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Some motivations
Test general BH accretion;  Understand Sgr A* specific nature

Plotkin et al., MNRAS 2012

Sgr A* on the fundamental plane

What is the particle distribution? Thermal/non-thermal plasma?
What are the physical processes triggering the flare events?

What is the energy budget?
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Constraints on Sgr A*

Distance ≃ 8 kpc ,    Mass ≃ 4.3 x 106 M⊙
(Reid 1993, Schodel et al. 2002, Eisenhauer et al. 2005, Melia 2007, Ghez et al. 2008, Gillessen et al. 2009)

Lbol ≃ 100 L⊙ ≃ 10-9 LEdd ,    LX-ray ≃ 1033 erg/s 
(Narayan et al. 1998,  Melia & Falcke 2001,  Baganoff et al. 2003, Genzel et al. 2010)  

Accretion rate: 2 x 10-9 to 2 x 10-7 M⊙/yr
(Aitken et al 2000, Bower et al. 2003, Marrone et al. 2007)

Density < 108 cm-3 ,    B < few 100 Gauss 
(Dexter et al. 2009, Moscibrodzka et al 2009, Dibi et al. 2012, Drappeau et al. 2013)  
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GRMHD simulation of accretion onto Sgr A*
with Cosmos++ (Anninos et al. 2005; Fragile & Meier 2009)

Salomé DIBI                                                           IAU Symposium 303, Santa-Fe, October 2013

1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019 1020

i 
L i

 [e
rg

/s
]

i [Hz]

B4S9T3M7

B4S9T3M8

B4S9T3M9

Ṁ=10-7 M⊙/yr

cooling

no cooling

no cooling

cooling

cooling

no cooling

Ṁ=10-8 M⊙/yr

Ṁ=10-9 M⊙/yr

(Dibi et al., MNRAS 2012)                                          (Drappeau, Dibi, Markoff, Fragile, & Dexter, MNRAS 2013)

ρ

disk

jet

corona

corona

jet

outer 
region

inner 
region

Tuesday, October 22, 13



B

Models for Sgr A* inner plasma
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Using Belm Code (Belmont, Malzac, & Marcowith 2008)

● Simplification: One single zone. 

● Improvement: Particle distribution 
calculated self-consistently.

R = 2 Rg = 2GM/c2  
(Melia et al. 2001; Eckart et al. 2004)

Thermal injection

Constant escape probability

Solve the kinetic equations:

∂tNν=Sν−LνNν+∂ω[AνNν]+1/2∂2ω2 [DνNν]

∂tNe± = Se±−Le±Ne± +∂p [γ/pAe±Ne±]
+1/2∂p [γ/p∂p (γ/pDe±Ne±)]

Source terms: injection, synchrotron emission, Compton scattering, 
annihilation/production, bremsstrahlung.
Loss terms: escape, synchrotron absorption, Compton scattering, pair 
production/annihilation, bremsstrahlung.
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Sgr A* observational data
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Exploring plasma evolution during Sgr A* flares 7

Figure 1. Quiescent spectrum from Sgr A* (top panel) and the
associated lepton distribution (bottom panel) in a closed system
configuration. On the spectrum, the black data points are taken
from Yuan et al. (2003) with the X-ray “bowtie” corresponding
to an upper limit for the quiescent state of Sgr A*. The red ra-
dio data are from Brinkerink & Falcke (2013) and were taken
by ALMA. The green IR data points are from Schödel et al.
(2011), and the pink lower limit is taken from Dodds-Eden et al.
(2011). On the spectrum, the blue curve corresponds to the syn-
chrotron processes, while the red one corresponds to the Compton
processes. The Bremsstrahlung contribution is not visible in the
scale of this plot. On the electron distribution, the solid line is
the shape of the calculated distribution from which the spectrum
comes from, while the dotted lines indicate a pure Maxwellian
plus power-law components for comparison.

considering that we don’t have perfect simultaneous data, it
still provide a close enough interpretation, meaning that we
are still within 20% of the actual data point values. In the
IR, the flaring spectra shown in Figures 4 and 3 are in the
right range of luminosity, and we can also reproduce the X-
ray flare. The NuSTAR (blue) and Chandra (orange) flare
slopes are respected, while the trend of one of the IR flares
(green “bowtie”) is not reproduced.

Comparing models with observations, the “�” pre-
scription from Shakura & Sunyaev (1973) is still used to
parametrize turbulence and quantify the angular momen-

Figure 2. Quiescent spectrum from Sgr A* resulting from
the“standard” distribution consisting of a simple Maxwellian plus
power-law (doted line in the bottom panel of Figure 1).

tum loss mechanism, and the process whereby gravitational
binding energy is converted into radiation. The best physical
interpretation of this � parameter is given by the mechanism
of magneto-rotational instability (MRI). For instance, Haw-
ley et al. (1995) have performed three-dimensional magneto-
hydrodynamic numerical simulations of an accretion disk to
study the nonlinear development of the MRI, they obtained
that the time average of � is 0.6 for the vertical field runs. In
the study of advection-dominated accretion and black hole
event horizon, Narayan & McClintock (2008) argued that
for an advection-dominated accretion flow, the theoretically
expected value of � is 0.1-0.3. In the last column of Table 1,
we have the estimated numbers for � for the di⇥erent cases
studied here. These numbers have been derived assuming
the simplest Keplerian assumptions, using the dimension-
less constants:

� =
1
2
lth r1/2

⇤ �e
(8)

with r=2rG, ⇤ = ne⇥TR, �e = kT/mec
2. We find values

that are in good agreement with the theoretical predictions
described above.

3.3 Plasma with escape and thermal injection

For comparison within the open configuration, we want to
reproduce the quiescent spectrum with the assumption that
particles flows in and out of the emitting region. Figure 5
shows such a spectrum, it is similar to the simulated spec-
trum in Figure 1 although with a stronger Compton com-
ponent at high frequencies. This spectrum is a realistic and
acceptable solution for the quiescent state of Sgr A*. The
contribution to the quiescent X-ray is closer to 10%, mak-
ing it en even better fit for the quiescent spectrum. We note
that in this case, the thermal component does not really
di⇥er from the pure Maxwellian distribution (see bottom
panel of Figure 5). Indeed, in this range, radiative cooling is
negligible, so that the balance between the thermal particle
injection and the uniform particle escape produces a steady

c� 2013 RAS, MNRAS 000, 1–12
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3.3 Plasma with escape and thermal injection

For comparison within the open configuration, we want to
reproduce the quiescent spectrum with the assumption that
particles flows in and out of the emitting region. Figure 5
shows such a spectrum, it is similar to the simulated spec-
trum in Figure 1 although with a stronger Compton com-
ponent at high frequencies. This spectrum is a realistic and
acceptable solution for the quiescent state of Sgr A*. The
contribution to the quiescent X-ray is closer to 10%, mak-
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Figure 5. Quiescent spectrum from Sgr A* (top panel) and the
associated lepton distribution (bottom panel) with thermal injec-
tion. The data points are the same as in the previous quiescent
spectrum on Figure 1

that we have more particles in the higher energy part of the
electron distribution. So, we must have some physical pro-
cesses that accelerates the particles more e⇤ciently in the
flaring state and creates a harder non-thermal distribution.
As a consequence the total luminosity increases, reaching
4.1� 1036erg s�1.

The best fit of the flaring state of Sgr A* is the one
produced by the model on Figure 7 because the trends of
the multi-wavelength data are better reproduced and few
parameters need to be adjusted in order to move from the
quiescent to the flaring state . This is especially true if we
consider that the green “bowtie” is a typical IR flux and
slope. This spectrum gives us a simple and elegant solution
of the flaring event observed by Chandra and NuSTAR. Es-
pecially the NuSTAR data are best reproduced by some non-
thermal synchrotron component. The sub-millimeter part of
the spectrum is really stable: comparing the quiescent state
on Figure 5 with the sub-millimeter part of the spectrum on
Figure 7 we have exactly the same contribution around 1012

Hz. This is mainly due to the fact that the magnetic field is

Figure 6. Flare spectrum from Sgr A* (top panel) and the asso-
ciated lepton distribution (bottom panel) with non-thermal injec-
tion. The data points are the same as in the previous spectrum
on Figure 3. The electron distribution shows also in dotted line,
the pure Maxwellian and power-law curves as a comparison.

kept constant and the injected population is also constant.
This spectrum with the synchrotron cooling-break around
1015 Hz is also good in interpreting the slope observed in the
infra-red. We have to keep in mind that this trend (plotted
in green) has been observed only for one infra-red flare event,
and that this observation was not a simultaneous one with
the X-ray. Nevertheless, it is an interesting exercise trying
to model both in the same time. The Compton flaring fit on
Figure 6 is more marginal. First, the X-ray flare could be
steeper in order to reproduce better the data, and the infra-
red flare is also less convincing. The X-ray fit can be easily
improved by increasing the slope of the non-thermal acceler-
ation lnth, the infra-red and sub-millimeter can also be ad-
justed to keep a spectrum compatible with the data, however
the plasma parameters are not really consistent with what
we would expect, i.e. the density is getting too high and the
slope of the distribution too steep. Indeed, if we have a non-
thermal distribution of particles, we do not expect the slope
s to steepen during a flaring event but in the contrary to flat-
ten because some particles are getting energized. Also with

c� 2013 RAS, MNRAS 000, 1–12

Sgr A* flaring spectrum and distribution
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Injection and escape
B ≃ 50 Gauss  (εk/εb ≃ 67-13) 
L ≃ 1.0  -  4.1x1036erg/s 
constant injection, non-thermal component 
increases by a factor of six and flattens.

ne ≃ 3x107 cm-3 (Dibi et al., in prep.)                                          
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Conclusions
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● We expect that the accretion flow is injecting thermal 
electrons into the low magnetized inner plasma

● Enhancement of the non-thermal heating process is 
responsible for the flaring event

● In preferred scenario, the particle distribution differs 
slightly from the usually assumed one

● The flare spectrum is best reproduced by non-thermal 
synchrotron with a cooling break (Agreement with Dodds-
Eden et al. 2010)
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Outlook/Future work
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Figure 8. Quiescent spectrum from Sgr A* with the same condi-
tions as in Figure 5 but assuming an increase of the density by a
factor three. All the observed data (of quiescent and flaring state)
has been kept on the figure. The associated lepton distribution is
shown on the bottom panel.

X-ray. It could be di⌅cult to disentangle an increase of the
density in the quiescent state with a flaring episode, as the
two could be linked. Indeed, to move from the quiescent
spectrum on Figure 5 to the flaring spectrum on Figure 6
we have a density jump, but such a change is not neces-
sary to reproduce a flare. The model used to generate the
spectrum on Figure 7 that reproduces best the data in the
flaring state, has the same density as in the quiescent state.
Moreover, a simple increase of the density does not produce
an infra-red flare. Another mechanism must be powering the
flare events by accelerating the particles to higher energies
with a non-thermal distribution.
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● Predicted quiescent Sgr A* spectrum 
with higher density plasma.

ne ≃ 1.4 x 108 cm-3

(Dibi et al., in prep.)                                          

● Use Flare statistics 
(J. Neilsen et al.) as a baseline to 

model the distributions.

Match simultaneous IR and 
X-ray flares to narrow 

down more the physics.

Move from single flare to 
families of flare events.
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Figure 5. Quiescent spectrum from Sgr A* (top panel) and the
associated lepton distribution (bottom panel) with thermal injec-
tion. The data points are the same as in the previous quiescent
spectrum on Figure 1

emission, even though Compton emission is also significant.
In this case, the only change in order to move from the qui-
escent to the flare spectrum is on the non-thermal compo-
nent: the heating parameter lnth is increasing, and the slope
becomes flatter (from 3.6 to 2.6 during the flare) meaning
that we have more particles in the higher energy part of the
electron distribution. So, we must have some physical pro-
cesses that accelerates the particles more e⇤ciently in the
flaring state and creates a harder non-thermal distribution.
As a consequence the total luminosity increases, reaching
4.1� 1036erg s�1.

The best model for the flaring state of Sgr A* is the
one produced by the model on Figure 7 because the trends
of the multi-wavelength data are better reproduced and few
parameters need to be adjusted in order to move from the
quiescent to the flaring state . This is especially true if we
consider that the green “bowtie” is a typical IR flux and
slope. This spectrum gives us a simple and elegant solution
of the flaring event observed by Chandra and NuSTAR. Es-
pecially the NuSTAR data are best reproduced by some non-

Figure 6. Flare spectrum from Sgr A* (top panel) and the asso-
ciated lepton distribution (bottom panel) with non-thermal injec-
tion. The data points are the same as in the previous spectrum
on Figure 3. The electron distribution shows also in dotted line,
the pure Maxwellian and power-law curves as a comparison.

thermal synchrotron component. The sub-millimeter part of
the spectrum is really stable: comparing the quiescent state
on Figure 5 with the sub-millimeter part of the spectrum on
Figure 7 we have exactly the same contribution around 1012

Hz. This is mainly due to the fact that the magnetic field is
kept constant and the injected population is also constant.
This spectrum with the synchrotron cooling-break around
1015 Hz is also good in interpreting the slope observed in the
infra-red while reproducing one of the IR flare data point.
We have to keep in mind that the trend (plotted with the
green “bowtie”) has been observed only for one infra-red
flare event, and that this observation was not a simultane-
ous one with the X-ray. Nevertheless, it is an interesting
exercise trying to model both in the same time. The Comp-
ton flaring fit on Figure 6 is more marginal. First, the X-ray
flare could be steeper in order to reproduce better the data,
and the infra-red flare is also less convincing. The X-ray fit
can be easily improved by increasing the slope of the non-
thermal acceleration lnth, the infra-red and sub-millimeter
can also be adjusted to keep a spectrum compatible with the
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