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XrB Wind Signatures
�There are about 20 confirmed black 

hole binaries (Remillar & Mclintock 
2006)!
!
�A few BHBs show absorption lines 

(RXTE + Chandra or XMM-Newton)!
!
�Most observations show absorption 

lines from ‘only’  FeXXV and FeXXVI 
(black spectra)

Neilsen et.al. 2012 
Fe XXV

Fe XXVI

�Exceptions (?) !
• GROJ1655, 2006 observation (Miller et.al. 2008) has numerous lines 

(blue spectra)!
• GRS1915, 2000 observation (Lee at.al. 2002, Ueda et,al. 2010) !
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Ponti et al. (2012)
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�The presence of winds seems to be a 
“state dependent” effect!
!

�Winds are observed in the Soft state

Wind
No !

Wind

Ponti et al. (2012)

Jet/Wind and Spectral States
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Figure 2. (Left panel) HLD of the high inclination (dipping) LMXB studied and of all the low inclination (non dipping) LMXB, right panel. High inclination
(dipping) sources show Fe XXVI absorption every time they are in the soft state and upper limits in the hard states. In low inclination (non dipping) LMXB the
Fe XXVI absorption line is never detected. We interpret these as due to an ubiquitous equatorial disc wind associated with soft states only. We note that high
inclination sources tend to show a more triangular HLD, while the low inclination sources exhibit a boxy one.

thought to be produced by clumps of low ionisation material along
the line of sight, that are temporarily obscuring the X-ray source.
The intervening material is probably related to the transfer of mat-
ter from the companion star to the disc and it generally occurs in
sources observed at high inclination (Frank, King & Raine 2002).
Therefore we also added H1743-322 and 4U1630-47, known to ex-
perience frequent dips (Homan et al. 2005; Tomsick et al. 1998), to
represent a population of sources which are close to edge on. Fig.
2 (left panel) shows the HLD of all the high inclination LMXB and
reports the measured Fe XXVI absorption line Equivalent Width
(EW). These sources show clear evidence for a high ionisation disc
wind (vout ∼ 102.5−3.5 km s−1) during all 30 observations in the
soft state1.

On the other hand whenever these sources are observed in the
hard X-ray state, they show only upper limits. We, in fact, observe
stringent upper limits for 16 out of 17 observations and just one
detection of a weak wind quasi-contemporaneous with a weak jet
(Lee et al. 2002; Neilsen & Lee 2009). This demonstrate that for
this set of sources the presence of the disc wind is deeply linked to
the source state. In particular, the wind is present during spectrally-
soft states, when the jet emission is strongly quenched.

The right panel of Fig. 2 shows the HLD for the non dipping
LMXB, GX339-4, XTEJ1817-330, 4U1957+115, XTEJ1650-500
and GRS1758-258, which have accretion discs which are inclined
more face-on to the observer. None of these source has a detec-
tion of a highly ionised wind in any state. Several spectra have a
signal-to-noise ratio good enough to measure upper limits as small
as a few eV, even during the soft state. For this reason, we con-
fidently state that these sources do not present the signatures of
highly ionised FeK winds2.

1 One observation of GRS1915+105 with lower luminosity and Compton
temperature does not show any Fe XXVI but only Fe XXV absorption, thus
suggesting the importance of ionisation effects.
2 The majority of the low energy absorption lines detected in these LMXB

This difference in behaviour can be easily understood if both
the high and low inclination sources have the same wind present in
soft states and absent in the hard states, but the wind is concentrated
in the plane of the disc; thus our line of sight intercepts the wind
only in high inclination sources. If this idea is correct, we expect
that deeper observations of low inclination sources may reveal the
presence of the wind through the detection of weak ionised emis-
sion lines.

Is it theoretically plausible for the disc winds to have a strong
angular dependence? Indirect evidence for an angular dependence
of the wind in GBH was already inferred from the lack of emission
lines associated with the X-ray absorption lines (Lee et al. 2002;
Miller et al. 2006). This suggests that the wind subtends a small
fraction of 4π sr. Moreover, disc wind models and magneto hy-
drodynamic simulations predict a strong angular dependence of the
wind (Begelman et al. 1983a,b; Melia et al. 1991; 1992; Woods et
al. 1996; Luketic et al. 2010; Proga et al. 2002). In fact, if the disc
wind is produced by X-ray irradiation (i.e. Compton heating, line
driving), it is expected to be stronger in edge-on sources simply be-
cause once the material is lifted from the disc, it will experience
an asymmetric push from the radiation field of the central source.
Flattened disc winds have also been assumed to explain the winds
of broad absorption-line QSO and other AGN outflows (e.g. Em-
mering et al. 1992; Murray et al. 1995; Elvis 2000).

4 IONISATION EFFECTS

The strong connection between winds and source states requires
an explanation. Ueda et al. (2010), during oscillating X-ray states

(Miller et al. 2004) are consistent with being produced by the interstellar
medium (Nowak et al. 2004; Juett et al. 2004; 2006). Most of the remaining
structures are consistent with being at rest, thus unlikely associated to the
FeK wind (Juett et al. 2006).

c⃝ 0000 RAS, MNRAS 000, 1–??
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Figure 2. (Left panel) HLD of the high inclination (dipping) LMXB studied and of all the low inclination (non dipping) LMXB, right panel. High inclination
(dipping) sources show Fe XXVI absorption every time they are in the soft state and upper limits in the hard states. In low inclination (non dipping) LMXB the
Fe XXVI absorption line is never detected. We interpret these as due to an ubiquitous equatorial disc wind associated with soft states only. We note that high
inclination sources tend to show a more triangular HLD, while the low inclination sources exhibit a boxy one.

thought to be produced by clumps of low ionisation material along
the line of sight, that are temporarily obscuring the X-ray source.
The intervening material is probably related to the transfer of mat-
ter from the companion star to the disc and it generally occurs in
sources observed at high inclination (Frank, King & Raine 2002).
Therefore we also added H1743-322 and 4U1630-47, known to ex-
perience frequent dips (Homan et al. 2005; Tomsick et al. 1998), to
represent a population of sources which are close to edge on. Fig.
2 (left panel) shows the HLD of all the high inclination LMXB and
reports the measured Fe XXVI absorption line Equivalent Width
(EW). These sources show clear evidence for a high ionisation disc
wind (vout ∼ 102.5−3.5 km s−1) during all 30 observations in the
soft state1.

On the other hand whenever these sources are observed in the
hard X-ray state, they show only upper limits. We, in fact, observe
stringent upper limits for 16 out of 17 observations and just one
detection of a weak wind quasi-contemporaneous with a weak jet
(Lee et al. 2002; Neilsen & Lee 2009). This demonstrate that for
this set of sources the presence of the disc wind is deeply linked to
the source state. In particular, the wind is present during spectrally-
soft states, when the jet emission is strongly quenched.

The right panel of Fig. 2 shows the HLD for the non dipping
LMXB, GX339-4, XTEJ1817-330, 4U1957+115, XTEJ1650-500
and GRS1758-258, which have accretion discs which are inclined
more face-on to the observer. None of these source has a detec-
tion of a highly ionised wind in any state. Several spectra have a
signal-to-noise ratio good enough to measure upper limits as small
as a few eV, even during the soft state. For this reason, we con-
fidently state that these sources do not present the signatures of
highly ionised FeK winds2.

1 One observation of GRS1915+105 with lower luminosity and Compton
temperature does not show any Fe XXVI but only Fe XXV absorption, thus
suggesting the importance of ionisation effects.
2 The majority of the low energy absorption lines detected in these LMXB

This difference in behaviour can be easily understood if both
the high and low inclination sources have the same wind present in
soft states and absent in the hard states, but the wind is concentrated
in the plane of the disc; thus our line of sight intercepts the wind
only in high inclination sources. If this idea is correct, we expect
that deeper observations of low inclination sources may reveal the
presence of the wind through the detection of weak ionised emis-
sion lines.

Is it theoretically plausible for the disc winds to have a strong
angular dependence? Indirect evidence for an angular dependence
of the wind in GBH was already inferred from the lack of emission
lines associated with the X-ray absorption lines (Lee et al. 2002;
Miller et al. 2006). This suggests that the wind subtends a small
fraction of 4π sr. Moreover, disc wind models and magneto hy-
drodynamic simulations predict a strong angular dependence of the
wind (Begelman et al. 1983a,b; Melia et al. 1991; 1992; Woods et
al. 1996; Luketic et al. 2010; Proga et al. 2002). In fact, if the disc
wind is produced by X-ray irradiation (i.e. Compton heating, line
driving), it is expected to be stronger in edge-on sources simply be-
cause once the material is lifted from the disc, it will experience
an asymmetric push from the radiation field of the central source.
Flattened disc winds have also been assumed to explain the winds
of broad absorption-line QSO and other AGN outflows (e.g. Em-
mering et al. 1992; Murray et al. 1995; Elvis 2000).

4 IONISATION EFFECTS

The strong connection between winds and source states requires
an explanation. Ueda et al. (2010), during oscillating X-ray states

(Miller et al. 2004) are consistent with being produced by the interstellar
medium (Nowak et al. 2004; Juett et al. 2004; 2006). Most of the remaining
structures are consistent with being at rest, thus unlikely associated to the
FeK wind (Juett et al. 2006).

c⃝ 0000 RAS, MNRAS 000, 1–??

�Further, winds are observed in objects of 
high inclination (i.e. low equatorial angle)
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driven outflow processes
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Outflow Physical Origin
�The estimated ionizations state of the winds (ξ > 103) disfavor radiatively 
driven outflow processes

�At least in GRO J1655−40, the estimated distance is too small for thermally 
driven outflow processes

MHD known to work for jets. The same mechanisms could apply for Winds but 
the observational signatures may be different

�What about magnetically driven (MHD) outflow processes?
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Outflow Physical Origin
�The estimated ionizations state of the winds (ξ > 103) disfavor radiatively 
driven outflow processes

�At least in GRO J1655−40, the estimated distance is too small for thermally 
driven outflow processes

MHD known to work for jets. The same mechanisms could apply for Winds but 
the observational signatures may be different

�What about magnetically driven (MHD) outflow processes?

➡ JET: powerful radio emission, strong collimation, high speed, no 
absorption features

➡ WIND: weak radio emission, low speed, absorption features

The key parameter: the magnetization σ = MHD Poynting flux
Thermal + kinetic energy flux
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✓ First self-similar solution of the complete set 
of equations of an accretion-ejection structure 
(Ferreira & Pelletier 1995; Ferreira 1997)

✓ Analytical computations and heavy 
numerical simulations (Casse & Ferreira 
2000a, 2000b; Ferreira & Casse 2004; 
Pesenti et al. 2004;  Casse & Keppens 2004; 
Ferreira et al. 2006;)

✓ In agreement with other works (Konigl 
2004; Zanni et al. 2007)

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

✓ Assume a large-scale magnetic field

MHD Outflow Solutions
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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

2 URL: http://www.nublado.org/

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

c⃝ 0000 RAS, MNRAS 000, 000–000

p not a free parameter!
JEDWED
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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-
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(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
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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

c⃝ 0000 RAS, MNRAS 000, 000–000

p not a free parameter!
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!
   Can these solutions represent observable winds (in terms of , NH, n and vobs)?      !
   Can we recover the (i) state dependent and (ii) angle dependent  observability?!
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• We perform this exercise for different solutions in 
the allowed parameter space!

• We check the distance, density, velocity of the 
“closest wind point”
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A&A 589, A119 (2016)

Fig. 6. Physical parameters of the wind are plotted as a function of ε (left panels) and p (right panels), while using the Soft SED as the ionizing
continua. Top panels: for the closest wind point, we plot the logarithm of Rsph|wind in the left panel A as a function of the disk aspect ratio ε and as
a function of the accretion index p in the right panel B. This index is held constant at p = 0.01 for the solutions in the left panels and ε = 0.001 is
kept constant for those in the right panels. Each blue circle in the figure represents a MHD solution. The logarithm of two other relevant quantities,
nH and vobs for the closest wind point, are labelled at each point; these are their maximum possible values within the wind region for a given MHD
solution. Bottom panels: the minimum (imin) and the maximum (imax) equatorial angles of the line of sight, within which the wind can be observed,
is plotted as a function of ε (left) and of p (right).

various atomic and continuum processes. Thus, thermal equilib-
rium is also ensured as long as the cooling timescale is smaller
than the dynamical timescale τdyn, which was found to be true
within the wind region of the outflow for the Best Cold Set.

4. Cold MHD solutions

4.1. Effect of variation of the parameters of the MHD flow

Here we aim to find which of the two parameters ε and p is more
influential in producing the wind. The value of p and ε decides
the density of material at the launching point of our magneto-
hydrodynamic outflow (Eq. (2)). The extent of magnetization in
the outflow is also dependant on p (Sect. 2). It is these two pa-
rameters that link the density and other physical properties of the
outflow with the accretion disk. Since a particular pair of p and ε
will result in a unique MHD solution, we can generate different
MHD solutions by changing the values of p and ε. We perform
the methods described in the previous Sect. 3.3 on each of these
solutions, and investigate the wind part of the outflow.

To judge the influence of p and ε in a quantitative way, we
compare some physically relevant parameters of the wind. For
observers, one important set of wind parameters are the dis-
tance, density, and velocity of the point of the wind closest to
the black hole. Hereafter we call this point the “closest wind
point”. Another quantity of interest would be the predicted min-
imum and maximum angles of the line of sight within which the
wind can be observed. We conduct this exercise using both the
SEDs, Soft and Hard. The results are plotted in Fig. 6.

The exact value of these quantities should not be consid-
ered very rigorously because the value is decided by the various
constraints that we have applied. It is more important to note the
changes in these quantities as ε and p vary. The relative changes

should be used to assess how variations in ε and p increase the
possibilities of detecting the wind.

4.1.1. Variation of the disk aspect ratio ε

For the closest wind point, we plot Rsph|wind versus the value of ε
of the MHD solution (panel A of Fig. 6); nH and vobs are also
labelled. Using the Soft SED, the closest wind point reaches
closer to the black hole by a factor of 1.06 as ε increases from
0.001 to 0.01, and then by a farther factor of 1.14 as ε increases
to 0.1. The density at the closest point is nH|max = 109.37cm−3 for
ε = 0.001. We note that for any given solution, the density at the
closest point is the maximum attainable density within the wind
region for that particular MHD solution. This maximum attain-
able density of the wind increases as ε increases to 0.01 and then
to 0.1. However, as a function of ε, the variation in this quantity
is not very high, only 0.16 dex. Like density, for a given solution
the velocity at the closest wind point, vobs|max, is the highest that
can be attained by the detectable wind. This quantity monotoni-
cally decreases by 0.22 dex and then by 0.13 dex as ε increases
from 0.001 to 0.01 and then to 0.1. This means, to get winds with
higher speed, we need disks with higher aspect ratios.

The parameters imin and imax are the minimum and maximum
equatorial angles of the line of sight within which the wind can
be detected. Panel C of Fig. 6 shows the changes in the angles
as ε varies. The angular extent of the wind can be easily judged
by gauging the difference between imin and the maximum an-
gles for a particular solution (and SED). As ε varies from 0.001
to 0.01 to 0.1, imin rises from 0.60 to 1.78 to 9.15 and imax|Soft
increases from 2.27 to 4.31 to 14.3. The growth of∆i = imax−imin
with ε shows that the wind gets broader as the disk aspect ratio
increases.

A119, page 8 of 16

« Cold » Solutions (small p) 
Do Not Work..

!
!
• In « cold » solutions the wind is just too 

far away, the density and velocity are too 
low.  
!

• The angles of Line of Sight agree with 
Ponti et.al. (2012). Winds can be 
detected for low equatorial angles (high 
inclination angles.) 

!
• The Hard SED, itself, does not make any 

significant difference from Soft SED!  
➡ the intrinsic flow has to be different 

to explain “winds in Soft state”!
!
!
!
!

Chakravorty et al. (2016)
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« Warm » Solutions
•Heating source at the disk surface 

(Casse & Ferreira 2000)

F. Casse & J. Ferreira: Magnetized accretion-ejection structures. V 1183

Fig. 1.Vertical profile of the entropy generation functionQ for a given
ejection index ξ = 0.1. The value of this function at the disc midplane
(x = 0) is imposed by the self-similar radial scalings (see text). The
integral of this function is measured by the parameter f . The partic-
ular shape shown here (increasing towards the disc surface) mimics a
coronal heating.

ideal MHD jet, including an exact treatment of all dynamical
terms. Any physical quantity A(r, z) is written as

A(r, z) = Ae

(

r

re

)αA

FA(x) (39)

where x = z/h(r) and re is the outer radius of the magnetized
disc. This special ansatz allows to separate the variables so that
the full MHD equations become a set of non-ordinary (they
contain three singularities) differential equations. The values of
the radial exponents (given in Ferreira & Pelletier 1993) are all
linked to the ejection index ξ. For example, the magnetic flux
becomes

a(r, z) = ae

(

r

re

)β

Fa(x) (40)

with β = 3/4 + ξ/2. Inside this framework, the entropy source
Q must be written as

Q = Qe

(

r

re

)ξ−4

FQ(x) (41)

where, using Eq. (20), its value at the disc midplanemust satisfy

Qo = Q(r, z = 0) =

(

γ

γ − 1
+ αP

)

Poupo

r

=

(

γ

γ − 1
+ ξ −

5

2

)

Poupo

r
. (42)

This is a very strong constraint which also occurs in self-similar
ADAF models. There ξ = 0, so an ADAF must have γ /= 5/3
in order to get some advected heating at the disc midplane.
Here, we choose an adiabatic index γ = 5/3 and scale the
vertical profileFQ(x)with the parameter f .We display in Fig. 1

a typical profile corresponding to a discrepancy between cooling
and heating processes, occuring mainly at the disc surface. We
did however play with slightly different vertical profiles (see
Fig. 8).

The set of MHD equations has three critical points in the
ideal MHD regime. These critical points are the slow-magneto-
sonic, the Alfvén and the fast-magnetosonic points. The solu-
tions presented here share the same behavior obtained in pre-
vious studies (Ferreira 1997, CF). The magnetized flow passes
through the slow and Alfvén points (the regularity conditions
impose the values of µ and ξ) and then encounters the fast-
magnetosonic point in a recollimation motion. None of these
solutions pass through the last critical point (see Vlahakis et al.
2000).

4.2. From magnetically-driven to thermally-driven jets

As showed in Sect 3.1, the entropy generation increases the
plasma pressure gradient, thereby allowing an enhanced vertical
mass flux. In particular, jets are now possible in configurations
where the magnetic pinching force would be overwhelming and
squeeze the disc. Thus, thermal effects significantly enlarge the
parameter space of MAES (ε, αm, Pm, χm).

In order to illustrate such an effect (strong magnetic com-
pression balanced by entropy generation), we choose a MAES
configuration described by the following parameters: ε = 0.1,
αm = 1.5 (α∗

m = 0.8), Pm = 1, χm = 1.5. The chosen disc
aspect ratio is relevant in the astrophysical systems we consider
(seeAppendixC). Fig. 2 shows relevant quantities obtainedwith
the same vertical profile FQ (see Fig. 1) and increasing values
for f .

First, a minimum heating (f ∼ 0.001) is here required oth-
erwise the thermal plasma gradient cannot counteract the mag-
netic pinching force. Note that this minimum heating decreases
with decreasing αm (because of the weaker toroidal magnetic
compression). Second, as expected, both the mass flux κ and
coronal temperature T+ grow as f increases. Their maximum
values depend on the chosen set of disc parameters. In a con-
sistent way, the magnetic lever arm λ diminishes with f . Third,
as f increases, thermal effects become significant and there is a
transition between “cold” and “hot” outflows. Indeed, when f
is very small, the jets show the usual characteristics of a “cold”
outflow, namely a fast magnetic rotator (ωA > 1), a large mag-
netic lever arm λ, a small mass load κ and a coronal temperature
T+ smaller than that in the disc. At the opposite extreme, when
f is close to unity, the jets are slow magnetic rotators (ωA < 1),
have small magnetic lever arms, high mass loads and high coro-
nal temperatures.

Wewill label as “hot” those jets whose initial enthalpy plays
a significant role in their launching. We display in Figs. 3 and 4,
theBernoulli constantsE(a) and their different components, for
the two extreme jets obtained in Fig. 2 (respectively f = 0.82
and f = 0.002). In the “hot” jet, the enthalpy at the base is of
the same order as the MHD Poynting flux. The jet acceleration
in the sub-Alfvénic region is mostly due to the decrease in the
enthalpy. This shows the importance of thermal effects, although

Q

0 0.5 1 1.5 2
Z/H

A sort of thermal-magnetical solution



FERO9 meeting, May 2018, Heraklion

« Warm » Solutions
•Heating source at the disk surface 

(Casse & Ferreira 2000)

F. Casse & J. Ferreira: Magnetized accretion-ejection structures. V 1183

Fig. 1.Vertical profile of the entropy generation functionQ for a given
ejection index ξ = 0.1. The value of this function at the disc midplane
(x = 0) is imposed by the self-similar radial scalings (see text). The
integral of this function is measured by the parameter f . The partic-
ular shape shown here (increasing towards the disc surface) mimics a
coronal heating.

ideal MHD jet, including an exact treatment of all dynamical
terms. Any physical quantity A(r, z) is written as

A(r, z) = Ae

(
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)αA

FA(x) (39)

where x = z/h(r) and re is the outer radius of the magnetized
disc. This special ansatz allows to separate the variables so that
the full MHD equations become a set of non-ordinary (they
contain three singularities) differential equations. The values of
the radial exponents (given in Ferreira & Pelletier 1993) are all
linked to the ejection index ξ. For example, the magnetic flux
becomes

a(r, z) = ae

(
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)β

Fa(x) (40)

with β = 3/4 + ξ/2. Inside this framework, the entropy source
Q must be written as
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This is a very strong constraint which also occurs in self-similar
ADAF models. There ξ = 0, so an ADAF must have γ /= 5/3
in order to get some advected heating at the disc midplane.
Here, we choose an adiabatic index γ = 5/3 and scale the
vertical profileFQ(x)with the parameter f .We display in Fig. 1

a typical profile corresponding to a discrepancy between cooling
and heating processes, occuring mainly at the disc surface. We
did however play with slightly different vertical profiles (see
Fig. 8).

The set of MHD equations has three critical points in the
ideal MHD regime. These critical points are the slow-magneto-
sonic, the Alfvén and the fast-magnetosonic points. The solu-
tions presented here share the same behavior obtained in pre-
vious studies (Ferreira 1997, CF). The magnetized flow passes
through the slow and Alfvén points (the regularity conditions
impose the values of µ and ξ) and then encounters the fast-
magnetosonic point in a recollimation motion. None of these
solutions pass through the last critical point (see Vlahakis et al.
2000).

4.2. From magnetically-driven to thermally-driven jets

As showed in Sect 3.1, the entropy generation increases the
plasma pressure gradient, thereby allowing an enhanced vertical
mass flux. In particular, jets are now possible in configurations
where the magnetic pinching force would be overwhelming and
squeeze the disc. Thus, thermal effects significantly enlarge the
parameter space of MAES (ε, αm, Pm, χm).

In order to illustrate such an effect (strong magnetic com-
pression balanced by entropy generation), we choose a MAES
configuration described by the following parameters: ε = 0.1,
αm = 1.5 (α∗

m = 0.8), Pm = 1, χm = 1.5. The chosen disc
aspect ratio is relevant in the astrophysical systems we consider
(seeAppendixC). Fig. 2 shows relevant quantities obtainedwith
the same vertical profile FQ (see Fig. 1) and increasing values
for f .

First, a minimum heating (f ∼ 0.001) is here required oth-
erwise the thermal plasma gradient cannot counteract the mag-
netic pinching force. Note that this minimum heating decreases
with decreasing αm (because of the weaker toroidal magnetic
compression). Second, as expected, both the mass flux κ and
coronal temperature T+ grow as f increases. Their maximum
values depend on the chosen set of disc parameters. In a con-
sistent way, the magnetic lever arm λ diminishes with f . Third,
as f increases, thermal effects become significant and there is a
transition between “cold” and “hot” outflows. Indeed, when f
is very small, the jets show the usual characteristics of a “cold”
outflow, namely a fast magnetic rotator (ωA > 1), a large mag-
netic lever arm λ, a small mass load κ and a coronal temperature
T+ smaller than that in the disc. At the opposite extreme, when
f is close to unity, the jets are slow magnetic rotators (ωA < 1),
have small magnetic lever arms, high mass loads and high coro-
nal temperatures.

Wewill label as “hot” those jets whose initial enthalpy plays
a significant role in their launching. We display in Figs. 3 and 4,
theBernoulli constantsE(a) and their different components, for
the two extreme jets obtained in Fig. 2 (respectively f = 0.82
and f = 0.002). In the “hot” jet, the enthalpy at the base is of
the same order as the MHD Poynting flux. The jet acceleration
in the sub-Alfvénic region is mostly due to the decrease in the
enthalpy. This shows the importance of thermal effects, although
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Fig. 2. Variation of several quantities with the entropy parameter f for
a given magnetic configuration: ε = 0.1, αm = 1.5 (α∗

m = 0.8),
Pm = 1, χm = 1.5. Non-relativistic jets from Keplerian accretion
discs can be either fast rotators (ωA > 1) or slow rotators (ωA < 1),
depending on the amplitude of f . The coronal temperature increases
monotonously with f . The plots in mass load κ andmagnetic lever arm
λ illustrate the fact that the more entropy generated, the more mass is
loaded (see Sect. 3.1).

the Blandford& Payne criterion (opening angle larger than 30o)
is, here, still verified. In the “cold” jet however, the enthalpy is
negligible and the acceleration is due to the decrease of the
poloidal current.

In order to clearly distinguish “cold” (magnetically-driven)
from“hot” (thermally-driven) jets,we look at the decrease along
the jet of the poloidal current, defined as

I =
2π

µo
rBφ . (43)

Indeed, this current is a measure of the transfer of MHD Poynt-
ing flux into kinetic energy flux (see Ferreira 1997). We plot
in Fig. 5 the ratio IA/ISM of the current still available at the
Alfvén point to the current provided at the base of the flow
(at the slow-magnetosonic point). For small f (here f < 0.1),
this ratio remains high because a tiny fraction of mass has been
loaded in the jet. As f increases, this ratio decreases because
the enhanced mass load requires more magnetic energy to be
used. But at some point (f > 0.1), the thermal energy reservoir
supplants the MHD Poynting flux in propelling matter until the
Alfvén point. Thus, the ratio is now increasing because of this
new energy supply. The two regimes shown in Fig. 5 define a
“cold jet” and a “hot jet” zone.

For a given MAES, there is always an upper limit to the en-
tropy generation (besides the overall energy conservation con-

Fig. 3.Bernoulli invariantE(a) and its components along a givenmag-
netic surface (s(a) = z(a)/ho), for the hottest jet (f = 0.82) in Fig. 2.
The quantities are normalized to the square of the angular velocity at
the footpoint of the magnetic surface (Ω2

or
2
o). Enthalpy is of the same

order as the MHD Poynting flux in the corona, the signature of a “hot”
jet.

Fig. 4. Same plot as in Fig. 3, but for the coldest jet (f = 0.002) of
Fig. 2. The enthalpy does not play any role in the jet energetics. This
is the signature of a “cold” jet.

straint) coming from the requirement that gA must always re-
main smaller than unity (i.e. Bφ remains negative). Indeed, the
available current at the Alfvén point is given by

IA

ISM
= gA

λ

λ − 1
. (44)

The increase of this ratio for increasing f is mainly due to the
increase of gA (see Fig. 2). Thus, there is a maximum f allowed
(which can be smaller than unity) for steady-state MAES.

A transition from “cold” to “hot” jets requires the cross-
ing of a zone where a large mass load (provided by the en-
hanced plasma pressure gradient) is still accelerated. This is
only achieved if a sufficient amount of toroidal magnetic field
is present (Bφ is the most relevant ingredient of the Poynting
flux) and/or if the thermal energy reservoir is sufficient. How-
ever, depending on themagnetic configuration, the jet mass load

p

R
V QdV

Pacc

•Increase of the ejection efficiency

A sort of thermal-magnetical solution
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S. Chakravorty et al.: MHD winds in BHBs

Fig. 8. Distance of the closest wind point is plotted as a function of p for all the warm MHD solutions that we investigated. Density and velocity
are also labelled. ε = 0.01 is constant.

(a) In the definition of ξ, the density nH in the denominator is
proportional to ṁ (see Eq. (6)). In the numerator, Lion ∝
Lrad and we also assume Lrad to be proportional to ṁ (see
Sect. 3.1). Hence, for a given MHD solution, changing ṁ
will not change the ξ distribution within the outflow.
In the case of inefficient accretion flow like ADAF, Lrad ∝
ṁ2 and changes in ṁ could have some effects. However, we
are considering physical scenarios here, where the accretion
disk is radiatively efficient with ṁobs ∼ 0.1. Hence, accepting
Lrad ∝ ṁ is a reasonable assumption.

(b) We used the limit log ξ ≤ 4.86 to define the detectable wind.
We note that for the Soft SED, log ξ = 4.86 corresponds
to the peak of the ion fraction of FeXXVI (Fig. 4). The
ion can have a significant presence at higher ξ. For exam-
ple, at log ξ = 6.0 FeXXVI is still present, but at ∼1/4 of
its peak value. Furthermore, there are other ions (including
NiXXVIII) that peak at higher values of ξ (see Fig. 4 of
Chakravorty et al. 2013). These ions have been reported in
Miller et al. (2008). In fact they may be routinely detected
in data from the future X-ray telescopes like Astro-H and
Athena. It is thus instructive to investigate how the properties
of the closest wind point (for a given solution) are modified
when the constraints on the upper limit of log ξ are changed.

For the best warm solution we calculated the physical pa-
rameters for the closest wind point with a modified upper
limit log ξ = 6.0. We find that Rsph|wind decreases by a factor
of 93.4 bringing this point to 9.1 × 102rg. The density at this
point is log nH = 13.71 and the velocity is log vobs = 3.71. Thus,
we see that the parameters of the closest point is sensitively
dependant on the choice of the upper limit of ξ.

6.1.2. Denser warm solutions

From the analysis presented in Sects. 4.1 and 5 it is clear that
MHD solutions with larger p favour winds that are closer to
the black hole. Even for the densest solution discussed in this
paper, with ε = 0.01 and p = 0.11, we cannot predict a
wind closer than 7.05× 104 rg (for log ξ ≤ 4.86) and denser than
log nH > 11.07. However, Miller et al. (2008) discussed that the
wind in GRO J1655-40 was very dense, where log nH ≥ 12, and
so had to be very close to the black hole at ∼103rg. Thus, to

explain such extreme winds, we need denser warm MHD solu-
tions with higher p.

In the context of AGN, Fukumura et al. (2010a,b, 2014,
2015) have been able to reproduce the various components of
the absorbing gas using MHD outflows that would correspond
to p ≃ 0.5. As discussed in Sect. 5, we have not been able to
reproduce such high values of p and are limited to p = 0.11. Our
calculations in the previous section shows that as p increases
from 0.04 to 0.11 for the warm MHD solution, Rsph|wind for the
closest wind point decreases by a factor of 3.79. Thus a further
increase to p ≃ 0.5 may take the closest wind point nearer to the
black hole by a further factor of ∼10 to ∼5 × 103rg. The above
hypothetical numbers assume an almost linear change in density
as p increases. In reality, the progression of the physical quan-
tities in the denser MHD solutions may not be that simple. We
shall report the exact calculations in our future publications.

As our analyses stand now, even with denser warm MHD so-
lutions with p = 0.5 we do not expect the wind to exist closer
than ∼5 × 103rg if log ξ < 4.86. However, as we discuss in the
previous subsection, this distance may be reduced by a factor
of ∼90 to few <102rg for a modified constraint of log ξ < 6.0;
the density and velocity increase accordingly. These speculative
numbers indicate that indeed the warm MHD outflow models
may be able to explain even the most extreme winds observed
(Miller et al. 2008; King et al. 2012; Diaz Trigo et al. 2013). The
above speculations strongly indicate to us the kind of MHD so-
lutions that we need to generate to fit observations. However, a
confirmation of these speculations is beyond the scope of this
paper. We will report the exact calculations for the extreme
MHD models in our subsequent papers.

6.2. Temperature of the outflowing gas

The physical properties of the MHD solutions depend on the
energy equation, which involves solving the balance between
the local heating and cooling effects. Hence, along with all
the other properties, such as the velocity and density, the tem-
perature (TMHD) of the outflowing gas is also specified (see
discussion in Appendix A). However, the MHD calculations do
not take into account the effect of photoionization of the out-
flowing material due to light from the central source. In fact, the
temperature of the gas within the wind region is determined by
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« Warm » Solutions Do the Job
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p=0.1

S. Chakravorty et al.: MHD winds in BHBs

Fig. 8. Distance of the closest wind point is plotted as a function of p for all the warm MHD solutions that we investigated. Density and velocity
are also labelled. ε = 0.01 is constant.

(a) In the definition of ξ, the density nH in the denominator is
proportional to ṁ (see Eq. (6)). In the numerator, Lion ∝
Lrad and we also assume Lrad to be proportional to ṁ (see
Sect. 3.1). Hence, for a given MHD solution, changing ṁ
will not change the ξ distribution within the outflow.
In the case of inefficient accretion flow like ADAF, Lrad ∝
ṁ2 and changes in ṁ could have some effects. However, we
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disk is radiatively efficient with ṁobs ∼ 0.1. Hence, accepting
Lrad ∝ ṁ is a reasonable assumption.
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log nH > 11.07. However, Miller et al. (2008) discussed that the
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explain such extreme winds, we need denser warm MHD solu-
tions with higher p.

In the context of AGN, Fukumura et al. (2010a,b, 2014,
2015) have been able to reproduce the various components of
the absorbing gas using MHD outflows that would correspond
to p ≃ 0.5. As discussed in Sect. 5, we have not been able to
reproduce such high values of p and are limited to p = 0.11. Our
calculations in the previous section shows that as p increases
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closest wind point decreases by a factor of 3.79. Thus a further
increase to p ≃ 0.5 may take the closest wind point nearer to the
black hole by a further factor of ∼10 to ∼5 × 103rg. The above
hypothetical numbers assume an almost linear change in density
as p increases. In reality, the progression of the physical quan-
tities in the denser MHD solutions may not be that simple. We
shall report the exact calculations in our future publications.

As our analyses stand now, even with denser warm MHD so-
lutions with p = 0.5 we do not expect the wind to exist closer
than ∼5 × 103rg if log ξ < 4.86. However, as we discuss in the
previous subsection, this distance may be reduced by a factor
of ∼90 to few <102rg for a modified constraint of log ξ < 6.0;
the density and velocity increase accordingly. These speculative
numbers indicate that indeed the warm MHD outflow models
may be able to explain even the most extreme winds observed
(Miller et al. 2008; King et al. 2012; Diaz Trigo et al. 2013). The
above speculations strongly indicate to us the kind of MHD so-
lutions that we need to generate to fit observations. However, a
confirmation of these speculations is beyond the scope of this
paper. We will report the exact calculations for the extreme
MHD models in our subsequent papers.

6.2. Temperature of the outflowing gas

The physical properties of the MHD solutions depend on the
energy equation, which involves solving the balance between
the local heating and cooling effects. Hence, along with all
the other properties, such as the velocity and density, the tem-
perature (TMHD) of the outflowing gas is also specified (see
discussion in Appendix A). However, the MHD calculations do
not take into account the effect of photoionization of the out-
flowing material due to light from the central source. In fact, the
temperature of the gas within the wind region is determined by
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Simulated Spectra
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Note: We are keeping our methods generic 

A code that can work for any outflow solution 

A velocity resolution that can take care of future missions – 
XARM, Athena at 6.5 keV ~ 300 km/s 

The limit 75 km/s comes from the limits of CLOUDY 

Work in progress (Chakravorty et al. 2018 in prep.)!
!

Absorption spectra in terms of MHD parameters (e.g. p) and i (inclination angle)!
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• p = 0.1 solution. !
• 10 Msol Black hole mass!
• 0.1 Eddington accretion rate.

Work in progress (Chakravorty et al. 2018 in prep.)!
!

Absorption spectra in terms of MHD parameters (e.g. p) and i (inclination angle)!
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Simulated Observations

F2-10 keV=3.4 x 10-9 cgs  
(1 Crab)

F2-10 keV=1.7 x 10-9 cgs

Binned to have 10 σ in each bin
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times larger
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Simulated Observations

• Line asymmetries are clearly detectable
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Simulated Observations
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Conclusions
Chakravorty+ 2016, A&A, 589A, 119!

!
We have devised ways to implement !

~ correct ionization state!
~ correct column density!

!
We have ruled out Cold MHD solutions!

!
Warm MHD solutions work!

Disk surface heating lifts of gas!
Magnetic acceleration follows!

!
Works for “average” winds!

Density < 1012 cm-3, !
Velocity  103 Km/s!

We are at par with thermal pressure models!
!

But what about “extreme” winds?!
There is hope and we are working on it!
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Conclusions
Chakravorty+ 2016, A&A, 589A, 119!

!
We have devised ways to implement !

~ correct ionization state!
~ correct column density!

!
We have ruled out Cold MHD solutions!

!
Warm MHD solutions work!

Disk surface heating lifts of gas!
Magnetic acceleration follows!

!
Works for “average” winds!

Density < 1012 cm-3, !
Velocity  103 Km/s!

We are at par with thermal pressure models!
!

But what about “extreme” winds?!
There is hope and we are working on it!

Work in progress!
Chakravorty+ 18 (to be submitted soon!)!

!
Absorption spectra in terms of MHD parameters 

(e.g. p) and i (inclination angle)!
!

We have checked what they predict!
We have not dealt with emission lines!!

!
!

Future!
For our MHD solutions, table models for xspec?!

!
Our methods are generic – applicable to any 

solutions. !




