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Ṁc2

Pj

Interpreting Black Hole      Observations

Adapted from Tchekhovskoy 2015

Simulated ALMA, VLA, 
Chandra, NuSTAR spectra



• What sets the disk-
jet connection?

• How do disks and 
jets emit?

• What can we 
learn from
‣ spectra
‣ images

   on small and
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When are Jets Produced?

Unified model for black hole X-ray binary jets 1115

Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.

7 TOWA R D S A U N I F I E D M O D E L

Based upon the key generic observational details assembled above,
we have attempted to construct a unified, semiquantitative, model for
the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
of the source at the various phases i–iv, described below:

(i) Sources are in the low-luminosity LS, producing a steady
jet whose power correlates as L jet ∝ L0.5

X (ignoring any mass
term). This phase probably extends down to very low luminosities
(‘quiescence’).

C⃝ 2004 RAS, MNRAS 355, 1105–1118

“q” or turtlehead diagram

Fender+2004

Bright

Dim
hardsoft



Alexander (Sasha) Tchekhovskoy, UC Berkeley PiTP 2016

When are Jets Produced?

Unified model for black hole X-ray binary jets 1115

Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.

je
t 
lin

e

HS LS
VHS/IS

Soft           Hard

Γ > 2 Γ < 2

i

ii

iii

jet

Je
t 
L
o
re

n
tz

 f
a
ct

o
r

iii
iv

iv

iii

in
te

n
si

ty

hardnessX−
ra

y

D
is

c 
in

n
e
r 

ra
d
iu

s

no

Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
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the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.

7 TOWA R D S A U N I F I E D M O D E L

Based upon the key generic observational details assembled above,
we have attempted to construct a unified, semiquantitative, model for
the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
of the source at the various phases i–iv, described below:

(i) Sources are in the low-luminosity LS, producing a steady
jet whose power correlates as L jet ∝ L0.5

X (ignoring any mass
term). This phase probably extends down to very low luminosities
(‘quiescence’).

C⃝ 2004 RAS, MNRAS 355, 1105–1118



Alexander (Sasha) Tchekhovskoy, UC Berkeley PiTP 2016

When are Jets Produced?

Unified model for black hole X-ray binary jets 1115

Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.

je
t 
lin

e

HS LS
VHS/IS

Soft           Hard

Γ > 2 Γ < 2

i

ii

iii

jet

Je
t 
L
o
re

n
tz

 f
a
ct

o
r

iii
iv

iv

iii

in
te

n
si

ty

hardnessX−
ra

y

D
is

c 
in

n
e
r 

ra
d
iu

s

no

Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
of the source at the various phases i–iv, described below:

(i) Sources are in the low-luminosity LS, producing a steady
jet whose power correlates as L jet ∝ L0.5
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term). This phase probably extends down to very low luminosities
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.

7 TOWA R D S A U N I F I E D M O D E L

Based upon the key generic observational details assembled above,
we have attempted to construct a unified, semiquantitative, model for
the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.

je
t 

lin
e

HS LS
VHS/IS

Soft           Hard

Γ > 2 Γ < 2

i

ii

iii

jet

Je
t 
L
o
re

n
tz

 f
a
ct

o
r

iii
iv

iv

iii

in
te

n
si

ty

hardnessX−
ra

y

D
is

c 
in

n
e
r 

ra
d
iu

s

no

Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Based upon the key generic observational details assembled above,
we have attempted to construct a unified, semiquantitative, model for
the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
of the source at the various phases i–iv, described below:

(i) Sources are in the low-luminosity LS, producing a steady
jet whose power correlates as L jet ∝ L0.5

X (ignoring any mass
term). This phase probably extends down to very low luminosities
(‘quiescence’).
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.

7 TOWA R D S A U N I F I E D M O D E L

Based upon the key generic observational details assembled above,
we have attempted to construct a unified, semiquantitative, model for
the disc–jet coupling in black hole X-ray binaries. A simplified ver-
sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
we describe in detail below. The diagram consists of a schematic
X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
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sion of the model specific to GRS 1915+105 has been presented in
Fender & Belloni (2004). The model is summarized in Fig. 7, which
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X-ray hardness–intensity diagram (HID) above a schematic indicat-
ing the bulk Lorentz factor of the jet and inner accretion disc radius
as a function of X-ray hardness. The path of a typical X-ray tran-
sient is as indicated by the solid arrows. The four sketches around
the outside of the schematics indicate our suggestions as to the state
of the source at the various phases i–iv, described below:
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Note that it is the radiation resulting from the energy liberated
by the internal shock that we have measured in order to estimate
the jet power in Section 5. However, since our estimates of the bulk
Lorentz factor must be based upon observations of the post-shock
plasma, then the true jet power must be larger by a factor ϵ−1. Since
0.05 ! ϵ ! 0.45 in the above simplification, this may imply that the
underlying jet power is actually a further order of magnitude larger
for the transient jets. In this case a single function corresponding to
both the LS and VHS/IS jets seems less likely.

As discussed in Vadawale et al. (2003), the strength of the
shock is likely to be related to the amount of material lying in the
path of the faster ‘VHS/IS’ jet. They discussed this in the con-
text of GRS 1915+105, where the strength of ‘post-plateau jets’
(Klein-Wolt et al. 2002) is shown to be correlated with the total
X-ray fluence of the preceding ‘plateau’ (which was presumably a
phase of slower jet production). Generalizing this phenomenon to
other X-ray transients, it provides a natural explanation for why,
although there are often multiple radio flaring events, the first is
invariably the strongest.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
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the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Figure 7. A schematic of our simplified model for the jet–disc coupling in black hole binaries. The upper central box panel represents an X-ray hardness–
intensity diagram (HID); ‘HS’ indicates the ‘high/soft state’, ‘VHS/IS’ the ‘very high/intermediate state’, and ‘LS’ the ‘low/hard state’. In this diagram, X-ray
hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the LS
and hard VHS/IS the jet is steady with an almost constant bulk Lorentz factor "< 2, progressing from state i to state ii as the luminosity increases. At some
point – usually corresponding to the peak of the VHS/IS – " increases rapidly, producing an internal shock in the outflow (state iii) followed in general by
cessation of jet production in a disc-dominated HS (state iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now
physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet
production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then
crossing zone iii – the ‘jet line’ – from left to right, producing further optically thin radio outbursts. The sketches around the outside illustrate our concept of
the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at these different stages.
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Fig. 6.— Model fits for a pair of spectra of XTE J1550–564. (left) A spectrum with a
strongly dominant thermal component; shown are the data, the fit to the data and the fitted

thermal component. (right) A strongly Comptonized spectrum. Note the intensity of the
power-law component relative to its intensity in the left panel. For details, see Figure 4 and
text in Steiner et al. (2010b).
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Fig. 12 Observational evidence for a correlation between the power of transient BHB jets and
BH spin (using the updated data set from [88]; see also [89]). This figure plots spin versus a proxy
for transient jet power, the 5 GHz radio luminosity L5GHz,peak. Jet power has been corrected for
beaming assuming a Lorentz factor G = 2, and normalizing by BH mass M to obtain jet efficiency
(see the text for those details). Retrograde spins are not considered here, and sources with poorly
constrained inclinations have likewise been omitted. BH spin was measured using the continuum
fitting (shown with red circles) and iron line (shown with open green squares) methods. Jet power
increases with increasing BH spin a. The blue solid line shows a quadratic dependence h µ a2

that is consistent with the data. If this curve gives the upper envelope of jet power, one expects all
X-ray binaries to fall under this curve. The data is shown, from low-to-high hobs, for A0620–00,
H1743–322, XTE J1550–564, GRO J1655–40, and GRS 1915+105. Error bars on the spin are 1-s .
As illustrated in the figure, the two spin measurement methods generally agree to within 1-s error.
Error bars on the jet power are taken to be a factor of two.

If it is the central BHs that power the jets, we would expect jet efficiency to corre-
late with BH spin. While there is no evidence for such a correlation for continuous
jets in stellar-mass BHs [90], recently such a correlation was found for transient
stellar-mass BH jets [89]. Whereas jet power cannot be measured directly, one can
measure its proxy, radio emission, or more specifically, the luminosity at 5 GHz ra-
dio frequency, L5GHz,peak, at the peak of its emission. Note that we are interested not
in jet power but in jet energy efficiency h . In order to find it, we would need to divide
jet power by mass accretion rate Ṁ. However, Ṁ is difficult to measure for transient
events. Instead, one can make use of the fact that state transitions often behave as
“standard candles”: mass accretion rate reaches an order unity fraction of Eddington
luminosity at its peak during the state transition and is thus proportional to BH mass
M. Thus, an observational proxy for jet efficiency is hobs µ L5GHz,peak/M, and we
expect this quantity to correlate with BH spin. Indeed, a correlation between hobs
and a is observed and shown in Fig. 12 (but see [91]).

This correlation is consistent with the picture that transient jets are powered by
magnetically-extracted BH spin energy. This correlation also implies that different
BHs are filled with magnetic flux to the same degree, i.e., that they have similar
values of the dimensionless magnetic flux fBH. This could be understood if the pro-
duction of most transient jets is accompanied with the formation of a MAD, when
fBH saturates at the maximum possible value. In some cases, however, there can be

AT15; data Steiner+13, Narayan & McClintock+12
But: Russell+13
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(see also Thorne 1974, Gammie et al. 2005, Shapiro et al. 2005, Benson & Babul 2009)
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• Can radiatively-efficient disks drag 
large-scale magnetic flux in and make 
powerful jets? 

• Analytical studies: does not seem so! 
(Lubow et al 1994, Guilet & Oglivie 2013a,b)

• But then, how do quasars make jets?

When are Jets Produced?
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• Radio jet core is where jet becomes 
transparent to its own synchrotron 
radiation:

• At higher ν, the core shifts inward

• Can use this to measure B in the jet

• Magnetic flux                     
(Zamaninasab, Clausen-Brown, Savolainen, Tchekhovskoy, Nature, 2014,
Zdziarski, Sikora, Pjanka, Tchekhovskoy, MNRAS, 2015)
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MADs in Blazars?
• Observed scaling: 

• Magnitude of magnetic 
flux in radio-loud AGN 
is consistent with MAD 
expectation (Tchekhovskoy, 
McKinney, Narayan, MNRAS, 2011)

• Many AGN are MAD 

‣ their central BHs are 
surrounded by 
dynamically important 
magnetic field

Figure 2: Magnetic flux of the jet, �jet/(�✓j), vs. the expected magnetic flux threading the
BH surrounded by a MAD, �MAD

BH = 50(Laccr2g/⌘c)
1/2. We remove the �✓j dependence in

�jet since the value of �✓j is uncertain, as discussed in the text. Here we assume an accretion
efficiency of ⌘ = 0.4 for all sources, consistent with the assumption that BHs in our sample are
maximally spinning (a⇤ = 1). The dashed line shows the line of equivalence.

7

(Zamaninasab, Clausen-Brown, Savolainen, 
Tchekhovskoy, Nature, 2014)

Bjet / L1/2
acc

MAD
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t [s]

Binary Merger Disks Gone MAD

Jet power shows no trends 
before abruptly switching off 
at MAD onset (see also AT & 

Giannios 2015)

Jet opening angle ~ 0.2 rad 
agrees with observations 

(Fong+2015)

(AT, Fernandez, 
Foucart+, in prep)

skip



Alexander (Sasha) Tchekhovskoy, UC Berkeley PiTP 2016

What is a Healthy Jet Diet?
BIG disk small disk

no disk no poloidal field

105rg 10rg

∞rg 105rg

� ⌦



Alexander (Sasha) Tchekhovskoy, UC Berkeley PiTP 2016

What is a Healthy Jet Diet?
BIG disk small disk

no disk no poloidal field

105rg 10rg

∞rg 105rg

� ⌦



t [rg/c]

0

Tchekhovskoy & Dai, in prep

a = 0.9
spherical accretion

no rotation



t [rg/c]

0

Tchekhovskoy & Dai, in prep



t [rg/c]

0

Tchekhovskoy & Dai, in prep



t [rg/c]

0

Tchekhovskoy & Dai, in prep

Without rotation,
magnetic flux easily

escapes from
the black hole: no MAD
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t [rg/c]

a = 0.9
spherical accretion

no rotation

0

Tchekhovskoy & Dai, in prep t [rg/c]

With rotation, magnetic 
flux bundles get recycled: 
sheared out and mixed 
back into disk: MAD

Can low disk ang. mom. 
suppress jets at the 
Galactic Centre?
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Can Toroidal Fields Make Jets?
• Unlikely: healthy 

jets need 
poloidal field (e.g., 
Beckwith, Hawley, Krolik+08, 
McKinney, AT, Blandford ’12)

• Possible 
mechanism for 
jets without Bp? ‣ Large-scale

α-ω dynamo
(Moffatt ’78; Parker ’79)

‣ BUT: not 
seen in global 
simulations
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Large-scale toroidal 

magnetic field sufficient for 
healthy jets.

Dynamo -> field polarity 
flips -> jet dissipation?

Is weaker/small-scale 
turbulent field sufficient to 

make jets?

Toroidal field simulations 
extremely expensive. 

How can we make them 
accessible?
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disruptive technology

• cutting edge of modern supercomputing

• Multi-GPU 3D H-AMR (“hammer”): 

• Based on an open-source HARM2D
• 100x speedup: 1 GPU = 100 cores

• Excellent scaling to >= 4096 GPUs.
• 3D, staggered fields, AMR
• Hierarchical time stepping
• Future GPUs will be even faster!

• New GPU-based systems have 16 GPUs/node:
• Stanford XStream (production now)
• ORNL Summit (production in ’18)

• Whole slew of important applications:
• Long-term disk evolution
• Tilted thin disks
• Etc.

Matthew Liska
(U of Amsterdam)
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• Plasma is collisionless, so electron and 
proton temperatures decouple

‣ but, Te (  ≠ Tp) is poorly known!

• Dissipation predominantly heats 
protons, whereas electrons radiate

• So, Te is usually “painted” on top of 
simulations:

‣ Usual assumption (eg Dexter+10):
Te/Tp = const. < 1

‣ To reproduce flat radio spectrum, 
need to “paint” polar regions with 
hot Te =1011 K electrons 
(Moscibrodzka et al. 2014)

• Is there a way to eliminate the free 
function, Te(  Tp, …)?

M. Mościbrodzka et al.: Radiation from RIAF models

Fig. 6. Full SED (including synchrotron and Compton emission) of
models which are roughly consistent with the broadband observations
of Sgr A* (models # 20, 24, 35, and 39, see Table 1.). The observational
data points and upper limits are taken from Falcke et al. (1998), An et al.
(2005), Marrone et al. (2006), Melia & Falcke (2001), Doeleman et al.
(2008), Schoedel et al. (2011), and the X-ray luminosity of the inner
accretion flow is from Neilsen et al. (2013).

see caption of Fig. 6). We average synthetic SEDs in time over
the duration of about 3 hours to mimic the quiescent emission
of Sgr A*. A model should reproduce the nearly flat radio spec-
trum (αν ≈ 0.3, Falcke et al. 1998). Recent Chandra observa-
tions indicate that the inner accretion flow should contribute at a
level of ∼10% to the total quiescent X-ray luminosity, i.e. near
the black hole the accretion flow X-ray luminosity should not
exceed LX ≈ 4 × 1032 erg s −1 (Neilsen et al. 2013). As shown
above, the X-ray emission produced by models strongly depends
on the model free parameters. The low X-ray luminosity should
in principle easily rule out some of the models.

Indeed, we have found that models with i = 90◦ and/or rel-
atively high jet temperatures (Θe,jet ≥ 30) are too bright in the
X-ray band. All models with

(Tp

Te

)
disk
= 5−15 show steep radio

spectral slopes (αν ∼ 1) independently of i andΘe,jet and they too
are ruled out from further considerations. There are four mod-
els where the spectra are roughly consistent with all observed
data points between λ = 13 mm and X-rays (excluding NIR en-
ergies at which the source is constantly flaring). These models
have jets with Θe,jet = 10−20 and relatively cooler disks with(Tp

Te

)
disk
= 20−25, (models #20, 24, 35 and 39). Figure 6 displays

time-averaged spectra produced by the four models overplotted
with the observations of Sgr A*. Models that underpredict the
observed variable component of the X-ray luminosity produced
by inner accretion flow (#20, 35 and 39) are consistent with the
data because they could be made to fit the NIR and X-ray fluxes
with the addition of a small non-thermal power-law component
in the electron distribution function. The X-ray spectral slope of
the model SED is between Γ = −1.8 (model #24) and Γ = −1.4
(model #20). The mass accretion rates for the four chosen mod-
els are in the range between Ṁ ≈ 4×10−8−9× 10−8 M⊙ yr−1, and
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Fig. 7. Visibility profiles for models where the SEDs are shown in Fig. 6
(i.e. models # 20, 24, 35, and 39). Theoretical visibility amplitudes are
computed along the E-W baselines which is roughly the the direction
of baselines for which the 1.3 mm-VLBI measurements has been done.
The visibility data points from three days of observations are from Fish
et al. (2011).

they are fully consistent with the model-dependent Ṁ imposed
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is ξ = 78◦ measured E of N on the sky and the FWHMs are
taken from long wavelengths observations by Bower et al. (2004)
and Bower et al. (2006). We compare the model sizes to obser-
vational data at λ = 1.3, 3.5, 7 and 13 mm. The radiation at
λ ≥ 13 mm cannot be modeled in our set-up because it is emit-
ted beyond the adopted outer boundary of our model. Overall,
we find that some orientations are consistent with the measured
size of Sgr A*.

First, we check if the size of the emitting region at
λ = 1.3 mm is consistent with the mm-VLBI measurements.
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Figure 15. Standard deviations of the best-fit visibility amplitudes at 1.3 mm and .87 mm. The uv-plane locations of the Doeleman et al. (2008) observations are
overplotted as triangles. Future baselines between Chile/Mexico/California/Arizona are overplotted as solid lines.
(A color version of this figure is available in the online journal.)

Figure 16. Millimeter spectra for the best-fit models. The solid curves are the median values at each frequency, while the dark gray envelope shows the range reached
during the simulations. Data points are from Falcke et al. (1998) (open circles), An et al. (2005) (filled diamonds), and Marrone (2006) (filled squares). The models
are fit to the Marrone (2006) data, while at lower frequencies the emission is dominated by emission outside of the simulation domain, and nonthermal emission from
electrons either in the accretion flow (Yuan et al. 2003) or in a short jet (Falcke & Markoff 2000).
(A color version of this figure is available in the online journal.)

As expected for accretion disks with aligned angular mo-
mentum and black hole spin axes, the effective inner radius of
the disk in all simulations moves closer to the black hole with
increasing spin.5 However, the density at the event horizon is
usually only a factor ∼5 lower than at the peak. There is no
sharp inner boundary to the accretion flow.

4.4.1. Optical Depth Effects

For best-fit parameter combinations, the 1.3 mm photosphere
is quite compact and the flow is mostly optically thin, especially

5 For the misaligned case, see Fragile (2009).

at low inclination. In the 0h and 50h simulations, however, as
well as for Ti/Te = 10 in all models, the photosphere at 1.3 mm
extends well outside of the region of peak emissivity, at r ∼ 5M.
In general, the photosphere gets smaller at higher electron
temperatures, since those models require lower accretion rates
to match the observed flux from Sgr A*. Optical depth effects
are also more important at high inclination. This is because
Doppler beaming increases the absorption along rays between
the observer and the approaching gas.

Single-temperature conservative models (MBD, MBQ) have
no noticeable photosphere. This leads to a small image size and
low accretion rates. Since the Marrone (2006) observations find
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• Our improved approach: 

• Evolve electrons as a second fluid

• Electrons receive a fraction fe(Te,Tp,β) of 
dissipated heat (Howes 2010)

‣ stronger heating in highly magnetized regions

• Include thermal conduction along field lines 
(Chandra et al. 2015)

• Neglect back-reaction of electrons on the flow

• Simulations with e-HARMPI, new parallel, 3D 
general relativistic MHD code that includes 
electrons as a separate fluid 
(Ressler, AT et al., 2015, 2016)
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MISSION STATEMENT
Directly connect GRMHD simulations to observa-
tions of low luminosity accreting black holes by em-
ploying a self-consistent treatment of electron ther-
modynamics [5]. To date, this includes:

1. Electron heating
2. Anisotropic electron thermal conduction
3. Self-consistent Monte Carlo radiation transport

and interactions (emission, scattering, and ab-
sorption) [See Ben Ryan’s Poster for details]

INTRODUCTION
Several accreting black hole systems of interest fall
into the Radiatively Inefficient Flow (RIAF) regime,
emitting and accreting at significantly less than the
Eddington rate. In these hot, low density disks,
Coulomb collisions are inefficient at transporting
energy between the free electrons and ions in the
plasma, so a single fluid model is untenable. Here we
present for the first time a method to self-consistently
evolve the electron entropy alongside standard 3D
GRMHD calculations and apply it to Sagitarrius A*
(Sgr A*).

3D SIMULATION RESULTS
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, (top right), electron to gas temperature ratio (bottom left), and the heat flux suppression
factor due to particles being constrained to move along field lines: |b̂
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CONCLUSIONS

Relativistically hot electrons are concentrated in a
narrow region in the corona/jet. This is due to the

strong �-dependence of our electron heating
fraction, f

e

.

Our model produces significant NIR and X-ray
variability without the need for nonthermal

particles. This variability is linked to variability in �
via our electron heating fraction, f

e

, and is much
higher in magnitude than that of a constant T

e

/T
p

model.

For standard “SANE” torii, electron conduction has
a negligible observational effect. This is because

the temperature gradients are predominantly in the
poloidal directions while the magnetic field is

predominantly in the toroidal direction.

In our model, the low frequency radio emission is
mainly produced by outflow at large radii but falls
off more steeply with frequency than observations.
It is not clear if this is a robust result or a byproduct
of either (a) the chosen initial conditions or (b) the
fact that the simulation may be under-resolved in

those regions. Ongoing and future work will
distinguish between these possibilities.

MODEL AND COMPUTATIONAL METHODS

Electron Thermodynamics
To the standard GRMHD equations, we add an elec-
tron entropy equation with subgrid models of electron
heating and anisotropic electron conduction:

⇢T
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uµ@
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where Q is calculated directly from simulations and
f
e

is based on semi-analytic calculations of turbulent
damping of Alfvèn waves in magnetized plasmas. For
details on the model for anisotropic electron conduc-
tion along magnetic field lines, see [1].
blah

GRMHD
The simulation is performed with a 3D, parallel ver-
sion of harm [3], a conservative GRMHD code. We
initialize an equilibrium disk with spin a = 0.5 seeded
with a weak, single-loop, poloidal magnetic field and
run until an approximate steady-state is reached. Our
analysis is done over a time interval of 2, 000 M.

Radiation
Radiation transport is done post-processing using a
ray tracing code [4] for images and a Monte Carlo
scheme (grmonty [2]) for spectra. Both include syn-
chrotron absorption and emission while the latter in-
cludes Compton scattering. Time averages are com-
puted by averaging the spectra/images of single time
slices.

MODELLING SAGITTARIUS A*
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Left: SEDs averaged over 18.5 hours with time-variability represented by the shaded regions. The T
p

/T
e

= 3 model is included for comparison purposes as an example
of a previous method adopted in literature. Right: Time averaged images on a linear scale. The white box and the entire 230 GHz image are 19r
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Electron Temperature in Simulations
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Hot electrons 
naturally 
occur in the 
polar regions
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Electron micro-physics 
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broadband spectrum 
and high-E variability 
but falls short at very 
low frequencies. More 

to come!
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sion of harm [3], a conservative GRMHD code. We
initialize an equilibrium disk with spin a = 0.5 seeded
with a weak, single-loop, poloidal magnetic field and
run until an approximate steady-state is reached. Our
analysis is done over a time interval of 2, 000 M.

Radiation
Radiation transport is done post-processing using a
ray tracing code [4] for images and a Monte Carlo
scheme (grmonty [2]) for spectra. Both include syn-
chrotron absorption and emission while the latter in-
cludes Compton scattering. Time averages are com-
puted by averaging the spectra/images of single time
slices.

MODELLING SAGITTARIUS A*
space

Left: SEDs averaged over 18.5 hours with time-variability represented by the shaded regions. The T
p

/T
e

= 3 model is included for comparison purposes as an example
of a previous method adopted in literature. Right: Time averaged images on a linear scale. The white box and the entire 230 GHz image are 19r

g

⇥ 19r
g

.

Predicted Spectra and Images

ELECTRON THERMODYNAMICS IN 3D GRMHD SIMULATIONS WITH
APPLICATION TO SAGITTARIUS A*

{ SEAN RESSLER1, SASHA TCHEKHOVSKOY1, ELIOT QUATAERT1, MANI CHANDRA2, AND CHARLES GAMMIE2}
1UC BERKELEY, 2UI URBANA-CHAMPAIGN

MISSION STATEMENT
Directly connect GRMHD simulations to observa-
tions of low luminosity accreting black holes by em-
ploying a self-consistent treatment of electron ther-
modynamics [5]. To date, this includes:

1. Electron heating
2. Anisotropic electron thermal conduction
3. Self-consistent Monte Carlo radiation transport

and interactions (emission, scattering, and ab-
sorption) [See Ben Ryan’s Poster for details]

INTRODUCTION
Several accreting black hole systems of interest fall
into the Radiatively Inefficient Flow (RIAF) regime,
emitting and accreting at significantly less than the
Eddington rate. In these hot, low density disks,
Coulomb collisions are inefficient at transporting
energy between the free electrons and ions in the
plasma, so a single fluid model is untenable. Here we
present for the first time a method to self-consistently
evolve the electron entropy alongside standard 3D
GRMHD calculations and apply it to Sagitarrius A*
(Sgr A*).

3D SIMULATION RESULTS
Mass Density with B-field lines (top left), radially averaged plasma parameter, � = p

g

/p
M

, and electron
heating fraction, f

e

, (top right), electron to gas temperature ratio (bottom left), and the heat flux suppression
factor due to particles being constrained to move along field lines: |b̂

µ

qµ
iso

|/|q
iso

| (bottom right).

REFERENCES

[1] M. Chandra, C. F. Gammie, F. Foucart, and E. Quataert. An Extended Magnetohydrodynamics Model for Relativistic Weakly Collisional Plasmas. ApJ,
810:162, Sept. 2015.
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CONCLUSIONS

Relativistically hot electrons are concentrated in a
narrow region in the corona/jet. This is due to the

strong �-dependence of our electron heating
fraction, f

e

.

Our model produces significant NIR and X-ray
variability without the need for nonthermal

particles. This variability is linked to variability in �
via our electron heating fraction, f

e

, and is much
higher in magnitude than that of a constant T

e

/T
p

model.

For standard “SANE” torii, electron conduction has
a negligible observational effect. This is because

the temperature gradients are predominantly in the
poloidal directions while the magnetic field is

predominantly in the toroidal direction.

In our model, the low frequency radio emission is
mainly produced by outflow at large radii but falls
off more steeply with frequency than observations.
It is not clear if this is a robust result or a byproduct
of either (a) the chosen initial conditions or (b) the
fact that the simulation may be under-resolved in

those regions. Ongoing and future work will
distinguish between these possibilities.

MODEL AND COMPUTATIONAL METHODS

Electron Thermodynamics
To the standard GRMHD equations, we add an elec-
tron entropy equation with subgrid models of electron
heating and anisotropic electron conduction:

⇢T
e

uµ@
µ

s
e

= f
e

Q�r
µ

qµ
e

� a
µ

qµ
e

f
e

(�, T
e

/T
p

, ...) =

⇢
⇠ 1 � . 1
⌧ 1 � � 1

,

where Q is calculated directly from simulations and
f
e

is based on semi-analytic calculations of turbulent
damping of Alfvèn waves in magnetized plasmas. For
details on the model for anisotropic electron conduc-
tion along magnetic field lines, see [1].
blah

GRMHD
The simulation is performed with a 3D, parallel ver-
sion of harm [3], a conservative GRMHD code. We
initialize an equilibrium disk with spin a = 0.5 seeded
with a weak, single-loop, poloidal magnetic field and
run until an approximate steady-state is reached. Our
analysis is done over a time interval of 2, 000 M.

Radiation
Radiation transport is done post-processing using a
ray tracing code [4] for images and a Monte Carlo
scheme (grmonty [2]) for spectra. Both include syn-
chrotron absorption and emission while the latter in-
cludes Compton scattering. Time averages are com-
puted by averaging the spectra/images of single time
slices.

MODELLING SAGITTARIUS A*
space

Left: SEDs averaged over 18.5 hours with time-variability represented by the shaded regions. The T
p

/T
e

= 3 model is included for comparison purposes as an example
of a previous method adopted in literature. Right: Time averaged images on a linear scale. The white box and the entire 230 GHz image are 19r

g

⇥ 19r
g

.
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Figure 3. Distribution of the radius of the jet as a function of the de-projected distance from the core in units of rs. Readers can refer to Figure 1 in Asada & Nakamura
(2012) for detailed description. Three data points of VLBI cores (at 43, 86, and 230 GHz) are added as the most inner jet emissions at each frequency. The solid line
is the linear least-square for data points except three inner cores (VLBA at 43/86 GHz and EHT at 230 GHz), indicating the parabolic streamline with a power-law
index a of 1.73 ± 0.05. On the other hand, the dashed line indicates the conical streamline with a of 0.96 ± 0.1. HST-1 is located around 5 × 105 rs. The thin dashed
line denotes the Bondi accretion radius located at RB ≃ 3.8 × 105 rs. The black area shows the size of the minor axis of the event horizon of the spinning black hole
with maximum spin. The gray area indicates the size of the major axis of the event horizon of the spinning black hole with maximum spin, and corresponds to the
size of the event horizon of the Schwarzschild black hole. The thin dotted line indicates the size of the inner stable circular orbit (ISCO) of the accretion disk for the
Schwarzschild black hole.
(A color version of this figure is available in the online journal.)

and ∆z (230 GHz) = 4.34 ± 2.17 rs, respectively. As is shown in
Figure 3, three points of VLBI cores (core43, core86, and core230)
are plotted under our assumption that the axial offset position
at infinite frequency ∆∞(→ 0) is the location where the SMBH
and/or accretion disk plane exist. Note that VLBA core sizes at
5.0 and 8.4 GHz coincide with the jet width derived in VLBA
observations at 43 GHz (K. Hada 2013, private communication);
thus, it may be reasonable to interpret the frequency-dependent
VLBI core as an innermost synchrotron emission where the jet
emissions become optically thin.

The parabolic jet seems to follow a single power-law stream-
line with nearly five orders of magnitude in distance. Three
points of VLBI cores are not used for a fit to data points to de-
rive a power-law index a of 1.73 ± 0.05 in AN12. One, however,
has to bear in mind the following questions: where does jet ori-
gin exist and how is its non-thermal emission initiated at some
higher frequency? It is nevertheless useful for us to examine the

nature of the jet parabolic structure—how it is maintained under
the stratified ISM in the dominant gravitational potential by the
central SMBH.

In the following sections, based on the MHD jet theory, we
analyze the bulk acceleration of the trans-Alfvénic flow and
derive the approximate MHD nozzle equation of the trans-fast
magnetosonic jet in Section 6. We discuss the formation of
the parabolic streamline in M87 as well as a potential limit of
exploring the innermost jet emission by using VLBI core shift
measurements as questioned above in Section 7.

6. ANALYSIS OF THE PARABOLIC STREAMLINE

6.1. Bulk Acceleration of the Trans-Alfvénic Flow

In order to inspect the property of the NRMHD jet accel-
eration in the trans-Alfvénic regime, let us follow the wave

5
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Are we seeing 
jet-ISM interaction?

(M
ey

er
+

13
)

(see also Meier 2012)
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How does Jet Heating Work?

Recollimation → internal kink →
→ turbulence → reconnection → emission

12 Omer Bromberg and Alexander Tchekhovskoy

Figure 12. Same as Fig. 11, but showing the streamlines of the jet material.
The streamlines originate at the surface of the magnetar with polar angles
at their footpoints spanning the range 0�-80� with a 10� separation. The
colour scheme represents the log10 u on a streamline. The flow is super-fast-
magnetosonic below the collimation point, where the jet material expands
freely. Once the jet becomes collimated, the velocity decreases considerably
and the streamlines become distorted due to the internal kink instability.
Downstream, the small-scale structure imprinted on the streamlines (and
magnetic field lines; see Fig. 11) dissipates away, the streamlines become
laminar and the flow largely sub-fast-magnetosonic.

x y 

z 

Figure 13. Similar to Figures 9 and 10 but for meridional slices of
log10(bp/b�). Dark red colour shows the poloidally-dominated regions and
their transverse extent reflects the value of R0, the cylindrical radius of
the jet core with bp � b�. We see that above the collimation point,
|z| & 30RL ⇡ 3 ⇥ 108 cm, the value of R0 increases with increasing dis-
tance away from the central compact object. This increase reflects the con-
version of the toroidal magnetic field into heat by the internal kink mode.
Notice that the top jet in the right panel moves o↵ the image plane due to
the external kink.

at a time t = 4400RL/c ' 1.5 s (same as in Fig. 8) and an altitude
z = 400RL ' 4 ⇥ 109 cm, which is well above the region where
most of the dissipation takes place. We average the profiles in the
azimuthal direction to smooth out the small axial asymmetries due
to the external kink modes. We show the azimuthally averaged hb�i
(solid blue), hbpi (dashed green), hbi (solid grey) and h

p
8⇡pthi

(dash-dotted red). As expected from eq. (18), the magnetic field
configuration is split into two regions: i) an inner core, dominated
by poloidal field with a flat profile that extends to R0 ' 10, ii) an
outer region, dominated by toroidal field with a profile b� / R�1/2

that covers the outer jet, at R0 . R 6 Rj ' 36RL ' 3.6⇥108 cm, and
extending into the inner cocoon, Rj < R 6 Ric ' 60 ' 6 ⇥ 108 cm.
Within the jet, magnetic and thermal energies are indeed in equipar-
tition, which is the assumption under which we obtained the scal-
ing (18).

The combination of a large core dominated by poloidal field,
surrounded by a toroidal field in balance with thermal pressure sta-
bilizes the jet to internal kink instability, and the internal dissipation
subsides. Because of this, above the dissipation region the hot jet
material behaves somewhat similar to a hot, hydrodynamic fluid.
However, this does not mean that the magnetic e↵ects can be ne-
glected: we find that kink instability can still grow around the jet
perimeter. This is known as the external kink mode, which produces
helical motions that deform the entire body of the jet. This is seen
in Fig. 15 as the large-scale bends of the (blue) jets. External kink
grows on a time scale of the order of the time it takes an Alfvén
wave to travel around the jet perimeter. Typically it takes ⇠ 5 � 10
growth times for the global kink modes to grow substantially, and
this is why most of the deformation occurs at the top, “older” parts
of the jet, mainly near the jet head where the kink instability has
the longest time to evolve. The helical motions of the kink-unstable
head increase the e↵ective cross-section of the jet and reduce its
propagation velocity. If the external kink grows to a high enough
amplitude, it can even disrupt the jet and cause it to stall.

6.3 Dissipation rates and convergence tests

One of the important results of this work is the e�cient dissipation
of the magnetic field at and above the recollimation nozzle. This
reduces the strength of the toroidal magnetic field component and
leads to equipartition between thermal and magnetic energies. A
similar transition in the magnetic field configuration was seen in
the simulations of twisted magnetic flux tubes that underwhent dis-
sipation via the internal kink (e.g. Hood et al. 2009; Gordovskyy &
Browning 2011; Pinto et al. 2015). Once started, the dissipation in
our simulation occurs over a length scale of . 10Rj, which is con-
sistent with the expected growth time of the kink instability across
the entire jet (see e.g. Fig. 9). This rate is also consistent with the
dissipation rate found in other simulations (e.g. Mizuno et al. 2012;
Porth & Komissarov 2015).

To test the e↵ect of the grid resolution on the dissipation rate,
we reran our fiducial simulation, M3, with twice the resolution in
each direction. We refer to this high-resolution simulation as model
M3HR (see Table 1). Figure 16 shows the electromagnetic energy
flux (dashed lines) and the thermal energy flux (solid lines) in the
fiducial model M3 (blue) and its high-resolution version, model
M3HR (green). For a proper comparison, the jets are taken to have
the same zh. Because in the high resolution simulation the jets prop-
agate at a velocity that is somewhat slower (by ⇠ 25%) than in our
fiducial resolution simulation, the snapshots are taken at slightly
di↵erent times. Even though the propagation velocities are di↵er-

c� 2015 RAS, MNRAS 000, 1–22
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x y 

z 

Figure 10. Same as Fig. 9 but for meridional slices of the conduction current
J / log10 (|r ⇥ B|). High (red) values of J indicate regions with particularly
strong magnetic field twist and particularly strong dissipation.

magnetisation, log10 �. The the high-� jet appears as a dark sil-
houette against the blue low-� background. The colour of the field
lines represents log10 h, where h = w/⇢ is the specific enthalpy. Re-
gions where the field lines are turning red are the regions where the
dissipation is taking place. The green line in each of the two panels
indicates the polar field line, which starts at the north pole of the
magnetar and follows the centre of the jet. As expected from the
causality condition (16) and seen in Fig. 11, the green line begins
to kink even before the jet converges onto the jet axis. The field
lines with larger opening angles begin to kink only after the flow
converges onto the axis. These outer field lines are initially strongly
twisted around the central, green field line. However, as they dissi-
pate their magnetic energy into heat, they gradually straighten out
and become aligned with the green line (as seen in Fig. 11).

The internal kink instability a↵ects the streamlines of the jet
material, as seen in Fig. 12. Below the collimation point the jet
material is stable and is super-fast-magnetosonic. Once the jet be-
comes collimated the flow decelerates and begins to mix due to
the kink instability. Once the kink instability saturates, the flow be-
comes ordered again, however its velocity remains mostly sub-fast-
magnetosonic.

6.2 External kink above the dissipation region

The dissipation of magnetic field above the collimation point leads
to two important outcomes. First, it relieves some of the toroidal
pressure and decreases the ratio of b�/bp in the jet. As a result,
R0, the radius of the poloidal field dominated core, which con-
trols the minimal growth time of the kink instability (see eq. 2),
increases significantly. This process is depicted in Fig. 13 which
shows log10(|bp/b�|) in a cross section cut along the jet: the core
starts out as a narrow spine at the base of the jet and gradually
widens above the collimation point, at which most of the dissipa-
tion occurs. Second, the dissipation generates thermal energy at the
expense of toroidal magnetic field energy. The e↵ect of the thermal
pressure is similar to the e↵ect of the poloidal field in the case of a
headless jet. It supports the toroidal field against contracting under
its own hoop stress. As a result, the transverse magnetic field pro-

log(h) 

Figure 11. A zoom-in on the jet recollimation nozzle that is seen in Fig. 8 at
z ⇠ 50RL ' 5⇥ 108 cm (model M3 at t = 4400RL/c ⇠ 1.5 s). The left panel
shows field lines in the fluid-frame b as traced out in the lab frame. This un-
conventional representation of the magnetic field lines is useful for visually
determining the degree of toroidal dominance of the magnetic field in the
fluid-frame (see the text for details). The right panel shows the conventional
field lines of the lab-fame magnetic field, B. The fluid-frame magnetic field
lines are more disordered, which might reflect their readiness to reconnect
and dissipate their energy. We show the field lines that originate at the sur-
face of the magnetar with polar angles at their foot points equal to 0�, 20�,
30�, 50�, and 70�. The colour scheme represents log10 h on the field lines,
where h is the specific enthalpy. The volume colour rendering represents
log10 �. The jet has a higher � than the confining cocoon and appears as
a dark silhouette against the blue background. The field line, which origi-
nates at the north pole of the magnetar, indicates the jet axis and is shown in
green. The gradual straightening of the magnetic field lines along the green
line is clearly seen in both panels and reflects the dissipation of the toroidal
magnetic field due to the internal kink instability.

file flattens out. In addition, it becomes stable to further growth of
kink modes at the jet inlet. Mignone et al. (2010) found a similar
behaviour of the toroidal field when supported by thermal pressure.
In fact, we see that the internal kink saturates and the dissipation
stops when the equipartition is reached between the thermal pres-
sure and the magnetic pressure (see also Hood & Priest 1979).

To demonstrate the e↵ect of the thermal pressure on the con-
figuration of toroidal field, we return to the force balance equation
(eq. 9) and include a thermal pressure term. In a cylindrical jet, the
equation takes the form,

db2

8⇡dR
+

b2
�

4⇡R
+

dpth

dR
= 0, (17)

where we neglect here the poloidal hoop stress term. We assume an
approximate equipartition between the thermal and magnetic pres-
sures, i.e. pth = b2/8⇡. The solution to eq. (17) inside the core
where b� ⌧ bp, is bp = const. The resultant profile of b� is

b� /
(

R , R < R0,
R�1/2 , R > R0.

(18)

This profile is similar to that of the headless jet (eqs. 11 and 12); the
only di↵erence here is that outside the core, R > R0, the high ther-
mal pressure replaces bp and flattens out the transverse profile of
the toroidal field. Figure 14 shows the magnetic and thermal pres-
sure profiles across the simulated jet, above the dissipation region.
The profiles are measured in a snapshot of a jet in the model M3,

c� 2015 RAS, MNRAS 000, 1–22
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Magnetic instability?
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Instability of Magnetized Jets
• Kink instability growth timescale controlled by the 

magnetic pitch (high-mag., mildly relativistic):

• Jets are unstable if 5tkink ≲ ttravel, or

• Cartoon galaxy density profile:

tkink ' 2⇡Rj

c

Bp

B�

(Bromberg & 
AT 2016)
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Summary

• Dynamically important magnetic fields wide spread:
‣ Jets are robust and happy to feed on anything
‣ MADs give the upper envelope of jet power for given 
‣ BUT: strong jets benefit from disk rotation
‣ Problem: How do you get rid of large-scale magnetic flux?

• Large-scale poloidal field dynamo is now a reality
‣ No need for large-scale poloidal flux: toroidal would do too

• Jet morphology is set by 3D external kink and 
controlled by jet power and ambient density:
‣ low-power jets are unstable and get stalled inside galaxies
‣ FRI/FRII dichotomy likely mediated by magnetic instabilities

Ṁ


