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CHAPTER 5

Multiple infrared and X-ray flare emissions from Sgr A∗:
description of the acceleration process

S. Dibi, S. Markoff, R. Belmont, and J. Malzac

To be submitted to the Monthly Notices of the Royal Astronomical Society, 2014.

Abstract - Using a self-consistent calculation of the lepton particle distribution to
reproduce the multiwavelength data of Sgr A∗ spectrum in the quiescent and flaring
state, we generate thousands of flare events in order to study Sgr A∗ general flaring
behaviour with a statistical approach. Observationally we now have enough data to
get some flare distributions in the infrared and X-ray bands that are telling us the flare
frequency as a function of flux. This flux histograms are providing useful information
and can be used as a tool to investigate the emission processes and the mechanisms
underlying flare events. In this Chapter we are studying how acceleration must be-
have over multiple of flare events in order to reproduce the observed distributions in
the IR and X-ray bands. With this statistical approach we move from the study of
single flares to series of flares. Because we are looking at general behaviours, we can
consider globally that the IR and in the X-ray bands are simultaneous. This study
is still under investigation, therefore we present the method and few examples that
should lead us to specific conclusions once the full analysis is done. We expect to be
able to provide some strong statements about the nature of the radiative emission and
to describe the underlying process responsible for the flare events.
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

5.1 Introduction

Sgr A∗ is our best opportunity to study black hole accretion because of its size
and proximity. This supermassive black hole is a faint source emitting at several
wavelengths. It was first seen in the radio wavelength by Balick & Brown 1974 and
named Sagittarius A* (Sgr A∗) by Robert Brown in 1982. Intensive observational
and theoretical studies have been performed, leading to some convincing facts about
Sgr A∗ physical properties. The mass of our central black hole has been estimated to
an increasingly high level of accuracy by tracking the path of the stars orbiting around
it (Schödel et al., 2002; Eisenhauer et al., 2005; Melia, 2007; Ghez et al., 2008;
Gillessen et al., 2009). The observed luminosity is very low, with a bolometric value
of only few hundred times the sun luminosity; for Sgr A∗ black hole mass of 4.3 ×
106 M�, this corresponds to ∼ 10−9 LEdd. Therefore the system is well explained by a
radiatively inefficient accretion flow of hot plasma (Narayan et al., 1998; Yuan et al.,
2003; Wang et al., 2013). Sgr A∗ is fed at a very low rate ( Ṁ < 2 × 10−7 M� yr−1)
as deduced from observations of polarization and Faraday rotation measurements
(Bower et al., 2003; Marrone et al., 2007), and as predicted by models who estimate
a rate of few times 10−9 M� yr−1 (Mościbrodzka et al., 2009; Drappeau et al., 2013).
The bulk of the emission from Sgr A∗ is observed in the radio and submillimeter band,
reaching maximum of about 1 Jansky at the peak of the spectrum (e.g. Falcke et al.
1998; Melia & Falcke 2001). The optical and UV bands are completely obscured by
extinction due to the interstellar medium between us and the Galactic Center, but it
is detected again in the infrared (IR) and X-ray wavelengths. The infrared emission
from the source itself is difficult to observe due to the contamination of many stars
emitting in IR in the central region. Stars can emit a stronger flux than Sgr A∗ and be
confused with the source because they overlap in projection. Even though Sgr A∗ is
the fainter black hole ever observed, the radiative losses could still play a role and be
significant for the dynamics of the system above an accretion rate of 10−8 M� yr−1

(Dibi et al., 2012). The extremely low luminosity of Sgr A∗ is also an opportunity to
observe intense and intriguing variability that is not observed in such a way in any
other black hole system.

5.1.1 Flare events

The variation of the spectrum in the radio and submillimeter wavelength is on
the order of 20% or less (Marrone et al., 2008; Yusef-Zadeh et al., 2010). However
in the IR and X-ray bands, the spectrum is highly variable on very short time scale.
The near infrared flares are very frequents and can be observed several times a day
during few thousands seconds by the VLT or the Keck telescopes with a luminosity
increasing up to two order of magnitudes above the quiescent level. (Schödel et al.,
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5.1 Introduction

2011; Bremer et al., 2011; Dodds-Eden et al., 2011; Genzel et al., 2003; Ghez et al.,
2004). The strongest NIR flares are generally associated with an X-ray flare. On
average, X-ray flares are happening once a day with a luminosity reaching few times
1035 erg/s for the brightest flares, which also corresponds to few hundred times its
quiescent level. The quiescent X-ray emission can be observed by Chandra, and flares
are and have been observed by the Chandra X-ray visionary project, XMM newton,
Swift, or NuSTAR (Baganoff et al., 2001, 2003; Nowak et al., 2012; Degenaar et al.,
2013; Barrière et al., 2014).

The NIR emission is polarized which strongly suggest that synchrotron pro-
cess is responsible for the infrared emission (Eckart et al., 2006). Observations and
models agree on the fact that synchrotron emission by non-thermal relativistic elec-
trons can account for the IR part of the spectrum, but what exactly is triggering elec-
tron acceleration is not modelled in details and is therefore subject to interpretations
(Markoff et al., 2001; Yuan et al., 2003; Tagger & Melia, 2006; Yuan et al., 2009;
Dodds-Eden et al., 2010; Zubovas & Nayakshin, 2012; Dibi et al., 2014).

Weak flares seem more common than strong flares, and thanks to the increasing
number of observations we are now able to quantify and model this behaviour with
distributions of flare events as a function of fluxes.

5.1.2 Infrared distributions

Infrared distribution of flares have been study and reported by Dodds-Eden
et al. 2010 and Witzel et al. 2012.

In Dodds-Eden et al. 2010, they use some Ks band (λ = 2.18µm) observations
from the NACO/VLT taken between 2004 and 1009. They decided to exclude the
observations from 2003 because of contamination from the S2 star at that time, and
after additional quality cuts they have a total Ks data set of 6774 images. They find
that Sgr A∗ is always flaring and extremely variable in the IR. Lower flux flares can
be described by a log-normal distribution while higher flux flares can be described
by a power-law tail with index Γ = −2.7 ± 0.14 for the large data set. The transition
between the log-normal distribution and the power law tail is happening around 8
mJy. For observational reasons, the flux distribution starts above 3.5 mJy. They argue
that bellow about 5mJy, Sgr A∗ is in quiescent state while above it is in a flaring state.

In Witzel et al. 2012, they also use the Ks band observations from the NACO/VLT
taken between 2003 and 2010 but with a different reduction method. They used 10639
data points and found that the infrared flux distribution can be described by a single
power-law at all fluxes with a slope index of Γ = −4.2 ± 0.1 (see Figure 5.1). There-
fore they argue against the two states behaviour.

In the infrared, Sgr A∗ is constantly variable with the low fluxes always being
much more frequent than the higher fluxes but without observational evidences for
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

Near-infrared properties of Sgr A* 11

severe limitation of the knowledge about the variability
of Sgr A* we are able to infer from our data. The rela-
tion of x0, xmin, x∗

min and the background flux density is
schematically shown in Fig. 11.

Of course we cannot prove that the flux density dis-
tribution is a strict power-law distribution. We only can
show that the observable intrinsic flux densities can be
well described by this model. This assumption is simpler
and needs less parameters than than the assumption of a
broken distribution. Nevertheless, it might well be that
the real distribution shows some structure at flux den-
sities below the detection limit. In particular it might
even follow a log-normal distribution (with a high mul-
tiplicative standard deviation to account for the linear
appearance in the log-log plot). The log-normal distri-
bution used in the model of Dodds-Eden et al. (2011)
and an evidence for a break in the distribution at an
observable flux density level, however, can be ruled out.

Fig. 12.— Flux density histogram like in Figure 5. The blue line
shows the extrapolation of the best power-law fit, the cyan line the
power-law convolved with a Gaussian distribution with σ = 0.32
mJy.

For the sake of comparability with other objects that
show log-normal distributions (e.g. Gaskell 2004) we
want to include here the best fit parameters for a simple
log-normal model. It is not easy to estimate the pa-
rameters (and their uncertainties) of a log-normal distri-
bution describing the intrinsic flux. The reason is that
due to the described instrumental effects we do not have
precise knowledge about the shape and position of the
intrinsic peak. This is a more severe restriction in the
case of a log-normal model that is characterized by its
intrinsic turnover than for the power-law model.15 Fit-
ting the linear histogram with a log-normal model as de-
fined in Equation (A4) convolved with a Gaussian (with
the width of the Gaussian as a free parameter) we ob-
tain a best fit for σ∗ = 1.00 ± 0.05, µ∗ = 0.12 ± 0.07,
xb = 3.38 ± 0.15, a width of the Gaussian distribution of
σ∗ = 3.38 ± 0.06 and a χ2/dof = 1.6. The given uncer-
tainties a larger then the formal uncertainties. In partic-
ular, they allow for larger deviations from the histogram
at low flux densities than implied by the statistical errors
of the bin. This accounts for the fact that the true in-
strumental effects are only approximately Gaussian (due
to the non-uniform white noise contribution in each night

15 The latter allows for a separation of the part of the histogram
that is assumed to represent the intrinsic distribution of flux den-
sities (> xmin) from the part dominated by instrumental effects.

and the epoch-wise correction for stellar confusion). The
intrinsic median flux density of the log-normal model is
4.51 ± 0.2 mJy and equal to the the corresponding value
for the power-law model of 4.47 ± 0.2 mJy (both for the
shifted distribution).

4. TIME SERIES ANALYSIS

In this section we investigate the nature of the already
mentioned time correlation of the flux density measure-
ments. In a more formal description: Assuming that all
measurements are samples of the very same random pro-
cess, and starting with the idea that this random process
is (weakly) stationary (for which the impression of a sta-
ble mean and variance is indicative), we consider the flux
density distribution of section 3 as the marginal proba-
bility distribution of the random process. Now we want
to find a characterization of the joint probability distri-
bution. Whereas in general ’red noise’ light curves16 only
can be considered as weakly non-stationary, the (weak)
stationarity for the underlying random process is a con-
sequence of the PSD break found by Meyer et al. (2009)
that is far shorter than the covered time period of 15 000
minutes.

A first, very simple approach for characterizing the
time behavior of the variability is the following: Let
us associate the average sampling (of the concatenated
light curve) of ∼ 1.2 minutes to every data point. In
this way we can relate the total time the source spent
in the range of a given flux density bin to the total time
covered by observations (∼ 15 000 minutes), and we get
a rough estimator for the fraction of time the source
spends at that flux density. For a more detailed analysis
we have to use standard time series analysis tools, like
periodograms as estimators for the power spectral den-
sity (PSD) of the process, Lomb-Scarle periodograms,
the autocorrelation function or the structure function
(Scargle 1982; Priestley 1982; Simonetti et al. 1985). As
Meyer et al. (2009) point out the given window function
(covering ∼ 3.6 ·106 min with a coverage fraction of only
∼ 0.4%) makes standard Fourier transform techniques
unsuitable (see Figure 13). Similarly the Lomb-Scargle
periodogram, generally suited as a PSD estimator for
non-equally sampled data, is based on the average sam-
pling, which in this case is > 3000 min. Do et al. (2009)
used the approach of comparing and averaging the Lomb-
Scargle periodograms of data subsets with similar length
and sampling to access the PSD of the higher frequencies.
In our case this approach again would probably intro-
duce selection effects, and we decided to generally follow
the method presented by Meyer et al. (2009), a Monte
Carlo (MC) approach, similar to the PSRESP method
by Uttley et al. (2002). Dodds-Eden et al. (2011) men-
tion that the MC simulation approach used in Do et al.
(2009) and Meyer et al. (2009) are based on a comparison
sample with a flux density distribution that is Gaussian,
and in particular allows negative values, questioning the
validity of the method. In the following we overcome
these concerns by developing an algorithm that allows
us to simulate time series with the flux density distribu-
tion we observe.

16 I.e., light curves with a time-correlation characterized by a
power-law like power spectral density

Figure 5.1: Flux density histogram of Sgr A∗ from Witzel et al. 2012, using infrared ESO archive data
from the VLT between 2003 and 2010. The best fit for the power-law slope is estimated at Γ = −4.2±0.1

two distinct states (Meyer et al., 2014).

5.1.3 X-ray distribution

The number of observations in the X-ray has been quite small compare to the
number of observations in the infrared. However, thanks to the Chandra 2012 X-ray
visionary project1 that was focussing on observing Sgr A∗, we have triple the number
of flare events observed and have now enough to deduce also the distribution. Neilsen
et al. 2013, are reporting 39 X-ray flares in the 2 to 10 keV band. To get the distri-
bution as a function of flux they consider the 2 to 8 keV band and assume that all the
flares have the same power-law spectral index of α = 2. They find that the averaged
flare luminosity is distributed as a power law with index Γ = −1.9+0.3

−0.4. However this
approach assumes a definition of what is exactly a flare event. The notion of flare
can be difficult to establish, even if the X-ray emission has two components. Another
approach is to consider all the fluxes, as done in the infrared. Doing so, the flux dis-
tribution gets steeper with a power-law index around Γ = −3 (Neilsen et al. 2014, in
prep.) Therefore with comparable distributions we should have an X-ray distribution
that is roughly one unit flatter than the infrared one, even though infrared flares are
more common than X-ray flares.

1http://www.sgra-star.com/
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5.2 Method

5.2 Method

The goal of this study is to test and reproduce the different flare distributions
presented above in the infrared and in the X-ray to understand their origin and have
a general theory to describe the flaring behaviour from Sgr A∗. To do so, we start
our analysis from the flare models presented in Chapter 4 that can reproduce the
multiwavelength spectrum of Sgr A∗ from the calculation of the electron distribution
in a plasma that undergoes cooling, injection from the accretion flow, and escape.
We then simulate multiple flare events under reasonable physical assumptions and
compare the infrared and X-ray behaviour by extracting the fluxes and generating the
distributions.

5.2.1 The flare model

To reproduce a flare we consider that all the emission is coming from a very
small region of typical size R that we set to only 2 gravitational radii (i.e. R = 2 rG =

1.3×1012 cm). This assumption of a small, uniform, and isotropic region of emission
can be justify in first approximation by the very short time scale variability (' 1000s)
of the observed flares. We use the belm code (Belmont et al., 2008) that solves si-
multaneously coupled time-dependent kinetic equations for leptons and photons in a
magnetized plasma. The implemented microphysics includes radiation processes as
synchrotron, self-absorption, Compton scattering, self-absorbed bremsstrahlung ra-
diation, pair production/annihilation, Coulomb collisions, and prescriptions for par-
ticle heating/acceleration. See section 4.2 for a more detailed description of the flare
model.

The main parameters of the model are the value of the magnetic field B, the
injection of thermal plasma lin j into the emitting region to mimic the accretion flow,
and the prescription for particle acceleration that is described by the compactness
lnth and the slope s. The non-thermal process does not change the density of the
medium, as the accelerated particles are taken from the lepton population itself with
a uniform probability. The power associated with the non-thermal compactness is
Lnth = lnthRmec3/σT (erg s−1). This prescribed acceleration process has to compete
with injection, escape, and cooling losses to give the resulting particle distribution
form which the emission is calculated.

We assume that electrons are accelerated from the bulk of the distribution that
peaks at γ = 50 until a maximum energy of γ = 4.6 × 105, large enough to re-
produce the high energy X-ray flares observed by NuSTAR (Barrière et al., 2014).
These values are the same as in our models presented in Chapter 4 where we favour
a non-thermal synchrotron origin of the flare data. In our best case scenario that can
reproduce two different X-ray flares (see Figures 4.6 and 4.7 from Chapter 4), the
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

non-thermal synchrotron emission has a cooling break between the infrared and the
X-ray due to the cooling losses being more important at higher energies while escape
dominates at lower energies. This solution seems to allow a better reproduction of the
observed trends in the infrared and in the X-ray simultaneously. However due to non-
simultaneity of most of the data, we cannot affirm that it should always be the case.
Looking at the problem statistically can shed light on whether synchrotron is really
the dominant emission mechanism while interpreting the overall flaring behaviour
from Sgr A∗.

5.2.2 Generation of flare distributions

We know that flares can happen at different fluxes as some of them are more
luminous than others. That is why there is a scattering in the infrared and X-ray data
that represent the variability of the emission process. For instance, in the previous
Chapter we were reproducing two flares: one observed on the 21st of July 2012 and
one observed on the 17th of October 2012. The October flare was more luminous
and the spectral index was slightly flatter than for the July flare. Thanks to the X-
ray satellite NuSTAR, observations can be extended to higher energies and Barrière
et al. (2014) are reporting a variation of the photon index between two distinct flares
from α = 2.84+0.64

−0.54 to α = 2.04+0.22
−0.20 at 95% confidence. This result illustrates the

variability of the flares themselves.
First we consider the non-thermal synchrotron scenario with the cooling break

as the main process responsible for the emission as favoured in Chapter 4. In this
scenario, particle acceleration is responsible for the transition between the quiescent
and flaring state without affecting the other plasma parameters. Therefore to simu-
late different flares, the power lnth given to the acceleration, as well as the slope s
of this acceleration process can be randomly distributed within the range needed to
reproduce various observations.

We first generated a table of models by running some simulations for multi-
ple values of lnth and s. We set the value of lnth between 1 × 10−5 and 1 × 10−3

and probe this interval with 100 values. The prescribed slope of the acceleration
is probing the interval between 2 and 3.6. This range of values have proven to be
promising and adapted in order to reproduce the multiwavelength spectra from the
quiescent state to the flaring state (see Table 4.1 in Chapter 4). The size of the emit-
ting region is set to R = 2 rG, the magnetic field magnitude to B = 175.3G, the
escape probability is 1, and the injection compactness of thermal plasma at temper-
ature θinj = kBTinj/(mec2) = 13 is lin j = 4.64 × 10−4, leading to a plasma density of
ne ∼ 3.3 × 106cm−3.

After producing these 10 000 different models corresponding to the different
values of the probed parameters, for each of them we extract the emitted flux in the
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infrared and in the X-ray band. For the infrared, we focus on the Ks band and generate
a table of fluxes at λ = 2.18µm for each combination of the parameters. For the X-
ray, we take the interval between 2 and 8 keV (i.e. 4.84 × 1017 and 1.93 × 1018 Hz)
to generate as well a 100 × 100 table of X-ray fluxes.

To construct the flux distributions from our sample of events, we need to as-
sume some behaviours for the acceleration process and slope of this process. For
instance we can assume that the weaker power are more likely than the stronger ones,
and that the parameter lnth is distributed according to a power-law distribution be-
tween the minimal and maximal value. Given this assumed behaviour for the accel-
eration power, we generate random values of the parameter lnth within the prescribed
probability. To be more specific, we write that the parameter lnth is distributed ac-
cording to a probability function pl(x) such that the sum of all pl(x) over the full
range of possible values for lnth is normalized to 1:∫ max

min
pl(x)dx = 1 (5.1)

Where min refer to the minimal value for lnth and max the highest possible value.
Therefore random values ξ between 0 and 1 gives us random values for the parameter
lnth according to: ∫ lnth

min
pl(x)dx = ξ (5.2)

We then assume a probability distribution pl(x) for lnth. As an example, we can as-
sume a power law pl(x) = Kx−α with K = (max1−α − min1−α/(1 − α))−1 to satisfy
equation (5.1). We solve equation (5.2) for lnth to derive multiple values of the pa-
rameter according to pl(x). Doing the same for the slope parameter s with different
values and assumptions for min, max, and ps(x), we have parameters that behave ac-
cording to given probabilities. Combining them, we generate randomly some lnth and
s couples, each one corresponding to an emission event in the context just described.

We typically generate 6774 events to mimic the infrared observational data.
The corresponding fluxes in the infrared and in the X-ray are given by the series
of models that were run previously probing the possible values for the parameters.
Looking in the 10 000 models we select the ones corresponding to the value of the
randomly generated couples lnth and s. If there is no perfect match, we pick the
closest parameter value above the randomly generated one. We then read the IR and
X-ray fluxes from the selected simulations. To plot the flare distributions, we divide
the flux interval in an optimized number of bins that are equally spaced in log space,
and place each flare event in the corresponding bin. We divide by the number of
events to normalize the distribution.

The big unknown of our study is the behaviour of particle acceleration. To
explain the observed distributions we have to make some guesses for pl(x) and ps(x).
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

In practice we do few basic tests generating only ∼ 500 flare events to have fast re-
sults and a rough idea of what would be the predicted distributions before generating
them with the full 6774 events. In this Chapter we show only preliminary examples
describing the future work, as we still need to complete the analysis to be able to
draw our conclusions.

The general method used to generate flare distributions in the synchrotron self
Compton scenario will be very similar to the method described above. The main
difference is that the SSC scenario cannot be interpreted only with the non-thermal
component but also induces changes in the plasma parameters such as the magnetic
field and the density. For instance we can study the distributions in this scenario by
having some fluctuation in the injected plasma (i.e. accretion rate) lin j according to a
probability.

Observationally the flux distribution starts at the detection limit which is set
by the instrument. For instance in the infrared it is not possible to have reliable data
bellow 1.5 mJy and in the X-ray the low fluxes are described by a Poisson distribution
depending on the detector.

5.3 Results 1: predicted flare distributions dominated by
synchrotron emission

According to our previous detailed study on few particular flare events (Chap-
ter 4), in this section we assume that flare emission is most likely the result of non-
thermal synchrotron emission with a cooling break. We have shown in our best case
scenario that the prescription for non-thermal acceleration is likely to be the impor-
tant physical process behind a flare event, and should therefore be responsible for the
various observations at different wavelengths.

5.3.1 Results from non-thermal acceleration powers

In this section we investigate what would be the infrared and X-ray distribu-
tions if the different flares where to be the result of the different powers given to the
non-thermal acceleration process. To do so we consider that the slope s of the ac-
celerated electrons is constant and that only the power of this acceleration process is
distributed between a minimum and a maximum value according to a given proba-
bility. Note that even though our prescription for the acceleration process assumes
a slope s, this is not the final slope of the electron distribution from which the spec-
trum is derived, as the particle distribution is calculated from the balance between
acceleration, injection, escape, and cooling. If this scenario is correct, it would mean
that we have an acceleration process that is more or less efficient in the sense that it
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5.3 Results 1: predicted flare distributions dominated by synchrotron emission

accelerates few or many electrons but always accelerates them in the same way.
We first assume that the power lnth is distributed as a power law of probability

pl(x) ∝ x−4.2 between a minimal value lnth = 1 × 10−5 and a maximal value lnth =

1×10−3. We further assume that the acceleration process tends to give to the electrons
a constant slope s = 2.3. The reasons to make these specific assumptions are twofold:
First, we know that the range [1×10−5 − 1×10−3] for lnth can reproduce the observed
fluxes of Sgr A* spectrum, and s = 2.3 for electron acceleration has proven to be
good in reproducing the multiwavelength data during a flare event (Dibi et al., 2014).
Second, the infrared and X-ray fluxes scale with lnth, meaning that with the other
parameters fixed, we expect a resulting distribution following the behaviour given to
pl(x). Therefore pl(x) ∝ x−4.2 should be a good guess trying to reproduce the infrared
distribution which has a slope of Γ = −4.2.

This first setting is a simplification as it is seriously limited by the fact that
the acceleration processes could well try to give to the electrons different slopes than
s = 2.3. A variation of the parameter s will be investigated in the next two sections.
Figure 5.2 and 5.3 show the resulting flare distributions as a function of flux in the Ks
band and 2-8 keV band respectively. Comparing our predicted infrared distribution
on Figure 5.2 with Figure 5.1 we find fluxes that are in good agreement with the
observations meaning that our models can reproduce the individual events. Note that
for the infrared we did not include the extra flux from the star S17 that was present in
the data and contributes to ∼ 3 mJy, and for all our simulated distributions we are of
course not limited by detection limits. The two predicted distributions in the infrared
and X-ray bands are showing the correct trend with highest frequencies at low fluxes.
We find a power-law distribution frequency in the infrared and in the X-ray with an
averaged slope of Γ = −4.2 which is reproducing well the observed infrared but is
steeper than the observed X-ray.

Our assumption on the slope s of the acceleration implies that we are mostly
modelling X-ray flare emission from Sgr A∗ as we are considering a value suitable
for reproducing the flare multiwavelength spectra. Therefore our distribution in the
X-ray starts at 1.2 × 1034erg s−1 because we are not getting the lower flux during
quiescence. Interestingly this value corresponds exactly to the break predicted by
Yuan et al. 2014 (in prep.). The highest flux reached is ∼ 5 × 1035erg s−1.

In this case the IR and X-ray distributions have the same slope of −4.2, fol-
lowing the behaviour of pl(x).

We conclude that although we can recover the infrared distribution, and we
could also recover the X-ray assuming pl(x) ∝ x−3, our assumptions are too simple
to reproduce both of them simultaneously. Particle acceleration is a complex process
and we should consider that different accelerations can give to the electrons various
non-thermal slopes instead of fixing s = 2.3 for all of them. To explain both the
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

Figure 5.2: Infrared flux distribution from 6774 flare events with some non-thermal acceleration ran-
domly distributed into a power-law probability pl(x) ∝ x−4.2. The fluxes have been distributed into 32
intervals equally spaced in log space, as done in Witzel et al. 2012. The dotted curve is showing a
second result with the exact same settings to illustrate the variability and show the convergence of the
resulting slope.

Figure 5.3: X-ray flux distribution from 6774 flare events with non-thermal acceleration randomly
assumed to be distributed in a PL probability pl(x) ∝ x−4.2. The dotted curve is again a second simulated
result with the exact same settings to illustrate the variability and show the convergence of the resulting
slope.
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5.3 Results 1: predicted flare distributions dominated by synchrotron emission

infrared and X-ray observations we certainly need to combine a behaviour for the
power with a behaviour for the slope of the acceleration process. However as we just
investigated the effect of pl(x) on the predicted distributions, we first investigate the
effect of ps(x) alone by fixing pl to a reasonable value. This approach should allow
us to understand better how acceleration is influencing the observations and to make
smarter choices to recover them.

5.3.2 Results from slope of the acceleration process

In this section we investigate what would be the infrared and X-ray distribu-
tions if the power given to all flare events was the same, and only the slope of the
acceleration process was changing. We fix the value of lnth to the averaged value
of 1 × 10−4 and distribute the slope of the acceleration process between s = 2 and
s = 3.6. The chosen value given to the power implies that we are still focusing mainly
on the flaring state of Sgr A∗. The effect of the shape of the acceleration on the final
result is less intuitive than the direct effect of the power, therefore as a test case and to
be able to compare with the effect of lnth from the previous section, we first assume a
similar distribution of the slopes with ps(x) ∝ x4.2. Note that in this case we change
the sign of the probability power-law index α to assume that steeper slopes are more
likely than flatter slopes in the particle acceleration process. With the fixed value
of lnth this assumption is logical and necessary in order to reproduce the observed
general trends which have higher frequencies at lower fluxes. Figure 5.4 and 5.5 are
showing the resulting flare distributions.

We can see that the probability distribution given to the slope of the accel-
eration process has much less influence than the one given to the power. We find
infrared and X-ray distributions that are different from one to the other but they are
not reproducing at all the observations. Moreover the X-ray frequency is decreasing
with increasing flux while the infrared distribution is flatter which is in contradiction
with the observed behaviour linking the two bands. Therefore we can say that our
assumptions on ps(x) are certainly not correct.

We conclude that we are able to recover the infrared and X-ray distributions
with the simple setting of section 5.3.1 but that we miss the complexity to explain
both observations by a common underlying behaviour of the acceleration. Section
5.3.2 fails at reproducing the distributions but show a more complex behaviour. We
obviously need to make different assumptions for ps(x). Instead of assuming that
acceleration can give to the electrons all possible slopes, we can assume a limited
number. However in this case fixing the value of lnth does not make sense and we
need to investigate an alternative scenario.
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Figure 5.4: Infrared distribution from 6774 flare events with the slope of the particle acceleration
randomly distributed into a power-law probability ps(x) ∝ x4.2.

Figure 5.5: X-ray distribution from 6774 flare events with with the slope of the particle acceleration
randomly distributed into a power-law probability ps(x) ∝ x4.2.
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5.3.3 Results from variation of acceleration power and slope

In this section we investigate what would be the infrared and X-ray distribu-
tions if the different flares where to be the result of both different powers given to
the non thermal acceleration process and different slopes. This section, as the previ-
ous one, is still under investigation by performing simple tests. Therefore we cannot
show yet any convincing results.

As an example we can assume that particle acceleration is a process that ac-
celerates electrons into a non thermal shape with only two possible variations of the
slope s. We remind that this slope is really related to the acceleration process only,
i.e. it is not necessary the resulting slope of the particle distribution (as this one
undergoes cooling and escape). This assumption should be more realistic than as-
suming all possible slopes for the acceleration and is motivated by two reasons: first,
the spectral slope variation in infrared flares is limited (Witzel, 2014) meaning that
the related particle distribution generating the emission must also have a constant
slope. Second, when reproducing the X-ray flare lightcuve in Figure 4.9, we had a
smooth variation of the non thermal power increasing to reach the highest flux and
decreasing back, but a sharp transition for s from steep to flatter. Therefore we could
set a step function for ps(x) with only 2 values and distribute the power smoothly in
the possible range of values.

However before investigating more this section that will hopefully lead us to
interesting results that can be interpreted and compared with observations, a deeper
analysis of section 5.3.2 is needed with more promising assumptions. Even in this
favoured scenario where we investigate only two parameters to reproduce all the flare
events, they are multiple possible scenarios for pl(x) and ps(x) that can lead to all kind
of distributions. The aim of this investigation is to find one that is close to reality.

5.4 Results 2: Predicted flare distributions dominated by
SSC emission

This second part of the study will predict the observed distributions in the
synchrotron self Compton scenario. We will use the same method to simulate the
emission and construct the distributions but the assumptions are different.

We need to generate a new table of models with suitable parameters for repro-
ducing the spectrum as seen in Figure 4.5 and 4.8. The size of the emitting region is
still set to R = 2 rG with a particle escape probability of 1. However the complexity of
the Compton scenario is that all the other parameters are contributing to the variation
of the emission during a flare event leading to a lot of freedom and possibilities. The
power of the non thermal acceleration lnth is still having an essential contribution and
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could be distributed between 1×10−5 and 1×10−3 while the slope of this acceleration
is slightly more restricted than in the synchrotron scenario with an interval between
2.6 and 3.6. The magnetic field magnitude can have multiple values from a few tens
to a few hundreds of Gauss, and the injection of thermal plasma can vary over two
orders of magnitudes (see Table 4.1).

The first step will be to study the influence of pl(x) and maybe ps(x) as well,
to be able to compare the resulting flux distributions with the synchrotron scenario
case. To make sure we probe the SSC flares we need to assume some appropriate
values for B and lin j, namely fixing B ' 35 G and lin j ' 2 × 10−2 while probing the
parameter space for lnth and s. Making similar assumptions for pl(x) and ps(x) as
in section 5.3 this approach should already shed light on the SSC general behaviour
compare to the synchrotron case.

Then we will extend the study to investigate how the magnetic field and the
injection compactness behave. To do so we will probe the possible values and make
tables of models to compare with and extract the fluxes from, and we will need to
make some assumptions on the distribution of the magnetic field pB(x), and the dis-
tribution of the injection pn(x) (the letter n is chosen because the parameter lin j is
related to the density of the medium).

As done in part 5.3 we will study each effect one by one before combining
them to be able to produce realistic distributions.

5.5 Future Work

As described in section 5.2, most of the method has already been developed
but we need to perform some more analysis to complete the results in the synchrotron
scenario case (part 5.3). So far we have only shown some preliminary distributions
to test the method but the results need to be improved and interpreted. We will be
looking more carefully at the resulting effects of the distributed parameters on the
flux distributions. By combining the acceleration power and slope behaviours we
will try to reproduce the observed distributions with a common underlying theory.

For the SSC scenario some part of the method still need to be developed but it
will be similar to what has been done for the synchrotron case. Then we will address
the differences with the synchrotron flux distributions and this should indicate which
emission process is more likely observed. We will investigate the behaviour of the
plasma magnetic field and density as well as particle acceleration to understand their
effects on the flux distributions. By combining them we will also try to propose a
theory that can reproduce the observed infrared and X-ray distributions.

Comparing the predicted distributions should tell us which scenario is more
likely happening. The description of the underlying assumptions needed to reproduce
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realistic results will give insight on the nature of the flaring processes.
The time scale to accomplish this work should be of a few months, and we

expect to deliver the results to the MNRAS journal this summer.
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