interesting interpretation could be that the seed soft-
photons of the hot corona are those emitted by the warm
plasma. The warm plasma emission peaks at a few eV and

extends to a few 100’s of eV, so it could be ”seen” by the
hot corona as a soft photon field with an intermediate
temperature of ∼ 100 eV. Such interpretation could not be
easily modeled with xspec but it is nicely supported by the
strong correlation (with a linear Pearson correlation coeffi-
cient equal to 0.92 which corresponds to a >99% confidence
level for its significance) between the seed soft photon lu-
minosity of the hot corona, Ls,hc, and the total luminosity
of the warm plasma Ltot,wc (see Fig. 9).

6.2.3. A tentative toy-picture

From the above discussions, a tentative toy-picture of
the global configuration of the very inner regions of Mrk
509 could be the following: a hot corona (Te ∼ 100 keV,
τ=0.5) fills the inner part of the accretion flow, below
say Rin. It illuminates the outer part of the disk and
contributes to the formation of a warm upper layer (Te ∼
1 keV, τ=20) on the disk beyond Rin, the warm corona.
This warm corona possesses also its own heating process,
potentially through dissipation of magnetic field at the
disk surface. It heats the deeper layers of the accretion
disk which then radiates like a black body (at Tbb ∼3 eV).
This warm corona up-scatters these optical-UV photons
up to the soft X-ray, a small part of them entering and
cooling the hot corona. The small solid angle under which
the hot flow sees the warm plasma agrees with the large
amplification ratio of ∼5–10 estimated from our fits. The
100 eV temperature obtained by our xspec modeling
would be explained by the fact that xspec would try to
mimic the warm plasma emission, which covers an energy
range between ∼ 1 eV and ∼ 1 keV, with the multicolor-
disk spectral energy distribution of the seed soft-photons
available in compps. A tentative sketch is shown in Fig. 10.
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Fig. 8. a) Total flux Ltot/LEdd emitted by the hot corona
and b) intercepted soft photon luminosity Ls/LEdd entering
and cooling the hot corona. c) and d) like a) and b) but for
the warm corona. e) Compton amplification ratio Ltot/Ls for
the warm (bottom curve) and hot (top curve) coronae respec-
tively. The dotted line in e) is the expected value for a thick
corona in radiative equilibrium above a passive disk. All the lu-
minosities are in Eddington units assuming a black-hole mass
of 1.4×108M" . The error bars on Lobs and Ls have been esti-
mated to be of the order of 5%.

warm plasma, are essentially heated by the warm plasma
itself.

With an optical depth of ∼ 20 and a temperature of
500-600 eV, this (plane) warm corona could be seen as the
warm skin layer of the accretion disk. In this case the soft
emission peaking at 3 eV would come from regions deeper
in the disk and heated by the warm layer. Such vertical
stratification of the disk is clearly expected in the case of
irradiated accretion disks, the upper layer being heated
to the Compton temperature of the illuminating flux (e.g.
Nayakshin, Kazanas & Kallman 2000; Nayakshin 2000;
Ballantyne, Ross & Fabian 2001b, Done & Nayakshin
2001).

Note however that the optical depth of ∼ 20 deduced
from our fits appears to be well above the expected theo-
retical values, of the order of a few. This could be explained
by the very simple assumptions of our corona models,
which assume a constant temperature and optical depth
for the whole corona. The inclination of the accretion disk
could also play a role, since it would increase the effective
optical depth compared to the theoretical estimates, which
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Fig. 9. Correlation of the seed soft-photon luminosity of the
hot corona, Ls,hc, and the total luminosity of the warm plasma
Ltot,wc.

are computed in the vertical direction of the layer.

A natural origin of the illuminating radiation producing
the warm corona could be the hot corona itself (see next
section). However, the hot corona luminosity is of the
order of a factor 2 lower than the total warm corona
luminosity (see Fig. 8). So irradiation is only part of the
heating mechanism of the upper layers of the accretion
disk forming the warm corona. Besides, the amplification
ratio close to 2 disfavors intrinsic emission produced by
the disk deeper layers but rather suggests that the warm
corona has its own heating process. If this interpretation
is correct, it means that the accretion heating power is
preferentially liberated at this disk surface layer and not in
the disk interior. Interestingly, recent 3-D radiation-MHD
calculations, applied to protostellar disks, show that the
disk surface layer can indeed be heated by dissipating the
disk magnetic field while the disk interior is ”magnetically
dead” and colder than a standard accretion disk (Hirose
& Turner, 2011). The same processes could occur in the
disk of Mrk 509, giving birth to the warm corona needed
in our fits.

It is worth noting however that these conclusions
are model-dependent and, for instance, they depend on
our assumption to fit the optical-UV and soft X-ray
emission with the same component. The addition of a
pure multicolor-disk component in the optical-UV band
would necessarily decrease the importance of the warm
corona emission in this energy range and consequently
would decrease its amplification ratio. From a statistical
point of view, there is no need to add such multicolor
disk component, and thus, with this limit in mind, we can
conclude that the warm corona likely covers and heat a
large part of the accretion disk.

6.2.2. hot corona: the hot inner flow?

The total power emitted by the hot corona is of the order
of 1.3×1045 erg s−1 i.e. ∼5% of the Eddington luminosity
of a supermassive black hole of 1.4×108M#. There are a
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.

few theoretical models that explain the presence of such
hot thermal plasma at such high luminosity: for instance
the Luminous Hot Accretion Flow (LHAF) proposed by
Yuan 2001 which is an extension of the ADAF solutions
to high accretion rate (see also Yuan et al. 2006). Jet
Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
JED solution is apparently not appropriate. Aborted jets
have been proposed however to explain the properties
of Seyfert galaxies (Henri & Petrucci, 1997; Petrucci &
Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
the hot corona is a factor ∼5 above the value expected
from a standard accretion disk. A few physical arguments
could help to solve this inconsistency. First the disk spectra
are certainly more complex than the simple sum of black-
bodies due to the possible effects of electron scattering in
comparison to absorption. Special and general relativistic
effects could also play a significant role on the observed
emission. These effects lead to modified black-body spectra
with an ”observed” temperature higher than the effective
temperature by a factor of the order of 2-3 (e.g. Czerny
& Elvis 1987; Ross et al. 1992; Merloni et al. 2000). The
presence of the warm corona above a large part of the disk
can also strongly modify the disk emission, as shown in our
fits (Czerny & Elvis, 1987; Czerny et al., 2003; Done et al.,
2012).

An interesting interpretation could be that the seed soft-
photons of the hot corona are those emitted by the warm
plasma. The warm plasma emission peaks at a few eV and

extends to a few 100’s of eV, so it could be ”seen” by the
hot corona as a soft photon field with an intermediate
temperature of ∼ 100 eV. Such interpretation could not be
easily modeled with xspec but it is nicely supported by the
strong correlation (with a linear Pearson correlation coeffi-
cient equal to 0.92 which corresponds to a >99% confidence
level for its significance) between the seed soft photon lu-
minosity of the hot corona, Ls,hc, and the total luminosity
of the warm plasma Ltot,wc (see Fig. 9).

6.2.3. A tentative toy-picture

From the above discussions, a tentative toy-picture of
the global configuration of the very inner regions of Mrk
509 could be the following: a hot corona (Te ∼ 100 keV,
τ=0.5) fills the inner part of the accretion flow, below
say Rin. It illuminates the outer part of the disk and
contributes to the formation of a warm upper layer (Te ∼
1 keV, τ=20) on the disk beyond Rin, the warm corona.
This warm corona possesses also its own heating process,
potentially through dissipation of magnetic field at the
disk surface. It heats the deeper layers of the accretion
disk which then radiates like a black body (at Tbb ∼3 eV).
This warm corona up-scatters these optical-UV photons
up to the soft X-ray, a small part of them entering and
cooling the hot corona. The small solid angle under which
the hot flow sees the warm plasma agrees with the large
amplification ratio of ∼5–10 estimated from our fits. The
100 eV temperature obtained by our xspec modeling
would be explained by the fact that xspec would try to
mimic the warm plasma emission, which covers an energy
range between ∼ 1 eV and ∼ 1 keV, with the multicolor-
disk spectral energy distribution of the seed soft-photons
available in compps. A tentative sketch is shown in Fig. 10.
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.
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be present but without filling all the conditions for the
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extension. The hot corona could be present but not the jet.

The 100 eV temperature for the soft seed photons of
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.
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Clearly, in this picture the two coronae should be pow-
ered by the same accretion flow and consequently should
be energetically coupled. Assuming that the warm corona
covers the accretion disk between Rout and Rin and then
the hot corona fills the space between Rin and Risco then
the accretion power liberated in the warm corona is:

Pacc,wc =
GMṀ

2Rin

[

1 −
Rin

Rout

]

(1)

while the accretion power liberated in the hot corona is:

Pacc,hc =
GMṀ

2Risco

[

1 −
Risco

Rin

]

. (2)

So the ratio between the two is

Pacc,hc

Pacc,wc
=

Rin

Risco

1 − Risco

Rin

1 − Rin

Rout

. (3)

Neglecting the advection, which seems reasonable given the
accretion rate of the system, the accretion power liberated
in each corona is of the order of their total luminosity. The
ratio Pacc,hc/Pacc,wc is then of the order of Ltot,hc/Ltot,wc

and Eq. 3 gives a one-to-one relationship between the total
luminosities Ltot,hc and Ltot,wc (or, equivalently, Ltot,hc

and Ltot,hc/Ltot,wc) and the inner disk radius Rin and
total accretion rate Ṁ , as soon as Risco and Rout are given.

We have mapped, in Fig. 11, the Rin–Ṁ plane into
the Ltot,hc–Ltot,hc/Ltot,wc plane assuming Risco=6Rg and
Rout=100Rg. The observed total luminosities agree with
Eq. 1 and Eq. 2 if Rin is of the order of 8–10 Rg and the
accretion rate Ṁ of the order of 20–30% of the Eddington
rate (assuming an accretion efficiency η = (2Risco/Rg)−1).
Rin is strongly dependent on Risco and decreases as Risco

decreases. A value of 10Rg can then be seen as a rough
upper limit. On the other hand Ṁ only slightly depends
on Risco. Both Rin and Ṁ very slightly depend on Rout

unless Rout become very small (< 10-20 Rg).

6.3. A luminosity-independent spectral shape for the soft
X-ray excess

The fact that the warm corona, at the origin of the soft
X-ray excess in our modeling of Mkr 509, has an almost con-
stant amplification ratio has an interesting consequence. It
implies a spectral emission almost independent of the AGN
luminosity. Indeed, the photon index of the comptonized
spectrum is directly linked to the amplification ratio (e.g.
Beloborodov 1999; Malzac et al. 2001). A constant amplifi-
cation ratio then implies a roughly constant spectral index
(this also depends on the soft photon temperature,
but this effect is weak as far as this temperature
is not varying too much). Moreover, in radiative equi-
librium the corona temperature and optical depth follow
a univocal relationship. For a given optical depth τ corre-
sponds a unique temperature kT and, as far as the radiative
equilibrium is insured, there is no reason for τ and kT to
vary (note that the temperature and optical depth of the
warm corona are indeed consistent with a constant during
the monitoring, see Fig. 7). Thus, in these conditions, we
expect a almost constant spectral shape for the soft X-ray
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Fig. 11. Contour plots of the inner disk radius Rin (solid lines,
in units of Rg) and the total accretion rate Ṁ (dashed lines,
in Eddington units and assuming an accretion efficiency η =
(2Risco/Rg)−1) in the Ltot,hc–Ltot,hc/Ltot,wc plane (see Eq. 1
and 2). The points indicate the positions of the 10 observations.

excess whatever the luminosity of the AGN, in very good
agreement with observations (e.g. Gierlinski & Done 2004;
Crummy et al. 2006; Ponti et al. 2006).

6.4. Geometry variations

Simulations by Malzac & Jourdain (2001) show that the
time scale for a disk-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 Mrk 509 correspond to
a disk-corona system where hot and cold phases are in
radiative balance with each other. In this case, a fixed
disk-corona configuration in radiative equilibrium should
correspond to a constant heating/cooling ratio. As already
said, this is what we observe in the case of the warm
corona, its amplification ratio staying very close to 2
(see Fig. 8e). In the case of the hot corona however, the
amplification ratio decreases in the middle of the campaign
(Obs 4 and 5) suggesting a variation of the disk-hot
corona configuration during the monitoring.

A decrease of the amplification ratio means that the
disk-hot corona geometry becomes less photon starved.
Note that during Obs 4 and 5 the total luminosity of
the warm corona increases (cf. Fig. 8c) while the total
luminosity of the hot corona decreases (cf. Fig. 8a). If the
above picture is correct, these variations should be linked
somehow to variations of the inner accretion disk radius
Rin and/or of the total accretion rate. Looking to Fig. 11,
variations of ∼5-10% of these parameters are enough to
explain the observed luminosity variations. The variation
of Rin can also explain the variation of the hot corona
amplification factor.
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Fig. 11. Contour plots of the inner disk radius Rin (solid lines,
in units of Rg) and the total accretion rate Ṁ (dashed lines,
in Eddington units and assuming an accretion efficiency η =
(2Risco/Rg)−1) in the Ltot,hc–Ltot,hc/Ltot,wc plane (see Eq. 1
and 2). The points indicate the positions of the 10 observations.
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Fig. 10. A sketch of the accretion flow geometry in the inner region of the galaxy Mrk 509. The hot corona, producing the hard
X-ray emission, has a temperature of ∼ 100 keV and optical depth ∼ 0.5. It is localized in the inner part of the accretion flow
(R < Rin) and illuminates the accretion disk beyond Rin, helping to the formation of a warm layer at the disk surface. This warm
component has a temperature of ∼ 1 keV and an optical depth ∼ 15 and produces the optical-UV up to soft X-ray emission. It
extends over large part of the accretion flow, heating the deeper layers and comptonizing their optical-UV emission. In return,
part of this emission enters and cools the hot corona.
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Emitting Disks (JED) solutions (Ferreira et al., 2006)
also provide a hot and optically thin plasma. Since no
powerful and collimated jet is observed in Mrk 509, the
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Henri, 1997; Ghisellini et al., 2004). A JED could then
be present but without filling all the conditions for the
production of a ”real” jet, like its insufficiently large radial
extension. The hot corona could be present but not the jet.
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bodies due to the possible effects of electron scattering in
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emission. These effects lead to modified black-body spectra
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can also strongly modify the disk emission, as shown in our
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Rout=100Rg. The observed total luminosities agree with
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rate (assuming an accretion efficiency η = (2Risco/Rg)−1).
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The fact that the warm corona, at the origin of the soft
X-ray excess in our modeling of Mkr 509, has an almost con-
stant amplification ratio has an interesting consequence. It
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luminosity. Indeed, the photon index of the comptonized
spectrum is directly linked to the amplification ratio (e.g.
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cation ratio then implies a roughly constant spectral index
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but this effect is weak as far as this temperature
is not varying too much). Moreover, in radiative equi-
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a univocal relationship. For a given optical depth τ corre-
sponds a unique temperature kT and, as far as the radiative
equilibrium is insured, there is no reason for τ and kT to
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warm corona are indeed consistent with a constant during
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Fig. 11. Contour plots of the inner disk radius Rin (solid lines,
in units of Rg) and the total accretion rate Ṁ (dashed lines,
in Eddington units and assuming an accretion efficiency η =
(2Risco/Rg)−1) in the Ltot,hc–Ltot,hc/Ltot,wc plane (see Eq. 1
and 2). The points indicate the positions of the 10 observations.

excess whatever the luminosity of the AGN, in very good
agreement with observations (e.g. Gierlinski & Done 2004;
Crummy et al. 2006; Ponti et al. 2006).

6.4. Geometry variations

Simulations by Malzac & Jourdain (2001) show that the
time scale for a disk-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 Mrk 509 correspond to
a disk-corona system where hot and cold phases are in
radiative balance with each other. In this case, a fixed
disk-corona configuration in radiative equilibrium should
correspond to a constant heating/cooling ratio. As already
said, this is what we observe in the case of the warm
corona, its amplification ratio staying very close to 2
(see Fig. 8e). In the case of the hot corona however, the
amplification ratio decreases in the middle of the campaign
(Obs 4 and 5) suggesting a variation of the disk-hot
corona configuration during the monitoring.

A decrease of the amplification ratio means that the
disk-hot corona geometry becomes less photon starved.
Note that during Obs 4 and 5 the total luminosity of
the warm corona increases (cf. Fig. 8c) while the total
luminosity of the hot corona decreases (cf. Fig. 8a). If the
above picture is correct, these variations should be linked
somehow to variations of the inner accretion disk radius
Rin and/or of the total accretion rate. Looking to Fig. 11,
variations of ∼5-10% of these parameters are enough to
explain the observed luminosity variations. The variation
of Rin can also explain the variation of the hot corona
amplification factor.
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Clearly, in this picture the two coronae should be pow-
ered by the same accretion flow and consequently should
be energetically coupled. Assuming that the warm corona
covers the accretion disk between Rout and Rin and then
the hot corona fills the space between Rin and Risco then
the accretion power liberated in the warm corona is:

Pacc,wc =
GMṀ

2Rin
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while the accretion power liberated in the hot corona is:
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So the ratio between the two is
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Neglecting the advection, which seems reasonable given the
accretion rate of the system, the accretion power liberated
in each corona is of the order of their total luminosity. The
ratio Pacc,hc/Pacc,wc is then of the order of Ltot,hc/Ltot,wc

and Eq. 3 gives a one-to-one relationship between the total
luminosities Ltot,hc and Ltot,wc (or, equivalently, Ltot,hc

and Ltot,hc/Ltot,wc) and the inner disk radius Rin and
total accretion rate Ṁ , as soon as Risco and Rout are given.

We have mapped, in Fig. 11, the Rin–Ṁ plane into
the Ltot,hc–Ltot,hc/Ltot,wc plane assuming Risco=6Rg and
Rout=100Rg. The observed total luminosities agree with
Eq. 1 and Eq. 2 if Rin is of the order of 8–10 Rg and the
accretion rate Ṁ of the order of 20–30% of the Eddington
rate (assuming an accretion efficiency η = (2Risco/Rg)−1).
Rin is strongly dependent on Risco and decreases as Risco

decreases. A value of 10Rg can then be seen as a rough
upper limit. On the other hand Ṁ only slightly depends
on Risco. Both Rin and Ṁ very slightly depend on Rout

unless Rout become very small (< 10-20 Rg).

6.3. A luminosity-independent spectral shape for the soft
X-ray excess

The fact that the warm corona, at the origin of the soft
X-ray excess in our modeling of Mkr 509, has an almost con-
stant amplification ratio has an interesting consequence. It
implies a spectral emission almost independent of the AGN
luminosity. Indeed, the photon index of the comptonized
spectrum is directly linked to the amplification ratio (e.g.
Beloborodov 1999; Malzac et al. 2001). A constant amplifi-
cation ratio then implies a roughly constant spectral index
(this also depends on the soft photon temperature,
but this effect is weak as far as this temperature
is not varying too much). Moreover, in radiative equi-
librium the corona temperature and optical depth follow
a univocal relationship. For a given optical depth τ corre-
sponds a unique temperature kT and, as far as the radiative
equilibrium is insured, there is no reason for τ and kT to
vary (note that the temperature and optical depth of the
warm corona are indeed consistent with a constant during
the monitoring, see Fig. 7). Thus, in these conditions, we
expect a almost constant spectral shape for the soft X-ray
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Fig. 11. Contour plots of the inner disk radius Rin (solid lines,
in units of Rg) and the total accretion rate Ṁ (dashed lines,
in Eddington units and assuming an accretion efficiency η =
(2Risco/Rg)−1) in the Ltot,hc–Ltot,hc/Ltot,wc plane (see Eq. 1
and 2). The points indicate the positions of the 10 observations.

excess whatever the luminosity of the AGN, in very good
agreement with observations (e.g. Gierlinski & Done 2004;
Crummy et al. 2006; Ponti et al. 2006).

6.4. Geometry variations

Simulations by Malzac & Jourdain (2001) show that the
time scale for a disk-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 Mrk 509 correspond to
a disk-corona system where hot and cold phases are in
radiative balance with each other. In this case, a fixed
disk-corona configuration in radiative equilibrium should
correspond to a constant heating/cooling ratio. As already
said, this is what we observe in the case of the warm
corona, its amplification ratio staying very close to 2
(see Fig. 8e). In the case of the hot corona however, the
amplification ratio decreases in the middle of the campaign
(Obs 4 and 5) suggesting a variation of the disk-hot
corona configuration during the monitoring.

A decrease of the amplification ratio means that the
disk-hot corona geometry becomes less photon starved.
Note that during Obs 4 and 5 the total luminosity of
the warm corona increases (cf. Fig. 8c) while the total
luminosity of the hot corona decreases (cf. Fig. 8a). If the
above picture is correct, these variations should be linked
somehow to variations of the inner accretion disk radius
Rin and/or of the total accretion rate. Looking to Fig. 11,
variations of ∼5-10% of these parameters are enough to
explain the observed luminosity variations. The variation
of Rin can also explain the variation of the hot corona
amplification factor.
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the hot corona fills the space between Rin and Risco then
the accretion power liberated in the warm corona is:
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accretion rate of the system, the accretion power liberated
in each corona is of the order of their total luminosity. The
ratio Pacc,hc/Pacc,wc is then of the order of Ltot,hc/Ltot,wc

and Eq. 3 gives a one-to-one relationship between the total
luminosities Ltot,hc and Ltot,wc (or, equivalently, Ltot,hc

and Ltot,hc/Ltot,wc) and the inner disk radius Rin and
total accretion rate Ṁ , as soon as Risco and Rout are given.

We have mapped, in Fig. 11, the Rin–Ṁ plane into
the Ltot,hc–Ltot,hc/Ltot,wc plane assuming Risco=6Rg and
Rout=100Rg. The observed total luminosities agree with
Eq. 1 and Eq. 2 if Rin is of the order of 8–10 Rg and the
accretion rate Ṁ of the order of 20–30% of the Eddington
rate (assuming an accretion efficiency η = (2Risco/Rg)−1).
Rin is strongly dependent on Risco and decreases as Risco

decreases. A value of 10Rg can then be seen as a rough
upper limit. On the other hand Ṁ only slightly depends
on Risco. Both Rin and Ṁ very slightly depend on Rout

unless Rout become very small (< 10-20 Rg).

6.3. A luminosity-independent spectral shape for the soft
X-ray excess

The fact that the warm corona, at the origin of the soft
X-ray excess in our modeling of Mkr 509, has an almost con-
stant amplification ratio has an interesting consequence. It
implies a spectral emission almost independent of the AGN
luminosity. Indeed, the photon index of the comptonized
spectrum is directly linked to the amplification ratio (e.g.
Beloborodov 1999; Malzac et al. 2001). A constant amplifi-
cation ratio then implies a roughly constant spectral index
(this also depends on the soft photon temperature,
but this effect is weak as far as this temperature
is not varying too much). Moreover, in radiative equi-
librium the corona temperature and optical depth follow
a univocal relationship. For a given optical depth τ corre-
sponds a unique temperature kT and, as far as the radiative
equilibrium is insured, there is no reason for τ and kT to
vary (note that the temperature and optical depth of the
warm corona are indeed consistent with a constant during
the monitoring, see Fig. 7). Thus, in these conditions, we
expect a almost constant spectral shape for the soft X-ray
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Fig. 11. Contour plots of the inner disk radius Rin (solid lines,
in units of Rg) and the total accretion rate Ṁ (dashed lines,
in Eddington units and assuming an accretion efficiency η =
(2Risco/Rg)−1) in the Ltot,hc–Ltot,hc/Ltot,wc plane (see Eq. 1
and 2). The points indicate the positions of the 10 observations.

excess whatever the luminosity of the AGN, in very good
agreement with observations (e.g. Gierlinski & Done 2004;
Crummy et al. 2006; Ponti et al. 2006).

6.4. Geometry variations

Simulations by Malzac & Jourdain (2001) show that the
time scale for a disk-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 Mrk 509 correspond to
a disk-corona system where hot and cold phases are in
radiative balance with each other. In this case, a fixed
disk-corona configuration in radiative equilibrium should
correspond to a constant heating/cooling ratio. As already
said, this is what we observe in the case of the warm
corona, its amplification ratio staying very close to 2
(see Fig. 8e). In the case of the hot corona however, the
amplification ratio decreases in the middle of the campaign
(Obs 4 and 5) suggesting a variation of the disk-hot
corona configuration during the monitoring.

A decrease of the amplification ratio means that the
disk-hot corona geometry becomes less photon starved.
Note that during Obs 4 and 5 the total luminosity of
the warm corona increases (cf. Fig. 8c) while the total
luminosity of the hot corona decreases (cf. Fig. 8a). If the
above picture is correct, these variations should be linked
somehow to variations of the inner accretion disk radius
Rin and/or of the total accretion rate. Looking to Fig. 11,
variations of ∼5-10% of these parameters are enough to
explain the observed luminosity variations. The variation
of Rin can also explain the variation of the hot corona
amplification factor.
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Fig. 8. a) Total flux Ltot/LEdd emitted by the hot corona
and b) intercepted soft photon luminosity Ls/LEdd entering
and cooling the hot corona. c) and d) like a) and b) but for
the warm corona. e) Compton amplification ratio Ltot/Ls for
the warm (bottom curve) and hot (top curve) coronae respec-
tively. The dotted line in e) is the expected value for a thick
corona in radiative equilibrium above a passive disk. All the lu-
minosities are in Eddington units assuming a black-hole mass
of 1.4×108M" . The error bars on Lobs and Ls have been esti-
mated to be of the order of 5%.

warm plasma, are essentially heated by the warm plasma
itself.

With an optical depth of ∼ 20 and a temperature of
500-600 eV, this (plane) warm corona could be seen as the
warm skin layer of the accretion disk. In this case the soft
emission peaking at 3 eV would come from regions deeper
in the disk and heated by the warm layer. Such vertical
stratification of the disk is clearly expected in the case of
irradiated accretion disks, the upper layer being heated
to the Compton temperature of the illuminating flux (e.g.
Nayakshin, Kazanas & Kallman 2000; Nayakshin 2000;
Ballantyne, Ross & Fabian 2001b, Done & Nayakshin
2001).

Note however that the optical depth of ∼ 20 deduced
from our fits appears to be well above the expected theo-
retical values, of the order of a few. This could be explained
by the very simple assumptions of our corona models,
which assume a constant temperature and optical depth
for the whole corona. The inclination of the accretion disk
could also play a role, since it would increase the effective
optical depth compared to the theoretical estimates, which
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Fig. 9. Correlation of the seed soft-photon luminosity of the
hot corona, Ls,hc, and the total luminosity of the warm plasma
Ltot,wc.

are computed in the vertical direction of the layer.

A natural origin of the illuminating radiation producing
the warm corona could be the hot corona itself (see next
section). However, the hot corona luminosity is of the
order of a factor 2 lower than the total warm corona
luminosity (see Fig. 8). So irradiation is only part of the
heating mechanism of the upper layers of the accretion
disk forming the warm corona. Besides, the amplification
ratio close to 2 disfavors intrinsic emission produced by
the disk deeper layers but rather suggests that the warm
corona has its own heating process. If this interpretation
is correct, it means that the accretion heating power is
preferentially liberated at this disk surface layer and not in
the disk interior. Interestingly, recent 3-D radiation-MHD
calculations, applied to protostellar disks, show that the
disk surface layer can indeed be heated by dissipating the
disk magnetic field while the disk interior is ”magnetically
dead” and colder than a standard accretion disk (Hirose
& Turner, 2011). The same processes could occur in the
disk of Mrk 509, giving birth to the warm corona needed
in our fits.

It is worth noting however that these conclusions
are model-dependent and, for instance, they depend on
our assumption to fit the optical-UV and soft X-ray
emission with the same component. The addition of a
pure multicolor-disk component in the optical-UV band
would necessarily decrease the importance of the warm
corona emission in this energy range and consequently
would decrease its amplification ratio. From a statistical
point of view, there is no need to add such multicolor
disk component, and thus, with this limit in mind, we can
conclude that the warm corona likely covers and heat a
large part of the accretion disk.

6.2.2. hot corona: the hot inner flow?

The total power emitted by the hot corona is of the order
of 1.3×1045 erg s−1 i.e. ∼5% of the Eddington luminosity
of a supermassive black hole of 1.4×108M#. There are a
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Fig. 2. (Upper panel) Summed EPIC-pn spectra of the 10 ob-
servations performed during the 2009 XMM-Newton monitor-
ing campaign. The data are fitted, in the 3.5-5 and 7.5-10 keV
bands, with a simple power law, absorbed by Galactic material,
and the ratio of the data to the best-fit model is shown. The dot-
ted 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 spec-
tra of the 5 observations performed between 2000 and 2006 are
showed. This Figure is taken from Ponti et al. (2009). The arrows
mark possible absorption features in the spectrum.

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 statis-
tics during the 2009 campaign than with the sum of all the pre-
vious 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 also, for comparison with previous observations,
on time-scales of years.

The upper panel of Fig. 2 shows, as observed during pre-
vious observations, an evident emission line at 6.4 keV as well
as an emission tail at higher energies. We first fit the 4-10 keV
mean spectrum of the 2009 campaign with a simple power law
model, absorbed by neutral material, but this results in an un-
acceptable fit (χ2 = 2445.7 for 1197 dof). We, thus, add a single
emission line with Gaussian profile (model 1 in Tab. 1) which

significantly improves the fit (∆χ2 = 1134 for the addition of
3 new parameters). The line reproduces the bulk of the neutral
FeK emission (E = 6.43± 0.01 keV), but leaves strong residuals
at higher energies which might be, at least in part, associated to
a Fe Kβ emission line. We thus add a second line (model 2 in
Tab. 1) emitting at 7.06 keV (Kaastra & Mewe 1993), which sig-
nificantly improves the fit (∆χ2 = 66.9 for the addition of 1 new
parameter), fixing the line width to be equal to the one of the
Fe Kα line. The best fit intensity is NFe Kβ = 0.75 × 10−5 cm−2
s−1. The observed Kβ/Kα ratio is = 0.19 ± 0.02, thus slightly,
but significantly, higher than 0.155-0.16, the expected value es-
timated by Molendi et al. (2003; which assume the Basko 1978
formulae; but see also Palmeri et al. 2003a,b). The excess of Fe
Kβ emission might be due to the contamination emission line
at 6.966 keV (Fe XXVI). This idea is further supported by the
observations of clear residuals, in the best fit, around 6.7 keV
and by the best fit FeK energy (E = 6.43 ± 0.01 keV) which
is inconsistent with the emission energy from neutral iron, thus
suggesting that the neutral line is trying to also fit the ionised
FeK component.

To take into account ionised FeK emission, we add to the
model two narrow (σ = 0) emission lines one (Fe XXV) emit-
ting between 6.637 and 6.7 keV and the other (Fe XXVI) at
6.966 keV (model 3 in Tab. 1). Moreover we impose that the
intensity of the Kβ has to be 0.15 times the intensity of Fe
Kα one (and σFe Kβ = σFe Kα). The fit significantly improves
(∆χ2 = 25 for the addition of one more parameter). Both Fe XXV
and Fe XXVI are statistically required (although the Fe XXVI line
is not resolved from the Fe Kβ emission, thus its intensity de-
pends on the assumed Kα/Kβ ratio). Moreover, now the Fe Kα
line is roughly consistent with being produced by neutral mate-
rial (EFeKα = 6.415 ± 0.012 keV).

As suggested by Pounds et al. (2001), Ponti et al. (2009), de
la Calle et al. (2010), Cerruti et al. (2011) and Noda et al. (2011),
the inner accretion disc in Mrk509 might be highly ionised and
thus the ionised emission of the Fe K complex might be asso-
ciated to a relativistic ionised reflection component produced in
the inner disc. To test this hypothesis with the new data, we sub-
stitute the two narrow lines (Fe XXV and Fe XXVI) with a broad
ionised line (model 4 in Tab. 1) with relativistic profile (disc line
profile off a Schwarzschild black hole; disklinemodel in Xspec).
We fixed the line energy either to 6.7 or 6.96 keV (for the Fe XXV
or Fe XXVI line, respectively) and the inner and outer disc radius
to 6 and 1000 gravitational radii. In both cases the best fit with
this model suggests the inner accretion disc to be moderately in-
clined ∼ 33− 18◦, to have a fairly standard disc emissivity index
−2.2−2.8 and the equivalent width of the line to be EW∼ 36−40
eV. The data are described reasonably well by this model result-
ing in a χ2 = 1216.0 and χ2 = 1219.4 for 1191 dof, for the
case of broad Fe XXV and Fe XXVI, respectively. Thus, the sin-
gle broad ionised disc-line model is statistically indistinguish-
able from the multiple narrow lines one (χ2 = 1219.8 for 1192
dof).

3.1. Low velocity-high ionisation winds

The summed spectrum of the previous XMM-Newton observa-
tions detected a low velocity (vout ∼ 0.048 ± 0.013 c) highly
ionised (Log(ξ)∼ 5) outflow in Mrk 509 (Ponti et al. 2009). The
line was detected both in the EPIC-pn and MOS camera, with an
equivalent width EW= −13.1+5.9

−2.9 eV and with a total significance
between 3 − 4σ (∼ 99.9 % probability).

4
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Fig. 2. (Upper panel) Summed EPIC-pn spectra of the 10 ob-
servations performed during the 2009 XMM-Newton monitor-
ing campaign. The data are fitted, in the 3.5-5 and 7.5-10 keV
bands, with a simple power law, absorbed by Galactic material,
and the ratio of the data to the best-fit model is shown. The dot-
ted 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 spec-
tra of the 5 observations performed between 2000 and 2006 are
showed. This Figure is taken from Ponti et al. (2009). The arrows
mark possible absorption features in the spectrum.

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 statis-
tics during the 2009 campaign than with the sum of all the pre-
vious 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 also, for comparison with previous observations,
on time-scales of years.

The upper panel of Fig. 2 shows, as observed during pre-
vious observations, an evident emission line at 6.4 keV as well
as an emission tail at higher energies. We first fit the 4-10 keV
mean spectrum of the 2009 campaign with a simple power law
model, absorbed by neutral material, but this results in an un-
acceptable fit (χ2 = 2445.7 for 1197 dof). We, thus, add a single
emission line with Gaussian profile (model 1 in Tab. 1) which

significantly improves the fit (∆χ2 = 1134 for the addition of
3 new parameters). The line reproduces the bulk of the neutral
FeK emission (E = 6.43± 0.01 keV), but leaves strong residuals
at higher energies which might be, at least in part, associated to
a Fe Kβ emission line. We thus add a second line (model 2 in
Tab. 1) emitting at 7.06 keV (Kaastra & Mewe 1993), which sig-
nificantly improves the fit (∆χ2 = 66.9 for the addition of 1 new
parameter), fixing the line width to be equal to the one of the
Fe Kα line. The best fit intensity is NFe Kβ = 0.75 × 10−5 cm−2
s−1. The observed Kβ/Kα ratio is = 0.19 ± 0.02, thus slightly,
but significantly, higher than 0.155-0.16, the expected value es-
timated by Molendi et al. (2003; which assume the Basko 1978
formulae; but see also Palmeri et al. 2003a,b). The excess of Fe
Kβ emission might be due to the contamination emission line
at 6.966 keV (Fe XXVI). This idea is further supported by the
observations of clear residuals, in the best fit, around 6.7 keV
and by the best fit FeK energy (E = 6.43 ± 0.01 keV) which
is inconsistent with the emission energy from neutral iron, thus
suggesting that the neutral line is trying to also fit the ionised
FeK component.

To take into account ionised FeK emission, we add to the
model two narrow (σ = 0) emission lines one (Fe XXV) emit-
ting between 6.637 and 6.7 keV and the other (Fe XXVI) at
6.966 keV (model 3 in Tab. 1). Moreover we impose that the
intensity of the Kβ has to be 0.15 times the intensity of Fe
Kα one (and σFe Kβ = σFe Kα). The fit significantly improves
(∆χ2 = 25 for the addition of one more parameter). Both Fe XXV
and Fe XXVI are statistically required (although the Fe XXVI line
is not resolved from the Fe Kβ emission, thus its intensity de-
pends on the assumed Kα/Kβ ratio). Moreover, now the Fe Kα
line is roughly consistent with being produced by neutral mate-
rial (EFeKα = 6.415 ± 0.012 keV).

As suggested by Pounds et al. (2001), Ponti et al. (2009), de
la Calle et al. (2010), Cerruti et al. (2011) and Noda et al. (2011),
the inner accretion disc in Mrk509 might be highly ionised and
thus the ionised emission of the Fe K complex might be asso-
ciated to a relativistic ionised reflection component produced in
the inner disc. To test this hypothesis with the new data, we sub-
stitute the two narrow lines (Fe XXV and Fe XXVI) with a broad
ionised line (model 4 in Tab. 1) with relativistic profile (disc line
profile off a Schwarzschild black hole; disklinemodel in Xspec).
We fixed the line energy either to 6.7 or 6.96 keV (for the Fe XXV
or Fe XXVI line, respectively) and the inner and outer disc radius
to 6 and 1000 gravitational radii. In both cases the best fit with
this model suggests the inner accretion disc to be moderately in-
clined ∼ 33− 18◦, to have a fairly standard disc emissivity index
−2.2−2.8 and the equivalent width of the line to be EW∼ 36−40
eV. The data are described reasonably well by this model result-
ing in a χ2 = 1216.0 and χ2 = 1219.4 for 1191 dof, for the
case of broad Fe XXV and Fe XXVI, respectively. Thus, the sin-
gle broad ionised disc-line model is statistically indistinguish-
able from the multiple narrow lines one (χ2 = 1219.8 for 1192
dof).

3.1. Low velocity-high ionisation winds

The summed spectrum of the previous XMM-Newton observa-
tions detected a low velocity (vout ∼ 0.048 ± 0.013 c) highly
ionised (Log(ξ)∼ 5) outflow in Mrk 509 (Ponti et al. 2009). The
line was detected both in the EPIC-pn and MOS camera, with an
equivalent width EW= −13.1+5.9

−2.9 eV and with a total significance
between 3 − 4σ (∼ 99.9 % probability).
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• A narrow FeKα core (σ=0.03 keV)

➡ Constant flux on year time scale
➡ Signature of remote reflection
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Fig. 2. (Upper panel) Summed EPIC-pn spectra of the 10 ob-
servations performed during the 2009 XMM-Newton monitor-
ing campaign. The data are fitted, in the 3.5-5 and 7.5-10 keV
bands, with a simple power law, absorbed by Galactic material,
and the ratio of the data to the best-fit model is shown. The dot-
ted 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 spec-
tra of the 5 observations performed between 2000 and 2006 are
showed. This Figure is taken from Ponti et al. (2009). The arrows
mark possible absorption features in the spectrum.

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 statis-
tics during the 2009 campaign than with the sum of all the pre-
vious 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 also, for comparison with previous observations,
on time-scales of years.

The upper panel of Fig. 2 shows, as observed during pre-
vious observations, an evident emission line at 6.4 keV as well
as an emission tail at higher energies. We first fit the 4-10 keV
mean spectrum of the 2009 campaign with a simple power law
model, absorbed by neutral material, but this results in an un-
acceptable fit (χ2 = 2445.7 for 1197 dof). We, thus, add a single
emission line with Gaussian profile (model 1 in Tab. 1) which

significantly improves the fit (∆χ2 = 1134 for the addition of
3 new parameters). The line reproduces the bulk of the neutral
FeK emission (E = 6.43± 0.01 keV), but leaves strong residuals
at higher energies which might be, at least in part, associated to
a Fe Kβ emission line. We thus add a second line (model 2 in
Tab. 1) emitting at 7.06 keV (Kaastra & Mewe 1993), which sig-
nificantly improves the fit (∆χ2 = 66.9 for the addition of 1 new
parameter), fixing the line width to be equal to the one of the
Fe Kα line. The best fit intensity is NFe Kβ = 0.75 × 10−5 cm−2
s−1. The observed Kβ/Kα ratio is = 0.19 ± 0.02, thus slightly,
but significantly, higher than 0.155-0.16, the expected value es-
timated by Molendi et al. (2003; which assume the Basko 1978
formulae; but see also Palmeri et al. 2003a,b). The excess of Fe
Kβ emission might be due to the contamination emission line
at 6.966 keV (Fe XXVI). This idea is further supported by the
observations of clear residuals, in the best fit, around 6.7 keV
and by the best fit FeK energy (E = 6.43 ± 0.01 keV) which
is inconsistent with the emission energy from neutral iron, thus
suggesting that the neutral line is trying to also fit the ionised
FeK component.

To take into account ionised FeK emission, we add to the
model two narrow (σ = 0) emission lines one (Fe XXV) emit-
ting between 6.637 and 6.7 keV and the other (Fe XXVI) at
6.966 keV (model 3 in Tab. 1). Moreover we impose that the
intensity of the Kβ has to be 0.15 times the intensity of Fe
Kα one (and σFe Kβ = σFe Kα). The fit significantly improves
(∆χ2 = 25 for the addition of one more parameter). Both Fe XXV
and Fe XXVI are statistically required (although the Fe XXVI line
is not resolved from the Fe Kβ emission, thus its intensity de-
pends on the assumed Kα/Kβ ratio). Moreover, now the Fe Kα
line is roughly consistent with being produced by neutral mate-
rial (EFeKα = 6.415 ± 0.012 keV).

As suggested by Pounds et al. (2001), Ponti et al. (2009), de
la Calle et al. (2010), Cerruti et al. (2011) and Noda et al. (2011),
the inner accretion disc in Mrk509 might be highly ionised and
thus the ionised emission of the Fe K complex might be asso-
ciated to a relativistic ionised reflection component produced in
the inner disc. To test this hypothesis with the new data, we sub-
stitute the two narrow lines (Fe XXV and Fe XXVI) with a broad
ionised line (model 4 in Tab. 1) with relativistic profile (disc line
profile off a Schwarzschild black hole; disklinemodel in Xspec).
We fixed the line energy either to 6.7 or 6.96 keV (for the Fe XXV
or Fe XXVI line, respectively) and the inner and outer disc radius
to 6 and 1000 gravitational radii. In both cases the best fit with
this model suggests the inner accretion disc to be moderately in-
clined ∼ 33− 18◦, to have a fairly standard disc emissivity index
−2.2−2.8 and the equivalent width of the line to be EW∼ 36−40
eV. The data are described reasonably well by this model result-
ing in a χ2 = 1216.0 and χ2 = 1219.4 for 1191 dof, for the
case of broad Fe XXV and Fe XXVI, respectively. Thus, the sin-
gle broad ionised disc-line model is statistically indistinguish-
able from the multiple narrow lines one (χ2 = 1219.8 for 1192
dof).

3.1. Low velocity-high ionisation winds

The summed spectrum of the previous XMM-Newton observa-
tions detected a low velocity (vout ∼ 0.048 ± 0.013 c) highly
ionised (Log(ξ)∼ 5) outflow in Mrk 509 (Ponti et al. 2009). The
line was detected both in the EPIC-pn and MOS camera, with an
equivalent width EW= −13.1+5.9

−2.9 eV and with a total significance
between 3 − 4σ (∼ 99.9 % probability).

4

• A narrow FeKα core (σ=0.03 keV)

• A “broad” FeKα line (σ=0.22 keV)

➡ Constant flux on year time scale
➡ Signature of remote reflection

➡ Constant EW on day time scale
➡ Originates from outer disc or BLR

Ponti et al. (2012)
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Fig. 2. (Upper panel) Summed EPIC-pn spectra of the 10 ob-
servations performed during the 2009 XMM-Newton monitor-
ing campaign. The data are fitted, in the 3.5-5 and 7.5-10 keV
bands, with a simple power law, absorbed by Galactic material,
and the ratio of the data to the best-fit model is shown. The dot-
ted 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 spec-
tra of the 5 observations performed between 2000 and 2006 are
showed. This Figure is taken from Ponti et al. (2009). The arrows
mark possible absorption features in the spectrum.

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 statis-
tics during the 2009 campaign than with the sum of all the pre-
vious 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 also, for comparison with previous observations,
on time-scales of years.

The upper panel of Fig. 2 shows, as observed during pre-
vious observations, an evident emission line at 6.4 keV as well
as an emission tail at higher energies. We first fit the 4-10 keV
mean spectrum of the 2009 campaign with a simple power law
model, absorbed by neutral material, but this results in an un-
acceptable fit (χ2 = 2445.7 for 1197 dof). We, thus, add a single
emission line with Gaussian profile (model 1 in Tab. 1) which

significantly improves the fit (∆χ2 = 1134 for the addition of
3 new parameters). The line reproduces the bulk of the neutral
FeK emission (E = 6.43± 0.01 keV), but leaves strong residuals
at higher energies which might be, at least in part, associated to
a Fe Kβ emission line. We thus add a second line (model 2 in
Tab. 1) emitting at 7.06 keV (Kaastra & Mewe 1993), which sig-
nificantly improves the fit (∆χ2 = 66.9 for the addition of 1 new
parameter), fixing the line width to be equal to the one of the
Fe Kα line. The best fit intensity is NFe Kβ = 0.75 × 10−5 cm−2
s−1. The observed Kβ/Kα ratio is = 0.19 ± 0.02, thus slightly,
but significantly, higher than 0.155-0.16, the expected value es-
timated by Molendi et al. (2003; which assume the Basko 1978
formulae; but see also Palmeri et al. 2003a,b). The excess of Fe
Kβ emission might be due to the contamination emission line
at 6.966 keV (Fe XXVI). This idea is further supported by the
observations of clear residuals, in the best fit, around 6.7 keV
and by the best fit FeK energy (E = 6.43 ± 0.01 keV) which
is inconsistent with the emission energy from neutral iron, thus
suggesting that the neutral line is trying to also fit the ionised
FeK component.

To take into account ionised FeK emission, we add to the
model two narrow (σ = 0) emission lines one (Fe XXV) emit-
ting between 6.637 and 6.7 keV and the other (Fe XXVI) at
6.966 keV (model 3 in Tab. 1). Moreover we impose that the
intensity of the Kβ has to be 0.15 times the intensity of Fe
Kα one (and σFe Kβ = σFe Kα). The fit significantly improves
(∆χ2 = 25 for the addition of one more parameter). Both Fe XXV
and Fe XXVI are statistically required (although the Fe XXVI line
is not resolved from the Fe Kβ emission, thus its intensity de-
pends on the assumed Kα/Kβ ratio). Moreover, now the Fe Kα
line is roughly consistent with being produced by neutral mate-
rial (EFeKα = 6.415 ± 0.012 keV).

As suggested by Pounds et al. (2001), Ponti et al. (2009), de
la Calle et al. (2010), Cerruti et al. (2011) and Noda et al. (2011),
the inner accretion disc in Mrk509 might be highly ionised and
thus the ionised emission of the Fe K complex might be asso-
ciated to a relativistic ionised reflection component produced in
the inner disc. To test this hypothesis with the new data, we sub-
stitute the two narrow lines (Fe XXV and Fe XXVI) with a broad
ionised line (model 4 in Tab. 1) with relativistic profile (disc line
profile off a Schwarzschild black hole; disklinemodel in Xspec).
We fixed the line energy either to 6.7 or 6.96 keV (for the Fe XXV
or Fe XXVI line, respectively) and the inner and outer disc radius
to 6 and 1000 gravitational radii. In both cases the best fit with
this model suggests the inner accretion disc to be moderately in-
clined ∼ 33− 18◦, to have a fairly standard disc emissivity index
−2.2−2.8 and the equivalent width of the line to be EW∼ 36−40
eV. The data are described reasonably well by this model result-
ing in a χ2 = 1216.0 and χ2 = 1219.4 for 1191 dof, for the
case of broad Fe XXV and Fe XXVI, respectively. Thus, the sin-
gle broad ionised disc-line model is statistically indistinguish-
able from the multiple narrow lines one (χ2 = 1219.8 for 1192
dof).

3.1. Low velocity-high ionisation winds

The summed spectrum of the previous XMM-Newton observa-
tions detected a low velocity (vout ∼ 0.048 ± 0.013 c) highly
ionised (Log(ξ)∼ 5) outflow in Mrk 509 (Ponti et al. 2009). The
line was detected both in the EPIC-pn and MOS camera, with an
equivalent width EW= −13.1+5.9

−2.9 eV and with a total significance
between 3 − 4σ (∼ 99.9 % probability).

4

• A narrow FeKα core (σ=0.03 keV)

• A “broad” FeKα line (σ=0.22 keV)

• A ionized line  (Eline = 6.7-6.96 EW~20 eV)

➡ Constant flux on year time scale
➡ Signature of remote reflection

➡ Constant EW on day time scale
➡ Originates from outer disc or BLR

➡ Consistent with ionized reflection from inner disk (Rin > 7 Rg)

Ponti et al. (2012)
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Fig. 12. Hard-to-soft compactness ratio lh/ls vs. hard compact-
ness ls. The figure is extracted from Ghisellini & Haardt (1994).
It shows the one-to-one correspondence between the spectral
characteristics of the Compton spectrum of a pure pair plasma
(energy spectral index α and temperature kT ) and the soft and
hard compactnesses.The black points correspond to the 10 ob-
servations of Mrk 509.

6.5. A pair-dominated hot corona?

From the luminosities Ltot and Ls, we can estimate
the compactness ltot = LtotσT /(Rmec3) and ls =
LsσT /(Rmec3) where σT is the Thomson cross section, me

the electron mass c the speed of light and R the typical size
of the corona. Let’s assume R = 10Rg. Then, on average for
the 10 observations, the total compactness ltot,hc ∼100 and
the soft compactness ls,hc ∼ 15 for the hot corona while
ltot,wc ∼230 and ls,wc ∼115 for the warm corona. For such
values of ltot and ls (and thus lh = ltot − ls the heating
compactness) no pair equilibrium can be reached for the
warm corona given its very low temperature (cf. Ghisellini
& Haardt 1994, G94 hereafter, and their Fig. 2). This is
different for the hot corona which has a sufficiently high
temperature given its values of ltot and ls to be dominated
by pairs.

For a pure pair-plasma there is a one-to-one relationship
between the hard and soft compactnesses and the spectral
characteristics (energy spectral index α and temperature
kT ) of the Compton spectrum. G94 have mapped the plane
α-kT into the plane (lh/ls-lh). We have reported their Fig.
2 in our Fig. 12 overplotting the values of lh,hc and ls,hc

computed for the 10 observations of Mrk 509.
Astonishingly enough, given the simple assumptions

of the G94 model (homogeneous spherical corona in an
homogeneous black body photon field) and our approxi-
mated estimates of the compactnesses, they nicely agree
with the theoretical expectations of a pure pair plasma.
The observed spectral index α ∼0.7-0.8 (see Tab. 1, with
α = Γ−1), the hot corona temperature of the order of 100
keV, as well as the variations of these parameters during
the monitoring (i.e. ∆α ∼ 0.1 and ∆kT ∼ 80 keV), are not

far from the expected ranges. While this comparison is
admittedly rough (e.g. the observed spectral index
α should have been steeper in between 0.8 and 0.9
to completely agree with the expectation), it is
interesting to notice that the hot corona behaves
spectrally as if it was dominated by pairs.

Note that in the case of a pair-dominated plasma, the
increase of the cooling, for a constant heating, is expected
to produce an increase of the plasma temperature and not
a decrease. This can be seen in Fig. 12. Fixing lh but in-
creasing ls shifts the pair plasma to a higher-temperature
state. This can be understood as follow (see G94): increas-
ing the cooling first decreases the plasma temperature. But
this implies a decrease of the pair creation rate i.e. a de-
crease in the number of particles. The available energy is
thus shared among less particles and eventually, when pair
equilibrium is reached again, the temperature is larger.

From our fits, the soft compactness ls,hc of the hot
corona varies by ∼60% during the monitoring while the
heating compactness lh,hc varies by ∼15%. Thus we are
roughly in the case of a constant heating with variable
cooling. Interestingly enough, the hot corona temperature
deduced from our modeling (marginally) correlates with
ls,hc as expected for a pair-dominated plasma. The linear
Pearson correlation coefficient is equal to 0.67 which corre-
sponds to a 95% confidence for its significance.

6.6. Some hint of the behaviour on short time scale?

To investigate the short time scale correlations between
spectral components in the X-ray band we estimated the
coherence function (e.g. Vaughan & Nowak 1997) between
the 0.3-1 keV and 1-10 keV energy bands making use of
the XMM-Newton data (see right plot of Fig. 13). The two
energy bands display a high level of linear correlation over
all the sampled frequencies (corresponding to time scales
between 60 and 0.5 ks). This behaviour is at odds with the
observed lack of correlated variability on longer time scales
(see Fig. 2 and Sect. 3). However, this result is consistent
with the existence of a small and compact hot corona,
which is able to produce coherent variations on short time
scales.

We explored the causal connection between the differ-
ent spectral components by computing time lags as a func-
tion of energy (see left plot of Fig. 13). The time lags are
first computed in the Fourier frequency domain between
the entire 0.3-10 keV reference band and adjacent chan-
nels, with the channel being subtracted from the reference
at each step, so as to remove contribution from correlated
Poisson noise (e.g. Zoghbi et al. 2011). The derived lags
are then averaged over the range of frequencies
∆ν ∼ 10−5 − 10−4 Hz, i.e. the frequency domain not
dominated by Poisson noise, and plotted as a func-
tion of energy. The lag spectrum has been shifted so that
the zero-lag energy channel corresponds to the leading one.
Hard positive lags (variations in the hard channels being
delayed with respect to those in the soft channels) are ob-
served over all the energy band, the relative amplitude of
the measured lags increasing with the energy separation
between the channels. This trend is commonly observed in
black hole X-ray binaries as well as in some AGNs in the
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Fig. 12. Hard-to-soft compactness ratio lh/ls vs. hard compact-
ness ls. The figure is extracted from Ghisellini & Haardt (1994).
It shows the one-to-one correspondence between the spectral
characteristics of the Compton spectrum of a pure pair plasma
(energy spectral index α and temperature kT ) and the soft and
hard compactnesses.The black points correspond to the 10 ob-
servations of Mrk 509.

6.5. A pair-dominated hot corona?

From the luminosities Ltot and Ls, we can estimate
the compactness ltot = LtotσT /(Rmec3) and ls =
LsσT /(Rmec3) where σT is the Thomson cross section, me

the electron mass c the speed of light and R the typical size
of the corona. Let’s assume R = 10Rg. Then, on average for
the 10 observations, the total compactness ltot,hc ∼100 and
the soft compactness ls,hc ∼ 15 for the hot corona while
ltot,wc ∼230 and ls,wc ∼115 for the warm corona. For such
values of ltot and ls (and thus lh = ltot − ls the heating
compactness) no pair equilibrium can be reached for the
warm corona given its very low temperature (cf. Ghisellini
& Haardt 1994, G94 hereafter, and their Fig. 2). This is
different for the hot corona which has a sufficiently high
temperature given its values of ltot and ls to be dominated
by pairs.

For a pure pair-plasma there is a one-to-one relationship
between the hard and soft compactnesses and the spectral
characteristics (energy spectral index α and temperature
kT ) of the Compton spectrum. G94 have mapped the plane
α-kT into the plane (lh/ls-lh). We have reported their Fig.
2 in our Fig. 12 overplotting the values of lh,hc and ls,hc

computed for the 10 observations of Mrk 509.
Astonishingly enough, given the simple assumptions

of the G94 model (homogeneous spherical corona in an
homogeneous black body photon field) and our approxi-
mated estimates of the compactnesses, they nicely agree
with the theoretical expectations of a pure pair plasma.
The observed spectral index α ∼0.7-0.8 (see Tab. 1, with
α = Γ−1), the hot corona temperature of the order of 100
keV, as well as the variations of these parameters during
the monitoring (i.e. ∆α ∼ 0.1 and ∆kT ∼ 80 keV), are not

far from the expected ranges. While this comparison is
admittedly rough (e.g. the observed spectral index
α should have been steeper in between 0.8 and 0.9
to completely agree with the expectation), it is
interesting to notice that the hot corona behaves
spectrally as if it was dominated by pairs.

Note that in the case of a pair-dominated plasma, the
increase of the cooling, for a constant heating, is expected
to produce an increase of the plasma temperature and not
a decrease. This can be seen in Fig. 12. Fixing lh but in-
creasing ls shifts the pair plasma to a higher-temperature
state. This can be understood as follow (see G94): increas-
ing the cooling first decreases the plasma temperature. But
this implies a decrease of the pair creation rate i.e. a de-
crease in the number of particles. The available energy is
thus shared among less particles and eventually, when pair
equilibrium is reached again, the temperature is larger.

From our fits, the soft compactness ls,hc of the hot
corona varies by ∼60% during the monitoring while the
heating compactness lh,hc varies by ∼15%. Thus we are
roughly in the case of a constant heating with variable
cooling. Interestingly enough, the hot corona temperature
deduced from our modeling (marginally) correlates with
ls,hc as expected for a pair-dominated plasma. The linear
Pearson correlation coefficient is equal to 0.67 which corre-
sponds to a 95% confidence for its significance.

6.6. Some hint of the behaviour on short time scale?

To investigate the short time scale correlations between
spectral components in the X-ray band we estimated the
coherence function (e.g. Vaughan & Nowak 1997) between
the 0.3-1 keV and 1-10 keV energy bands making use of
the XMM-Newton data (see right plot of Fig. 13). The two
energy bands display a high level of linear correlation over
all the sampled frequencies (corresponding to time scales
between 60 and 0.5 ks). This behaviour is at odds with the
observed lack of correlated variability on longer time scales
(see Fig. 2 and Sect. 3). However, this result is consistent
with the existence of a small and compact hot corona,
which is able to produce coherent variations on short time
scales.

We explored the causal connection between the differ-
ent spectral components by computing time lags as a func-
tion of energy (see left plot of Fig. 13). The time lags are
first computed in the Fourier frequency domain between
the entire 0.3-10 keV reference band and adjacent chan-
nels, with the channel being subtracted from the reference
at each step, so as to remove contribution from correlated
Poisson noise (e.g. Zoghbi et al. 2011). The derived lags
are then averaged over the range of frequencies
∆ν ∼ 10−5 − 10−4 Hz, i.e. the frequency domain not
dominated by Poisson noise, and plotted as a func-
tion of energy. The lag spectrum has been shifted so that
the zero-lag energy channel corresponds to the leading one.
Hard positive lags (variations in the hard channels being
delayed with respect to those in the soft channels) are ob-
served over all the energy band, the relative amplitude of
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ness ls. The figure is extracted from Ghisellini & Haardt (1994).
It shows the one-to-one correspondence between the spectral
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(energy spectral index α and temperature kT ) and the soft and
hard compactnesses.The black points correspond to the 10 ob-
servations of Mrk 509.

6.5. A pair-dominated hot corona?

From the luminosities Ltot and Ls, we can estimate
the compactness ltot = LtotσT /(Rmec3) and ls =
LsσT /(Rmec3) where σT is the Thomson cross section, me

the electron mass c the speed of light and R the typical size
of the corona. Let’s assume R = 10Rg. Then, on average for
the 10 observations, the total compactness ltot,hc ∼100 and
the soft compactness ls,hc ∼ 15 for the hot corona while
ltot,wc ∼230 and ls,wc ∼115 for the warm corona. For such
values of ltot and ls (and thus lh = ltot − ls the heating
compactness) no pair equilibrium can be reached for the
warm corona given its very low temperature (cf. Ghisellini
& Haardt 1994, G94 hereafter, and their Fig. 2). This is
different for the hot corona which has a sufficiently high
temperature given its values of ltot and ls to be dominated
by pairs.

For a pure pair-plasma there is a one-to-one relationship
between the hard and soft compactnesses and the spectral
characteristics (energy spectral index α and temperature
kT ) of the Compton spectrum. G94 have mapped the plane
α-kT into the plane (lh/ls-lh). We have reported their Fig.
2 in our Fig. 12 overplotting the values of lh,hc and ls,hc

computed for the 10 observations of Mrk 509.
Astonishingly enough, given the simple assumptions

of the G94 model (homogeneous spherical corona in an
homogeneous black body photon field) and our approxi-
mated estimates of the compactnesses, they nicely agree
with the theoretical expectations of a pure pair plasma.
The observed spectral index α ∼0.7-0.8 (see Tab. 1, with
α = Γ−1), the hot corona temperature of the order of 100
keV, as well as the variations of these parameters during
the monitoring (i.e. ∆α ∼ 0.1 and ∆kT ∼ 80 keV), are not

far from the expected ranges. While this comparison is
admittedly rough (e.g. the observed spectral index
α should have been steeper in between 0.8 and 0.9
to completely agree with the expectation), it is
interesting to notice that the hot corona behaves
spectrally as if it was dominated by pairs.

Note that in the case of a pair-dominated plasma, the
increase of the cooling, for a constant heating, is expected
to produce an increase of the plasma temperature and not
a decrease. This can be seen in Fig. 12. Fixing lh but in-
creasing ls shifts the pair plasma to a higher-temperature
state. This can be understood as follow (see G94): increas-
ing the cooling first decreases the plasma temperature. But
this implies a decrease of the pair creation rate i.e. a de-
crease in the number of particles. The available energy is
thus shared among less particles and eventually, when pair
equilibrium is reached again, the temperature is larger.

From our fits, the soft compactness ls,hc of the hot
corona varies by ∼60% during the monitoring while the
heating compactness lh,hc varies by ∼15%. Thus we are
roughly in the case of a constant heating with variable
cooling. Interestingly enough, the hot corona temperature
deduced from our modeling (marginally) correlates with
ls,hc as expected for a pair-dominated plasma. The linear
Pearson correlation coefficient is equal to 0.67 which corre-
sponds to a 95% confidence for its significance.

6.6. Some hint of the behaviour on short time scale?

To investigate the short time scale correlations between
spectral components in the X-ray band we estimated the
coherence function (e.g. Vaughan & Nowak 1997) between
the 0.3-1 keV and 1-10 keV energy bands making use of
the XMM-Newton data (see right plot of Fig. 13). The two
energy bands display a high level of linear correlation over
all the sampled frequencies (corresponding to time scales
between 60 and 0.5 ks). This behaviour is at odds with the
observed lack of correlated variability on longer time scales
(see Fig. 2 and Sect. 3). However, this result is consistent
with the existence of a small and compact hot corona,
which is able to produce coherent variations on short time
scales.

We explored the causal connection between the differ-
ent spectral components by computing time lags as a func-
tion of energy (see left plot of Fig. 13). The time lags are
first computed in the Fourier frequency domain between
the entire 0.3-10 keV reference band and adjacent chan-
nels, with the channel being subtracted from the reference
at each step, so as to remove contribution from correlated
Poisson noise (e.g. Zoghbi et al. 2011). The derived lags
are then averaged over the range of frequencies
∆ν ∼ 10−5 − 10−4 Hz, i.e. the frequency domain not
dominated by Poisson noise, and plotted as a func-
tion of energy. The lag spectrum has been shifted so that
the zero-lag energy channel corresponds to the leading one.
Hard positive lags (variations in the hard channels being
delayed with respect to those in the soft channels) are ob-
served over all the energy band, the relative amplitude of
the measured lags increasing with the energy separation
between the channels. This trend is commonly observed in
black hole X-ray binaries as well as in some AGNs in the
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Fig. 3. (Left, middle and right panels) Intensity vs. time in MJD, intensity vs. 3-10 keV flux and EW vs. 3-10 keV flux of the Fe Kα
line fitted with a single Gaussian profile with σ = 0.092 keV (model 1), respectively. Each data point represents the best fit result
obtained from the fit of the spectrum of each XMM-Newton observation (red hexagonals) and the total spectrum of the 2009 data
(blue stars). The dashed lines represent the expected relations if the Fe Kα line has constant intensity, while the dash-dotted lines
represent a constant EW, and the dotted line shows the best fit trend. The left panel show the observation date in Modified Julian
Date, MJD minus 51500 which corresponds to 1999 November 18th. Two XMM-Newton observations occur at day 2159 and 2163
and appear overlapping in the left panel.

keV improves the fit by ∆χ2 = 1134 for 3 extra parameters (see
model 1 in Tab. 1). This line reproduces the bulk of the neutral
FeK emission (E = 6.43± 0.01 keV), but leaves strong residuals
at higher energies which might be, at least in part, associated
with an Fe Kβ emission line. We thus add a second line with the
same line width as the Fe Kα line and an energy of 7.06 keV
(Kaastra & Mewe 1993). The best fit parameters are given as
model 2 in Tab. 1, and the fit improves by ∆χ2 = 66.9 for the
addition of 1 new parameter. The best fit intensity is NFe Kβ =
0.75 × 10−5 ph cm−2 s−1, and the observed Kβ/Kα ratio is =
0.19± 0.02. This is slightly, but significantly, higher than 0.155-
0.16, the value estimated by Molendi et al. (2003; who assume
the Basko 1978 formulae; but see also Palmeri et al. 2003a,b).
The excess of Fe Kβ emission might be due to the contamination
by the Fe XXVI emission line at 6.966 keV. This idea is further
supported by the observation of clear residuals, in the best fit,
around 6.7 keV; and by the best fit FeK energy (E = 6.43 ±
0.01 keV) which is inconsistent with the line arising from neutral
iron. This thus suggests that the Gaussian line is trying to fit both
the neutral and ionised Fe K components.

To model ionised FeK emission, we add two narrow (σ = 0)
emission lines, one (Fe XXV) emitting between 6.637 and 6.7
keV (to take into account emission for each component of the
triplet) and the other (Fe XXVI) emitting at 6.966 keV (model
3 in Tab. 1). Moreover we impose that the intensity of the Kβ
has to be 0.155-0.16 times the intensity of Fe Kα one (and
σFe Kβ = σFe Kα). The fit significantly improves (∆χ2 = 25 for
the addition of one more parameter). Both Fe XXV (the best
fit line energy is consistent with each one of the triplet) and
Fe XXVI are statistically required (although the Fe XXVI line
is not resolved from the Fe Kβ emission, thus its intensity de-
pends on the assumed Kα/Kβ ratio). In this model the Fe Kα line
is roughly consistent with being produced by neutral or lowly
ionised material (EFeKα = 6.415 ± 0.012 keV).

Pounds et al. (2001), Ponti et al. (2009), de la Calle et al.
(2010), Cerruti et al. (2011) and Noda et al. (2011) suggest that
the inner accretion disc in Mrk509 might be highly ionised and
thus the ionised emission of the Fe K complex might be asso-
ciated to a relativistic ionised reflection component produced in
the inner disc. To test this hypothesis, we substitute the two nar-
row lines (Fe XXV and Fe XXVI) with one broad ionised line
(model 4 in Tab. 1) with a relativistic profile (disc line profile

for a Schwarzschild black hole; diskline model in Xspec). We
fixed the line energy either to 6.7 or 6.96 keV (for the Fe XXV or
Fe XXVI line, respectively) and the inner and outer disc radius
to 6 and 1000 gravitational radii. In both cases the best fit with
this model suggests the inner accretion disc to be moderately in-
clined ∼ 33− 18◦, to have a fairly standard disc emissivity index
−2.2−2.8 and an equivalent width of the line to be EW∼ 36−40
eV. The data are described reasonably well by this model result-
ing in a χ2 = 1216.0 and χ2 = 1219.4 for 1191 dof, for the
case of a broad Fe XXV and Fe XXVI line, respectively. Thus,
the single broad ionised disc-line model is statistically indistin-
guishable from the multiple narrow lines one (χ2 = 1219.8 for
1192 dof).

3.1. Medium velocity-high ionisation winds

The summed spectrum of the previous XMM-Newton obser-
vations showed a medium velocity (vout ∼ 0.048 ± 0.013 c)
highly ionised (Log(ξ)∼ 5) outflow in Mrk 509 (Ponti et al.
2009). The associated Fe XXVI absorption line was detected
both in the EPIC-pn and MOS camera, with an equivalent width
EW= −13.1+5.9

−2.9 eV and with a total significance between 3 − 4σ
(∼ 99.9 % probability).

During the 2009 XMM-Newton campaign this highly ionised
absorption component is not significantly detected. If we add a
narrowGaussian absorption line at 7.3 keV, the energy of the ab-
sorption feature in the previous XMM-Newton observations, we
observe the line to be much weaker with the best fit line EW be-
ing −3.2+2.6

−2.8 eV, significantly smaller than observed in previous
XMM-Newton observations.

4. The neutral Fe Kα component

In this section we further investigate the nature of the Fe Kα line,
looking at the individual spectra obtained over the years. Our
analysis of the long 2009monitoring campaign, which triples the
total exposure on Mrk509, confirms the presence of a resolved
component (σ = 0.092 ± 0.012 keV) of the neutral Fe Kα line
(see model 3, but also 4 and 5 of Tab. 1).
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The Broad Kα component
G. Ponti et al.: Multiwavelength campaign on Mrk 509: reverberation of the Fe Kα line

Fig. 4. (Left and right panel) 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.

sublimation radius for Mrk 509. Landt et al. (2011) using quasi-
simultaneous near-infrared and optical spectroscopy estimate a
radius of the hot dust of ∼ 0.27 pc (0.84 ly), which is also consis-
tent with the one estimated following eq. 5 of Barvainis (1987)
with a bolometric luminosity LBol = 1.07 × 1045 erg s−1 (Woo
& Urry 2002). 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 interpret the Fe Kα line as being 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 ”re-
solved” component with its width free to vary. Model 6 in Tab. 2
shows the best fit results assuming such narrow Gaussian 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 (σ = 0.092 keV). In particular, the narrow compo-
nent, as observed during the 2009 campaign, has an intensity of
1.5± 0.2× 10−5 cm−2 s−1, which is about half of the total Fe Kα
emission (see Tab. 1 and Fig. 3). This value is consistent with the
intensity of the narrow Fe Kα line observed by Chandra. The
width of the narrow component of the line suggests that most
of this emission is coming from a region as distant as 0.2-0.3
pc from the BH, thus we expect that all the variability on time-
scales shorter than few years would be smeared out because of
light travelling effects. For this reason, in all the following fits
we assume a constant intensity of 1.5 × 10−5 cm−2 s−1 for this
narrow Fe Kα component.

In summary we fit the spectrum of each XMM-Newton ob-
servation with the same model 6 shown in Tab. 2, assuming a
constant intensity for the narrow Fe Kα component and constant

width for the resolved component, plus the associated Fe Kβ
lines and Fe XXV and Fe XXVI. The left panel of Fig. 4 shows the
intensity of the resolved component (σ = 0.22 keV) vs. the 3-
10 keV flux for the 10 observations of the 2009 monitoring (blue
stars) as well as for the previousXMM-Newton observations (red
circles). The dashed line shows the best fit assuming that the
Fe Kα intensity is constant, which results in an unsatisfactory fit
with a χ2 = 33.2 for 14 dof. On the other hand, once the data are
fitted with a linear relation (dotted line), the fit significantly im-
proves (∆χ2 = 23.0 for the addition of 1 new parameter, which
corresponds to F-test probability > 99.98 %). We also compute
the Pearson’s linear correlation coefficient that results to be equal
to 0.87 and probability = 2.7 × 10−5, which corresponds to a
significance of the correlation of more than 4 σ (similar results
are obtained using a Sperman’s rho or Kendall’s tau correlation
coefficients). In particular, the slope of the observed best fit rela-
tion is consistent with the one expected if the resolved line is re-
sponding linearly to the continuum variations. This is confirmed
by the right panel of Fig. 4 which shows the resolved Fe Kα line
EW being consistent with a constant (χ2 = 17.1 for 14 dof), as
expected if the Fe Kα line is responding linearly to the 3-10 keV
continuum flux variations.

Fig. 5 shows the variations of the intensity of the resolved
component of the Fe Kα line as a function of time, during
the 2009 campaign, overplotted on the 3-10 keV rescaled flux
(dashed line). As already suggested in Section 4.3 and Fig. 4,
the continuum variations very well track the Fe K line ones. We
also note that no measurable lag is present, thus this component
of the Fe Kα line responds to the X-ray continuum within a few
days.

4.4. Total RMS spectra

Figure 6 shows the total rms spectrum calculated between the
different observations. The rms has been calculated with ten time
bins, each one being a 60 ks XMM-Newton pointing. Thus this
rms is sampling the variability within the observation separa-
tion time-scale of about 4 days and the monitoring time-scale of
slightly more than one month (see Fig. 1). The total rms shows
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