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Jet Emitting Disk

✓ Baryonic jet emitted by the accretion 
disk through MHD mechanism (Blandford 
& Payne, 1982) 

✓ Assume a large-scale magnetic field

✓ First self-similar solution of the complete set 
of equations of an accretion-ejection structure 
(Ferreira & Pelletier 1995; Ferreira 1997)
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of CLOUDY2(Ferland et al. 1998). The ion fractions are of course,

different based on whether the soft or the hard SED has been used

as the source of ionization for the absorbing gas. The value of log ξ,

where the presence of FeXXVI is maximised, changes from 4.52

for the hard state, by ∼ 0.6 dex, to 5.11 for the soft state case. In

the following sections, we will use these respective constrains on ξ
when we are investigating a hard state or a soft state scenario.

The following physical constraints will be imposed on the

MHD outflows Sections 3 and 4 to locate the wind region within

them:

• In order to be defined as an outflow, the material needs to have

positive velocity along the vertical axis (zcyl).
• Over-ionized material cannot cause any absorption and hence

cannot be detected. Thus to be observable via FeXXVI absorp-

tion lines the material needs to have an upper limit for its ion-

ization parameter. We imposed that the ionization parameter ξ ≤
105.11 erg cm for the soft state and ξ ≤ 104.52 erg cm for the

hard state.

• The wind cannot be Compton thick and hence we impose that

the integrated column density along the line of sight satisfies NH <
1024cm−2.

The physical MHD solutions on these conditions will be im-

posed are described in the following subsection.

2.3 The MHD accretion disk wind solutions

2.3.1 General properties

We use the F97 solutions describing steady-state, axisymmetric so-

lutions under the following two conditions:

(1) A large scale magnetic field of bipolar topology is assumed to

thread the accretion disk. The strength of the required vertical mag-

netic field component is obtained as a result of the solution (Ferreira

1995).

(2) Some anomalous turbulent resistivity is at work, allowing the

plasma to diffuse through the field lines inside the disk.

For a set of disk parameters, the solutions are computed from

the disk midplane to the asymptotic regime, the outflowing material

becoming, first super slow-magnetosonic, then Alfvénic and finally

fast-magnetosonic. All solutions that will be discussed in this paper,

have this same asymptotic behavior which corresponds to the fol-

lowing physical scenario: after an opening of the radius of the out-

flow, leading to a very efficient acceleration of the plasma, the out-

flow undergoes a refocusing towards the axis (recollimation). The

solutions are then, mathematically terminated (see F97 for more

details). Physically speaking however, the outflowing plasma will

most probably undergo an oblique shock (which is independent of

the assumption concerning the thermal state of the magnetic sur-

faces) after the recollimation happens. However, theoretically ac-

counting for the oblique shock is beyond the scope of this paper.

Thus, in this paper we rely on those solutions only, which cross

their Alfvén surfaces before recollimating (i.e. before the solutions

have to be mathematically terminated).

2.3.2 Model parameters

The rigorous mathematical details of how the isothermal MHD so-

lutions for the accretion disk outflow are obtained are given in the
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aforementioned papers and we refrain from repeating them here. In

this section, we focus on describing the two parameters that affect

the density n+ (or ρ+) of the outflowing material at a given radius

r in the disk.

Because of ejection, the disk accretion rate varies with the ra-

dius even in a steady state, namely Ṁacc ∝ rp. This radial ex-

ponent, p (labelled ξ in F97, Ferreira et al. 2006; Petrucci et al.

2010, etc.) is very important since it measures the local ejection ef-

ficiency. The larger the exponent, the more massive and slower is

the outflow. Mass conservation writes

2
dṀjet

dr
= 4πrρ+u+

z =
dṀacc

dr
= p

Ṁacc

r

n+mp = ρ+ $
p
ε

Ṁacc

4πΩKr3
(4)

where mp is the proton mass and the superscript ”+” stands for the

height where the flow velocity becomes sonic, namely u+
z = Cs =

ΩKh = εVK . Here, VK = ΩKr =
√

GMBH/r is the keplerian

speed and

ε =
h
r

(5)

is the disk aspect ratio, where h(r) is the vertical scale height at

the cylindrical radius r. It can thus be seen that the wind density,

a crucial quantity when studying absorption features, is mostly de-

pendent on p and ε for a given disc accretion rate Ṁacc.

Equation 4 is the fundamental difference between the MHD

models used in the aforementioned papers by Fukumura et al. and

the ones used in this work. While in the former, the initial wind

density ρ+ can be “arbitrarily” prescribed i.e. independent of the

the underlying disk accretion rate, here it is a result of an accretion-

ejection calculation.

A second related, albeit minor, difference is how the value of

the exponent p infleunces the extent of magnetisation in the out-

flow. Indeed, in a non-relativistic framework the ratio of the MHD

Poynting flux to the kinetic energy flux at the disk surface is

σ+ $
1
p

(

Λ
1 + Λ

)

(6)

(F97, Casse & Ferreira 2000a) where Λ is the ratio of the torque

due to the outflow to the turbulent torque (usually referred to as

the viscous torque). The torque due to the outflow transfers the

disk angular momentum to the outflowing material whereas the

turbulent torque provides an outward radial transport. Smaller the

value of p larger is the energy per unit mass in the outflow. A

magnetically dominated self-confined outflow requires σ+ > 1.

The F97 jet models have been obtained in the limit Λ → ∞ so

that the self-confined outflows carry away all the disk angular mo-

mentum and thereby rotational energy with σ+ $ 1/p ' 1. The

outflow material reaches the maximum asymptotic poloidal speed

Vmax ∼ VK(ro)p
−1/2, where ro is the anchoring radius of the

magnetic field line.

As stated before, we accept MHD solutions as models for the

outflow, only if the material is super-Alfvenic. As such, Figure 3

shows the p − ε parameter space of acceptable MHD solutions

obtained by F97 with cold, isothermal magnetic surfaces. We see

that for thin disks with ε ! 0.01 it is not possible to have super-

Alfvenic solutions with p > 0.5. Thus under the framework of

cold, isothermal magnetic surfaces, it is impossible to achieve high

values of p(")0.1. Such a limit on the value of p does not improve

if we make the magnetic surfaces adiabatic, but still ‘cold’ (i.e. no

extra heating at the disk surface). Larger values of p (up to 0.4 or
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but p not a free parameter!

Due to the jet torque,  Vacc ~ Csound!

✓Some characteristics:



Hybrid JED-SAD configuration

Jet 
Emitting 
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Disc

Jet✓ high magnetised inner region = JED

✓ low magnetised outer region = SAD

✓ A given configuration is defined by:

• the transition radius Rj

Rj

• the inner radius Rin

Rin

• the black hole mass MBH

MBH

• the inner accretion rate Min

Min

• the SAD outer radius Rout

Rout

Ferreira et al. (2006),

« à la » Esin et al. (1997)

.



« Standard » 
Accretion 

Disc

Jet

JED Thermal Equilibrium

Petrucci et al. (2010), 
Marcel et al. (2018a, b) 

(1) Vertical equilibrium 
(2) Ions thermal equilibrium:  
(1-δ) qacc = qiadv + qie 

(3) Electrons thermal equilibrium:  
δ qacc = qeadv - qie + qrad

ne(r,z)
B(r,z)

RR+ΔR

δ = 0.5 (Pelletier 2004; Yuan & Narayan 2014)

Radiative cooling as a bridge formula between: 
➡ Thick: Blackbody radiation, 
➡ Thin: Synchrotron, Bremsstrahlung and Compton processes as well as inverse-Compton 

illumination from the SAD onto the JED using BELM (Belmont+08,09).

Te, τ, ε = h/r: thermal structure at any given radius!

Jet 
Emitting 

Disc 



Parameter space
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μ = 10−3, αν = 0.1

ω = 0.2

JED SAD

μ = 0.5, b = 0.3
ms = 1.5, p = 0.01

b =
Pjets

Pacc

ms = −ur

cs
·M ∝ Rp

μ =
Pmap

Ptot



(e.g. Fender et al. 2004, 2009, Gandhi et al. 2010, Dunn 
et al. 2010, Zhang S.-N. 2013, Corbel et al. 2013)

A spectral and dynamical hysteresis 

Application to X-ray Binaries

jetsno 
jet

68 R. J. H. Dunn et al.

Figure 4. Top: the HLD for all observations of all the objects. Each object
has a different symbol. Bottom: legend for the different symbols used for
the plots showing different objects.

The two objects which have observations at higher X-ray colours
(!1) than most others in the sample are 4U 1630−47 and SAX
J1819.3−2525. SAX J1819.3−2525 is known to be a peculiar
source with strong and rapid variability with a possible shroud-
ing of the black hole (Maitra & Bailyn 2006). 4U 1630−47 has
a high NH, which is a possible cause for its ‘shift’ of the canon-
ical track through the HLD to harder values. In Appendix A, the
individual HLDs and curves show that almost all of the individual
outbursts are shifted towards harder X-ray colours. However, both
GRS J1737−31 and XTE J1748−288 also have high NH values
but neither has the equivalent extreme shift in X-ray colours. XTE
J1748−288 shows a slight hardening compared to the rest of the
binaries on its return to the hard state. There are only a few observa-
tions of GRS J1737−37, but these are also fractionally harder than
the norm. This effect of the values of NH is discussed below.

There are two main problems with the HLD as it has been used
in Fig. 4. One problem is that as the distances of the BHXRBs are
uncertain to probably a factor of 2, the relative luminosities are
not that well constrained. Secondly, as we are using the 3–10 keV
luminosities in the construction of the HLD, the effects of Galactic
absorption are different for each object and affect the values of the
measured luminosities.

The HLD does well when studying outbursts of individual ob-
jects, especially when in combination with X-ray timing and vari-
ability information, to determine the state of the XRB. However,
with the use of the X-ray colour, the inability to accurately deter-
mine both the disc emission and the effect of any absorption from the
spectrum alone limits the usability of the HLD to compare quickly
and easily between sources. We therefore turn to another diagnostic
diagram for the study of the evolution of the outbursts of XRBs.

We do note, however, that when using a wide band luminosity
(e.g. 0.1–100 keV) rather than just 3–10 keV, there is better agree-
ment between the soft states of the binaries as this is a more accurate
measure of the total luminosity of the source. However, this cannot
account for the effects of absorption on the X-ray colour.

5.2 Disc fraction luminosity diagram

The HLD compares the soft X-ray luminosity to the hard X-ray
luminosity to give a rough characteristic of the spectral state. The
soft X-ray band is dominated by the disc when in the soft state,
and the hard X-ray band comes mainly from the non-thermal X-ray
emission which has been suggested to come from a corona. The
X-ray colour is therefore a proxy for the extent to which the
thermal component is dominating the X-ray emission from the
binary.

We therefore construct a diagram to compare the relative
strengths of the disc and the power-law components. Previous stud-
ies which have used the relative strengths of the disc and power-
law components to study the outburst properties include Kalemci
(2002), Kalemci et al. (2004, 2006), Tomsick et al. (2005), Körding
et al. (2006) and Dunn et al. (2008). Körding et al. (2006) for-
mulated the ‘disc fraction luminosity diagram’ (DFLD) for AGN,
as an HLD from the X-ray spectrum alone does not work as the
disc emission peaks in the UV. The soft X-rays give information
on warm absorbers rather than the accretion disc. They therefore
calculated the disc and power-law luminosities and combined them
in such a way as to emulate the HLD:

Power-law fraction = PLF = L1−100 keV, PL

L0.001−100 keV, Disc + L1−100 keV, PL

Disc fraction = DF = L0.001−100 keV, Disc

L0.001−100 keV, Disc + L1−100 keV, PL
.

We use the unabsorbed power-law luminosity, but only determine
the flux down to 1 keV to prevent the low-energy end from being
overly dominant. We are unable to determine both the absorption
and the low-energy cut-off of the power law from the RXTE data,
and so use a fixed value of NH for the fitting and a standard low-
energy bound to the power-law flux for all objects. Although this
may introduce excess power-law luminosity into our calculations,
it is standard across all objects, as the true low-energy behaviour of
the power law cannot be determined from the RXTE spectra. The
disc luminosity is also the unabsorbed luminosity to fully capture
the radiative output of the disc. The energy range used is purpose-
fully large to ensure that we cover as much of the disc emission
as possible. This diagnostic diagram is therefore less sensitive to
the effects of NH, as in the outbursts, the low-energy emission is
dominated by the unabsorbed disc emission.

We show in Fig. 5 the relation between the disc fraction and the
X-ray colour of the observation. The arrangement of the points
shows that the calculated disc fractions are well determined. In fact,
for many objects there is a constant relation between the two diag-
nostic values when the disc fraction is not zero. The approximate
relation is quadratic, where the power-law fraction is proportional
to the square of the hardness ratio. There are some which do not
appear to lie on the relation. The clearest are 4U 1630−47 and
LMC X3. 4U 1630−47 has a large value for NH, which hardens
the spectrum, thus moving the soft state to harder X-ray colours.
The same can be said, to varying degrees, of H1743−322 and XTE
J1748−288. In LMC X3, there is very little variation in the X-ray
colour for a large range in disc fraction. In this source, the power
law is not always well determined underneath a very dominant disc,
likely to result from the distance of the source.

GRO J1655−40 and XTE J1550−564 also appear at harder
X-ray colours than the majority of the other sources at the same disc
fractions. The NHs for these two sources are not particularly high,
so this is unlikely to be the reason for their offset. They do both have
atypical outbursts, with XTE J1550−564 performing a complete

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 403, 61–82

Dunn et al. (2010)
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Reaching high luminosity hard states



From soft to hard states!
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Replication of GX339-4 behavior in 2010-2011
Using X-raysUsing X-rays + Radio
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GX339-4: 15 years of RXTE
Marcel et al. 2019b

2002-2003

G. Marcel and etc...: A unified accretion-ejection paradigm for black hole X-ray binaries

Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).

soft states. With these results and caveats in mind, we now turn
to a more dynamical interpretation.
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Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
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soft states. With these results and caveats in mind, we now turn
to a more dynamical interpretation.
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2004-2005

G. Marcel and etc...: A unified accretion-ejection paradigm for black hole X-ray binaries

Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).

soft states. With these results and caveats in mind, we now turn
to a more dynamical interpretation.
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Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).

soft states. With these results and caveats in mind, we now turn
to a more dynamical interpretation.
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2007

A&A proofs: manuscript no. output

Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).

4. Dynamical constituents

4.1. Temporal evolution

Within our framework, we reproduce GX 339-4 outbursts by
varying in time two independent parameters: rJ and ṁin. We

show in Fig. 4 the evolution of these two parameters for the 4
outbursts.
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Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
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4. Dynamical constituents
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Within our framework, we reproduce GX 339-4 outbursts by
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show in Fig. 4 the evolution of these two parameters for the 4
outbursts.
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Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).

4. Dynamical constituents
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outbursts.
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G. Marcel and etc...: A unified accretion-ejection paradigm for black hole X-ray binaries

Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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to a more dynamical interpretation.
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2004-2005

G. Marcel and etc...: A unified accretion-ejection paradigm for black hole X-ray binaries

Fig. 2: Constraints and fitting results for cycles 1 (left) and 2 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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show in Fig. 4 the evolution of these two parameters for the 4
outbursts.
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Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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show in Fig. 4 the evolution of these two parameters for the 4
outbursts.
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Fig. 3: Constraints and fitting results for cycles 3 (left) and 4 (right). From top to bottom: X-ray flux and power-law fraction in the
3–200 keV range, powerlaw index, 9 GHz radio flux, transition radius rJ , inner accretion rate ṁin, and DFLD. Each figure uses the
same color-code: green upper- (resp. lower-) triangles for the rising (resp. decaying) hard, blue circles for hard-intermediate, yellow
crosses for soft-intermediate, and red crosses for soft-states. Additionally, 5% and 10% confidence intervals are drawn in the state
associated colors (see text).
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Within our framework, we reproduce GX 339-4 outbursts by
varying in time two independent parameters: rJ and ṁin. We

show in Fig. 4 the evolution of these two parameters for the 4
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Next Steps: Direct Fits

• JED and SAD tables for XSPEC and ISIS 

• Coherent Reflection tables (using reflionx or xillver) 

• Application to other X-ray binaries 

• Application to AGNs



propriétés de la lumière qui s’en dégage. Celle-ci a été observée par 2 satellites XMM-
Newton et NuSTAR en décembre 2017. La galaxie a été observé à cinq reprises, chaque
observation a duré 5h30 et a été espacée de deux jours.

2.2 Analyse spectrale

Globalement, pour chaque AGN (de l’UV/Optique jusqu’au rayons-X très énergétique
proche du gamma) on observe les composantes suivantes :

• Une loi de puissance due à l’e↵et de comptonisation thermique inverse se produisant
au sein de la couronne chaude. On y retrouve uniquement des émissions dans le
hard-X.

• La composante du disque d’accrétion, elle aussi due directement à la comptonisation
thermique. On peut ici y retrouver des émissions allant de l’UV/Optique jusqu’au
soft-X. Aussi cette composante est grandement absorbée par l’hélium de la galaxie.

• Une composante en réflexion. Celle-ci est due à la réflexion des rayons provenant de
la couronne chaude sur le disque d’accrétion, ce qui a aussi pour e↵et de ioniser la
matière froide du disque pour en faire ressortir une raie du Fer à 6.4 keV précisément.

• l’excès soft-X, dont on ne connait pas encore bien l’origine.

Figure 3: Graphique montrant les di↵érentes composantes d’un AGN.

Ces composantes sont très importantes dans l’analyse des AGN, celles-ci permettent
une bonne interprétation des phénomènes étudiés.

Concernant l’analyse de la galaxie HE1143-1810, on s’attend donc à observer ces com-
posantes. Les données sont restreinte de 0.5 à 79 keV pour permettre une meilleure in-
terprétation. Chaque fit inclut l’absorption en hydrogène de la galaxie (phabs), l’extinction
interstellaire (redden), ainsi qu’une constante réduisant les di↵érences de calibration en-
tres les satellites (constante).

2.3 le modèle Nthcomp

Francesco URSINI décide ici de faire l’analyse avec un modèle simulant les deux couronnes
séparément. En e↵et, le modèle Nthcomp du logicielle Xspec sert à simuler un environ-
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proche du gamma) on observe les composantes suivantes :
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tres les satellites (constante).

2.3 le modèle Nthcomp
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Application to AGNs

• Data from UV to hard X-rays 
• Soft X-ray excess: warm comptonisation of the SAD (simpl model of XSPEC)

Model parameters: Rin, Rj, MBH, Min, Rout 
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The Case of the Seyfert HE 1143-1810 
Ursini et al. (2019) submittedA&A proofs: manuscript no. paper_he1143

Since blurred ionized reflection does not provide a good
broad-band fit, we tested a warm Comptonization scenario for
the soft excess. The di↵erent components of the model are de-
scribed below.

The primary continuum and soft excess: the hard X-ray spec-
trum is modelled with nthcomp (Zdziarski et al. 1996; Życki
et al. 1999), that describes thermal Comptonization. We left free
to vary among the di↵erent observations the electron tempera-
ture kTe and the photon index � of the asymptotic power law.
For the seed photons, we assumed a multicolour disc blackbody
distribution (Mitsuda et al. 1984; Makishima et al. 1986) and
left the seed temperature kTBB free, but tied among the obser-
vations. We used nthcomp also to model the soft excess, fitting
for the electron temperature and the photon index. The model
thus included a hot nthcomp component with electron tempera-
ture kTe,h and photon index �h, and a warm nthcomp component
with temperature kTe,w and photon index �w (see Table 4). The
seed temperature kTBB was the same for both components.

Reflection: following Sect. 3.4, to model the reflection compo-
nent we used xillverCp namely the flavour of xillver in which
the illumination spectrum is modelled with nthcomp instead of
a cut-o↵ power law. The free parameters of xillverCp were the
iron abundance, the ionization parameter and the normalization.
These parameters were kept tied to a common value as they were
consistent with being constant. We fixed the photon index and
electron temperature of the incident spectrum to the average val-
ues found in each observation for the primary continuum (see
also Sect. 3.4).

Soft emission lines: we included a narrow Gaussian line to ac-
count for positive residuals around 0.5 keV that can be associated
to the O vii complex detected in the RGS spectra (Sect. 3.1).

Small blue bump: this broad feature is generally observed in
the optical/UV spectrum of AGNs, in the 2000–4000 Å band,
and is due to a blend of strong Fe ii lines and the Balmer
continuum emission (Grandi 1982; Wills et al. 1985). To ac-
count for this component, we produced a table model for xspec
(smallBB) using the calculations of Wills et al. (1985) and
Grandi (1982) for the Fe ii lines and for the Balmer continuum,
respectively. The model flux of this component was found to be
(8.3 ± 0.7) ⇥ 10�12 erg s�1 cm�2, and consistent with being con-
stant among the di↵erent observations.

3.6. Results

We show the data, residuals and best-fitting model in Fig. 11,
while all the best-fitting parameters are reported in Table 4. We
obtain �2/dof = 2048/1986. The pn/NuSTAR discrepancy in
photon index is �� = 0.07.

For the warm nthcomp component, we find a variable photon
index in the range 2.7–3.0 and a temperature in the range 0.4–0.8
keV (see Fig. 12). The corresponding optical depth, as derived
from the nthcomp model, is roughly consistent with 17.5 with
some hints of variability between Obs. 2 and 3. The hot nth-
comp component is nearly constant in spectral shape, with the
exception of Obs. 2, which has a flatter photon index (see Fig.
13). Given the uncertainties, the temperature is roughly consis-
tent with being always ⇠ 20 keV, while the optical depth is con-
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Fig. 11. Broad-band UV/X-ray data and best-fitting model (see Table
4). Upper panel: XMM–Newton/OM, pn and NuSTAR data (rebinned for
plotting purposes) with folded model. Middle panel: contribution to �2.
Bottom panel: best-fitting model E

2
f (E), without absorption, with the

plot of the warm and hot nthcomp components (dashed and dotted lines,
respectively), the small blue bump, the Gaussian line at 0.54 keV and
the reflection component (cyan solid lines).

sistent with ⇠ 4. However, the flatter photon index in Obs. 2
suggests a slightly larger optical depth (and possibly a smaller
temperature).

The warm nthcomp photon index is significantly anticorre-
lated with the flux (see Fig. 14, panel A): the Pearson’s correla-
tion coe�cient is �0.98 with a p-value of 0.003. Also, the flux of
the hot nthcomp component in the 3–10 keV band is correlated
with the flux of the warm nthcomp component in the 0.3–2 keV
band (see Fig. 14, panel B), with a Pearson’s correlation coe�-
cient of 0.92 and a p-value of 0.03. This indicates a correlation
between the primary X-ray emission from the hot corona and the
soft excess.

The absorption-corrected model luminosities in the 0.001-
1000 keV band are in the range 0.8�1.0⇥1045 erg s�1. Assuming
a black hole mass of 4 ⇥ 107 M�, we obtain an Eddington ratio
L/LEdd ' 0.16� 0.20. The seed photon temperature of both nth-
comp components is found to be around 7 eV. This temperature
is expected at a radius of ⇠ 10 RG in a standard Shakura & Sun-
yaev (1973) accretion disc, for the black hole mass and accretion
rate above.

To further investigate the nature of the accretion flow, we
tested a physically motivated model for the hot corona: the jet-
emitting disc (JED: Ferreira et al. 2006; Marcel et al. 2018b,a),
originally proposed for X-ray binaries. Assuming scale invari-
ance for accreting black hole systems, the JED can be used to
model the high-energy emission of AGNs by simply changing
the black hole mass.
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Table 5. Best-fitting parameters of the JED model described in Sect. 3.7: smallBB+zgauss+highecut*simpl*sad+jed+xillverCp in xspec notation.
The other parameters were frozen to the values found in Sect. 3.5 (see Table 4).

all obs. obs. 1 obs. 2 obs.3 obs. 4 obs. 5
MBH (107 M�) 3.71 ± 0.07
�s 2.55 ± 0.02 2.58 ± 0.02 2.40 ± 0.0 2.44 ± 0.02 2.40 ± 0.02
Es (keV) 1.33 ± 0.13 1.44+0.18

�0.15 1.18 ± 0.07 1.19 ± 0.09 1.11 ± 0.06
rJ (RG) 17.9 ± 0.5 18.8 ± 0.6 19.3 ± 0.4 19.7 ± 0.4 18.9 ± 0.4
ṁ (LEdd/c2) 0.79 ± 0.02 0.734 ± 0.014 0.92 ± 0.02 0.89 ± 0.02 0.89 ± 0.02
�2/dof 2050/2001

mate the geometrical parameter g that describes the compact-
ness/patchiness of the corona, since g ' 2/Ah (Petrucci et al.
2018). We find g ' 0.12�0.15, indicating that the hot corona in-
tercepts around 12–15% of the seed soft photons. The observed
correlation between the primary flux and the flux of the soft ex-
cess suggests an interplay between the hot and warm coronae,
and could be explained if the photons Comptonized in the hot
corona are emitted by the warm corona.

Finally, we note that the warm Comptonization model for the
soft excess has been critically examined by García et al. (2019).
These authors argued that in a warm corona the photoelectric
opacity is expected to dominate over the Thomson opacity, yield-
ing significant absorption features in the soft X-ray band that
are not actually observed. However, as also discussed by Gar-
cía et al. (2019), those calculations did not include the e↵ect of
Comptonization and turbulence, that could broaden and smear
the absorption features, and relativistic e↵ects could play a role
as well. Also, the calculations by Różańska et al. (2015) show a
temperature inversion between the underlying cold disc and the
warm corona that would favour the production of emission lines
instead of absorption lines. Further theoretical modelling will be
needed to investigate this issue in more detail.

4.2. A jet-emitting disc?

The JED model also provides a nice description of the data.
Perhaps the most striking feature of this model is the relatively
small number of free parameters needed to fit the data. These
parameters are essentially two, namely the accretion rate and
the SAD/JED transition radius. The accretion rate (in Edding-
ton units) is found to vary between ⇠ 0.7 � 0.8 in the low-flux
period and ⇠ 0.9 in the high-flux period. The data also indicate
small (⇠ 10%) fluctuations of the transition radius around 19 RG.
Moreover, the SAD model nicely describes the optical/UV emis-
sion, both in terms of flux and temperature. The black hole mass
is tightly constrained by the total luminosity and by the observed
spectral shape in the optical/UV band. In the SAD/JED model,
the precise value of the black hole mass depends on the distance
and, potentially, on the other fixed parameters. However, there is
good agreement between the best-fitting mass and the indepen-
dent estimates based on the X-ray variability and the H � line.
We note that the Comptonized tail of the SAD is, in this con-
text, essentially a phenomenological component to account for
the soft excess. Future extensions of the model will be needed to
treat the emission from the warm corona in a more physical and
self-consistent way.

The relation between the radio power of the disc-driven jet
and the JED physical properties is (eq. 3 of Marcel et al. 2019):

⌫L⌫
LEdd

= f̃R ṁ
17/12

rin (rJ � rin)5/6 (2)

Fig. 17. Sketch of the two-corona scenario in which the JED plays the
role of the hot corona. The best-fitting parameters for HE 1143-1810
are rJ ⇠ 19 RG and ṁ ⇠ 0.7 � 0.9 LEdd/c2.

where ⌫L⌫ is the radio power and f̃R is a dimensionless fac-
tor. In general, the radio emission of radio-quiet sources can have
di↵erent origins (Panessa et al. 2019, and references therein); in
any case, assuming that the observed 1.4 GHz flux of HE 1143-
1810 is due to a jet, and taking ṁ = 0.8 and rJ = 19 RG, we
derive f̃R = 1.3 ⇥ 10�9. Interestingly, this factor is not too far
from that derived by Marcel et al. (2019) for the X-ray binary
GX 339-4 ( f̃R = 4.5 ⇥ 10�10). High-resolution radio interfer-
ometric observations of HE 1143-1810 will be needed to probe
the presence of a radio jet in this source and, potentially, to study
its relation with the high-energy emission.

All in all, our results suggest the following tentative scenario
(see also the sketch in Fig. 17). The outer part of the accretion
flow can be described by a thin standard disc, with a warm up-
per layer in which most of the gravitational power is released
(Różańska et al. 2015; Petrucci et al. 2018). This warm corona
is responsible for the optical/UV emission and the soft X-ray ex-
cess via thermal Comptonization. Below ⇠ 20 gravitational radii,
the accretion flow inflates and switches to an inner, slim “disc”
corresponding to the “hot corona” and illuminated by the outer,
thin disc. The flux variability, which is significant on a time-scale
of a few days, is driven by the variability of the accretion rate.
The hot corona in turn illuminates the warm corona, possibly
producing more heating (i.e. a harder warm corona spectrum) as
the flux increases.
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Appendix A: Physical properties of JED solution

The combination of an outer standard accretion disc (SAD,
Shakura & Sunyaev 1973) and an inner jet-emitting disc (JED,
Ferreira 1997) allows us to reproduce all the typical high-energy
spectra of stellar-mass black hole X-ray binaries (Marcel et al.
2018b). However, the equations involved are self-similar, imply-
ing that this model can be extended to AGNs.

Using the code developed in Marcel et al. (2018b,a), we
solved for the thermal structure and self-consistently computed
the resulting spectra for di↵erent values of black hole masses, ac-
cretion rates and transition radii between the two di↵erent flows.
The other parameters of the accretion flow are frozen to those
that best reproduce high-luminosity hard states. We also assume
here that the black hole is not spinning (a = 0, i.e. rin = 6
RG: Misner et al. 1973). The table is calculated in the follow-
ing ranges of free parameters:

– Black hole mass: m 2 [106, 109] in solar masses,
– Inner disc accretion rate: ṁ 2 [10�2, 102] in Eddington units

(ṀEdd ⌘ LEdd/c2),
– Transition radius: rJ 2 [rin = 6, 102] in gravitational radii.

Here we show the physical properties of the JED solution as-
suming rJ = 19 and ṁin = 0.8, i.e. average values from the fits
(see Sect. 3.7). In Fig. A.1, we show some local properties of
the flow: aspect ratio, Thomson optical depth, temperature, and
density. For a radius greater than rJ , the disc is assumed to be
a typical ↵-disc (SAD) with ↵ = 0.1. For the given accretion
rate, the SAD is dense, geometrically thin (" < 0.01) and opti-
cally thick (⌧T ⇠ 104); ions and electrons are thermalized and
cold (Te ⇠ 105 K). Below rJ , the flow is magnetized and jets
are produced (JED). The presence of jets produces a magnetic
torque within the disc that accelerates accretion up to supersonic
speeds, with Mach number ms > 1. Since the disc density is
linked to the Mach number ns / m

�1
s

(Petrucci et al. 2010),
the JED solution has a relatively low density and is geometri-
cally slim/thick (" ⇠ 0.01 � 0.1). The Thomson optical depth is
⇠ 3 and ions and electrons are not thermalized (Ti & Te), with
Te ⇠ 108 � 109 K.

Fig. A.1. SAD+JED physical structure as a function of the radius. A
green vertical line marks the SAD-JED transition at rJ = 19. Top left:
aspect ratio " = h/r. Top right: electron temperature Te (black) and
ion temperature Ti (red) in K. Bottom left: Thomson optical depth ⌧T .
Bottom right: electron/ion density ne = ni in cm�3.

In Fig. A.2, we show the computed geometrical shape of the
SAD/JED and its emitted spectrum. The SAD produces multi-
colour disc blackbody spectra, with typical temperatures of ⇠ 10

eV, while the inner JED, below ⇠ 10 RG, strongly radiates in
the hard X-rays. The sum of the di↵erent contributions yields a
smooth power law spectrum (see also Marcel et al. 2018a).

Fig. A.2. Top panel: the computed geometrical shape of the SAD/JED,
divided in annuli with di↵erent colours corresponding to the electron
temperature. Bottom panel: the total emitted spectrum (in black) with
the contribution from each annulus, using the same colour-code as
above. The arrows associate three annuli at di↵erent radii to their spec-
trum.
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Table 5. Best-fitting parameters of the JED model described in Sect. 3.7: smallBB+zgauss+highecut*simpl*sad+jed+xillverCp in xspec notation.
The other parameters were frozen to the values found in Sect. 3.5 (see Table 4).

all obs. obs. 1 obs. 2 obs.3 obs. 4 obs. 5
MBH (107 M�) 3.71 ± 0.07
�s 2.55 ± 0.02 2.58 ± 0.02 2.40 ± 0.0 2.44 ± 0.02 2.40 ± 0.02
Es (keV) 1.33 ± 0.13 1.44+0.18

�0.15 1.18 ± 0.07 1.19 ± 0.09 1.11 ± 0.06
rJ (RG) 17.9 ± 0.5 18.8 ± 0.6 19.3 ± 0.4 19.7 ± 0.4 18.9 ± 0.4
ṁ (LEdd/c2) 0.79 ± 0.02 0.734 ± 0.014 0.92 ± 0.02 0.89 ± 0.02 0.89 ± 0.02
�2/dof 2050/2001

mate the geometrical parameter g that describes the compact-
ness/patchiness of the corona, since g ' 2/Ah (Petrucci et al.
2018). We find g ' 0.12�0.15, indicating that the hot corona in-
tercepts around 12–15% of the seed soft photons. The observed
correlation between the primary flux and the flux of the soft ex-
cess suggests an interplay between the hot and warm coronae,
and could be explained if the photons Comptonized in the hot
corona are emitted by the warm corona.

Finally, we note that the warm Comptonization model for the
soft excess has been critically examined by García et al. (2019).
These authors argued that in a warm corona the photoelectric
opacity is expected to dominate over the Thomson opacity, yield-
ing significant absorption features in the soft X-ray band that
are not actually observed. However, as also discussed by Gar-
cía et al. (2019), those calculations did not include the e↵ect of
Comptonization and turbulence, that could broaden and smear
the absorption features, and relativistic e↵ects could play a role
as well. Also, the calculations by Różańska et al. (2015) show a
temperature inversion between the underlying cold disc and the
warm corona that would favour the production of emission lines
instead of absorption lines. Further theoretical modelling will be
needed to investigate this issue in more detail.

4.2. A jet-emitting disc?

The JED model also provides a nice description of the data.
Perhaps the most striking feature of this model is the relatively
small number of free parameters needed to fit the data. These
parameters are essentially two, namely the accretion rate and
the SAD/JED transition radius. The accretion rate (in Edding-
ton units) is found to vary between ⇠ 0.7 � 0.8 in the low-flux
period and ⇠ 0.9 in the high-flux period. The data also indicate
small (⇠ 10%) fluctuations of the transition radius around 19 RG.
Moreover, the SAD model nicely describes the optical/UV emis-
sion, both in terms of flux and temperature. The black hole mass
is tightly constrained by the total luminosity and by the observed
spectral shape in the optical/UV band. In the SAD/JED model,
the precise value of the black hole mass depends on the distance
and, potentially, on the other fixed parameters. However, there is
good agreement between the best-fitting mass and the indepen-
dent estimates based on the X-ray variability and the H � line.
We note that the Comptonized tail of the SAD is, in this con-
text, essentially a phenomenological component to account for
the soft excess. Future extensions of the model will be needed to
treat the emission from the warm corona in a more physical and
self-consistent way.

The relation between the radio power of the disc-driven jet
and the JED physical properties is (eq. 3 of Marcel et al. 2019):

⌫L⌫
LEdd

= f̃R ṁ
17/12

rin (rJ � rin)5/6 (2)

jet

SAD JED

B⃗

ṁ

rJ

warm corona

optical/UV/soft X hard X

Fig. 17. Sketch of the two-corona scenario in which the JED plays the
role of the hot corona. The best-fitting parameters for HE 1143-1810
are rJ ⇠ 19 RG and ṁ ⇠ 0.7 � 0.9 LEdd/c2.

where ⌫L⌫ is the radio power and f̃R is a dimensionless fac-
tor. In general, the radio emission of radio-quiet sources can have
di↵erent origins (Panessa et al. 2019, and references therein); in
any case, assuming that the observed 1.4 GHz flux of HE 1143-
1810 is due to a jet, and taking ṁ = 0.8 and rJ = 19 RG, we
derive f̃R = 1.3 ⇥ 10�9. Interestingly, this factor is not too far
from that derived by Marcel et al. (2019) for the X-ray binary
GX 339-4 ( f̃R = 4.5 ⇥ 10�10). High-resolution radio interfer-
ometric observations of HE 1143-1810 will be needed to probe
the presence of a radio jet in this source and, potentially, to study
its relation with the high-energy emission.

All in all, our results suggest the following tentative scenario
(see also the sketch in Fig. 17). The outer part of the accretion
flow can be described by a thin standard disc, with a warm up-
per layer in which most of the gravitational power is released
(Różańska et al. 2015; Petrucci et al. 2018). This warm corona
is responsible for the optical/UV emission and the soft X-ray ex-
cess via thermal Comptonization. Below ⇠ 20 gravitational radii,
the accretion flow inflates and switches to an inner, slim “disc”
corresponding to the “hot corona” and illuminated by the outer,
thin disc. The flux variability, which is significant on a time-scale
of a few days, is driven by the variability of the accretion rate.
The hot corona in turn illuminates the warm corona, possibly
producing more heating (i.e. a harder warm corona spectrum) as
the flux increases.
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NthComp Data

NthComp �2
reduced �wc �hc kTewc (keV ) kTehc (keV ) kTbb (keV ) AFe logXi

HE 1143 1.23 3.00+0.05
�3.00 1.76+0.30

�0.40 0.49±0.04 17.14+3.24
�2.01 1.02e-02+0.02
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�0.02 96.83+21.53

�22.98 3.32e-03+0.18
�0.15 0.50+0.01

�0.50 0.69+0.01
�0.13

3C382 1.60 2.59+0.15
�0.13 1.78±0.01 0.18±0.01 27.58+2.97

�2.49 4.19e-03+1.17
�1.12 1.00frozen 0.95+0.05

�0.16

NGC 4593 1.64 3.00+0.05
�3.00 1.74±0.01 0.10+0.01

�0.10 1000frozen 1.33e-02+0.10
�0.30 4.51+0.43

�0.42 1.60e-07+0.48
�1.52

Mrk 359

NGC 7469 1.81 2.90+0.02
�0.03 1.82±0.01 0.69+0.08

�0.07 39.69+3.38
�4.92 2.95e-03+0.13

�0.17 1.42+0.15
�0.17 0.99±0.08

Flux (ergs/cm2/s) Fuv Fsoft X Fhard X Fvery hard X

HE 1143 3.30e-11 2.51e-11 2.55e-11 2.68e-11

Mrk 509 1.06e-10 2.34e-11 2.23e-11 3.82e-11

3C382 1.60e-11 1.99e-11 2.92e-11 3.20e-11

NGC 4593 1.74e-11 1.61e-11 1.63e-11 2.37e-11

Mrk 359

NGC 7469 4.01e-11 2.12e-11 2.26e-11 2.56e-11
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Conclusion

• JEDoSAD model for compact objects (Ferreira et al. 2006, Marcel et al., 2018a, 
b) 

• Reproduced the different outbursts of GX 339-4 observed by 
RXTE (Marcel et al., 2019a, b) 

• Built XSPEC/ISIS table model with reflection (xillver & reflionx). 
Already applied to: 
➡ MAXI J1535-571 (Marcel, Neilsen et al., in prep) 
➡ H1743-322 & GX339-4 (Barnier, Petrucci et al., in prep.) 
➡ GRS1739-278 (Petrucci et al.), 

➡ AGN HE1143-1810 (Ursini et al. 2019, subm.) 

➡ Sample of AGNs (Barnier et al., in prep) 

➡ … 

.

THANKS!


