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ABSTRACT

Context. XMM-Newton has been monitoring Sgr A*, the supermassive black hole located at the dynamical centre of the Milky Way
for more than two decades. A total of 91 observations were conducted from 1999 to 2023.

Aims. In this paper we focus on a time-binned analysis of 2019 observations with a time coverage of ~460ks to investigate the flaring
activities of Sgr A*.

Methods. We proceeded background-subtracted light curves of the 2019 datasets for various on- and off-extraction regions to analyse
the signal-to-noise ratio of the detected flares of Sgr A* and enhance the statistical significance of its variability in the X-ray band.
Results. Our results reveal that Sgr A* underwent six very bright flaring events during the 2019 XMM-Newton observations, from
March to the end of September. We identified the five brightest flares of Sgr A*, observed over more than two decades (1999-2023),
with two of these events occurring in 2019. Remarkably, Sgr A* exhibited its brightest flaring event reported so far on August 31,
2019 with a peak brightness and duration exceeding the previous four brightest flares by more than a factor of 2. This exceptionally
bright flare, with a duration of 6.6 ks, featured an asymmetric energy-independent double-peak morphology. Spectral analysis of this
double-peaked flare suggests spectral evolution during the event and highlights substructures on timescales as short as 100s. We

discuss the implications of the observed flaring activity for synchrotron and hotspot emission models.

Key words. acceleration of particles — accretion, accretion disks — astroparticle physics — magnetic fields —

radiation mechanisms: non-thermal

1. Introduction

Sgr A* is a variable, broadband source that emits light
over a wide range of frequencies, from radio to X-rays
(Macquart et al. 2006; Eckart et al. 2008; Yusef-Zadeh et al.
2009; Dodds-Eden et al. 2009). Sgr A* was first identified as
a very compact, bright, and non-variable radio source at the
dynamical centre of the Galaxy (Balick & Brown 1974). In its
so-called ‘quiescent state’, most of the flux is emitted at sub-
millimeter wavelengths through the synchrotron radiation of rel-
ativistic thermal electrons close to its supermassive black hole
(BH) (Genzel et al. 2010). The faint and steady X-ray emission
of Sgr A*, on the other hand, is believed to originate from ther-
mal bremsstrahlung radiation within an optically thin, hot accre-
tion flow (e.g., Baganoff et al. 2001, 2003; Yuan et al. 2003;
Gillessen et al. 2017; GRAVITY Collaboration 2018a). Follow-
up observations in multiple wavelengths, including in radio,
near-infrared (NIR) and X-ray bands, have revealed Sgr A* vari-
ability. In the X-ray band, rapid variability in Sgr A* was first
reported in 2001 based on Chandra observations (Baganoff et al.
2001). These observations showed that X-ray flares, which occur
about once per day, can be ten times brighter than the quies-
cent background flux (Baganoff et al. 2001). Polarimetric obser-
vations of NIR flares, which occur more frequently — about
2—6 times per day (Genzel et al. 2003; Nishiyama et al. 2006)
— suggest that a non-thermal synchrotron mechanism is respon-
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sible for the flaring activities in this band (Eckart et al. 2008).
Simultaneous NIR and X-ray observations show that X-ray flares
have NIR counterparts, whose light curves have similar shapes
with no apparent delay (within 3 min) between the flare peaks
(Yusef-Zadeh et al. 2006; Dodds-Eden et al. 2009; Eckart et al.
2012; Boyce et al. 2019, 2021).

Delayed sub-millimetre flares (e.g., approx. 100 min after the
X-ray peak; Marrone et al. 2008), millimetre flares (up to Sh;
Yusef-Zadeh et al. 2006) and radio flares (ranging from hours to
days; Yusef-Zadeh et al. 2017; Subroweit et al. 2017) have been
interpreted as the result of the adiabatic cooling of an expand-
ing relativistic plasma blob, with the observed emission pri-
marily attributed to the synchrotron radiation from relativistic
electrons. As the blob expands, adiabatic cooling reduces both
the electron energies and magnetic field strength, leading to a
decrease in the synchrotron self-absorption frequency and a shift
in the emission towards longer wavelengths. Simultaneous vari-
ability in the NIR and X-ray bands suggests that the flares of
Sgr A* in both wavelengths result from the same physical pro-
cess and arise from a region close to the horizon of the BH
(Eckart et al. 2004, 2008). Consequently, the X-ray variability
of Sgr A* is also believed to be due to a broadband non-thermal
emission. The observed emission can be interpreted within the
framework of synchrotron or synchrotron self-Compton models
(Dodds-Eden et al. 2009; Barriere et al. 2014; Eckart et al. 2012;
Dibi et al. 2016) or inverse Compton models (Yusef-Zadeh et al.
2009; Dodds-Eden et al. 2009). In the latter, relativistic electrons
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emit synchrotron radiation in the NIR, while the inverse Comp-
ton scattering of synchrotron photons or soft photons from the
accretion flow or stellar sources accounts for the observed X-ray
flares.

While the mentioned radiation mechanisms describe how
relativistic particles emit photons in the NIR and X-ray bands,
the physical processes responsible for accelerating these par-
ticles remain uncertain. Several scenarios have been dis-
cussed, including magnetic reconnection (e.g., Dexter et al.
2020; Ripperda et al. 2020; Porth et al. 2021), accretion instabil-
ities (e.g., Tagger & Melia 2006), and shocks within the accre-
tion flow (e.g., Mandal & Chakrabarti 2005).

Additionally, hotspot models, in which localized regions of
plasma orbit near the event horizon, have been proposed as a
mechanism to explain the bright variability observed in the light
curves of Sgr A*. The emission from these hotspots is influ-
enced by relativistic effects such as Doppler boosting, grav-
itational redshift, and gravitational lensing (e.g., Meyer et al.
2006; Trippe et al. 2007; Genzel et al. 2003; Broderick & Loeb
2005; Hamaus et al. 2009). Hotspot models suggest that a com-
bination of these effects can account for the characteristic
double-peak light curves observed during some of Sgr A*’s
flares (Mossoux et al. 2016; Karssen et al. 2017), with one peak
attributed to gravitational lensing as the hot spot passes behind
the BH and the other due to Doppler boosting as it moves
towards the observer. Additionally, light-travel time delays
caused by variations in the photon path lengths around the
BH can introduce asymmetries in the timing and shape of the
observed flare profile. For example, Karssen et al. (2017) show
that the asymmetric light curves of the bright Sgr A* flares
(Baganoff et al. 2001; Porquet et al. 2003, 2008; Nowak et al.
2012) could be accounted for by luminous hotspots orbit-
ing at approximately 10-20 gravitational radii (v, see also
von Fellenberg et al. 2023, 2024). Such orbital scales are com-
monly invoked in hotspot models (e.g., Genzel et al. 2003;
Hamaus et al. 2009; GRAVITY Collaboration 2018b). Chal-
lenges remain, however, for flares that show a large flux decay
between the two peaks (Mossoux et al. 2016). This suggests that
additional effects such as interactions with the underlying accre-
tion flow or multi-zone emission regions, may need to be consid-
ered. Finally, external processes, such as the interaction between
orbiting stars and the hot accretion flow (Nayakshin et al. 2004),
the tidal disruption of asteroids (Zubovas et al. 2012; Seoane
2025), or increases in the accretion rate due to fresh material
reaching the BH (Czerny et al. 2013), have also been proposed.
We note that interpretations can be complicated by the fact that
the nature of the flares, at least in the NIR, is not always clear
(e.g., Do et al. 2009; Meyer et al. 2014; Witzel et al. 2018).

Time-resolved spectral analysis can, in principle, help in dis-
tinguishing between competing physical models and can provide
insights into the underlying particle acceleration and emission
mechanisms. Ponti et al. (2017), for example, show that the com-
bined NIR-X-ray spectra of bright flares from Sgr A* can be
described by a synchrotron cooling-break model with a slowly
evolving high-energy cutoff. For the bright NIR and moderate
X-ray flare of Sgr A* from July 2019, GRAVITY Collaboration
(2021) find that the mean spectral energy distribution can
be successfully reproduced by a synchrotron model with a
cooling break plus an exponential high-energy cutoff. More
recently, James Webb Space Telescope (JWST) Near Infrared
Camera (NIRCam) and Mid-Infrared Instrument (MIRI) obser-
vations have revealed that the spectral index depends on
flare flux density, which is indicative of synchrotron cool-
ing shaping the observed spectrum (e.g., Yusef-Zadeh et al.
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2025; von Fellenberg et al. 2025). These results illustrate the
importance of multi-wavelength studies for understanding flare
physics.

In this paper, in a continuation of the dataset analysis of
the XMM-Newton observations from 1999 to 2018 (Ponti et al.
2015; Mossoux & Grosso 2017; Mossoux et al. 2020), we focus
on XMM-Newton observations of Sgr A* from 2019 to 2023,
reporting the brightest flare detected by XMM-Newton, which
occurred on August 31, 2019. The brightest X-ray flare of Sgr A*
reported so far, with a peak amplitude of ~1.74 (cts/s) and a
duration of ~2.7ks, was detected by XMM-Newton, on Octo-
ber 3, 2002 (Porquet et al. 2003). This flare was found to have
an almost symmetrical light curve with respect to the flare peak
with no significant difference between the soft and hard X-
ray range. Porquet et al. (2008) and Dodds-Eden et al. (2009)
later reported a flare that occurred on April 4, 2007, the (then)
second brightest X-ray flare of Sgr A*, it had a peak ampli-
tude of ~1.05 (cts/s) and was followed by three flares of more
moderate amplitudes. This light-curve shape (nearly symmet-
rical), duration (=3 ks) and spectral characteristics of the flare
were similar to the very bright flare observed in October 3,
2002. Within the XMM-Newton observational dataset up to
2015, a flare detected on August 30, 2014 was subsequently
found to be brighter than the one observed on April 4, 2007
(Ponti et al. 2015; Mossoux & Grosso 2017). Ponti et al. (2017)
describe the 2014 August 30-31 (VB3) flare as a bright, ini-
tially NIR-dominated event with a delayed and spectrally evolv-
ing X-ray component. The X-ray flare, with a total duration of
approximately 3—4 ks, reached a peak 2—10keV luminosity of
Lx =4 x 10¥ ergs™.

In the following, we focus on the analysis of the brightest
flaring activity of Sgr A*, detected on August 31, 2019. Section 2
presents the list of all 2019 XMM-Newton observations, fol-
lowed by a description of the data reduction process. Section 3
shows the light curves from all 22 XMM-Newton observations
of Sgr A* in 2019. Section 4 reports the results of the timing
analysis of the August 31, 2019, flare. In Section 5, we discuss
implications for hotspot models and provide our conclusions in
Section 6.

2. Observations and data reduction

Focusing on the flare year, Table A.1 Appendix A lists all
XMM-Newton observations of Sgr A* in 2019, with a total time
duration of ~460ks between March and September. For data
reduction and analysis, we followed the standard XMM-Newton
procedures using the Science Analysis Software (SAS), version
20.0.0, together with the corresponding current calibration files.

To look for the variability of the XMM-Newton observa-
tions, using the task evselect, we extracted the events of
the source + background region from an aperture of 10" (or
200 in sky coordinate units of 0.05 arcsec/pixel) centred on the
very long-baseline interferometery radio position of Sgr A*:
RA(J2000) = 17" 45™ 4050409, Dec(J2000) = —29° 28”118
(Reid et al. 1999). The contribution of the background events
was estimated from an annulus extraction region far away from
the source with inner and outer radius size of 175” and 200”
(or 3500 and 4000 in sky coordinates units of 0.05 arcsec/pixel).
For the purpose of single to noise ration (S/N) studies, we also
defined three other circular on-regions with radii of 12.5”, 15”
and 17.5” (or 200, 250, 300 and 350 pixels in sky coordinate
with 0.05 arcsec/pixel resolution) and also a 1.5 x 1.5" (or
1800 % 1800 in sky coordinate units of 0.05 arcsec/pixel) box
background region at ~4’ north of Sgr A*, where the X-ray
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emission is low (minimum X-ray diffuse emission and absence
of bright X-ray sources).

The light curves of the source + background and background
regions were created from single, double, triple, and quadruple
events (PATTERN < 12) for both the MOS1 and MOS2 cameras
and from single and double events (PATTERN <4) for the PN
camera. For the PN camera we also used FLAG==0 to reject the
dead columns and bad pixels. Since photon pile-up can affect
the relative fractions of single and multiple event patterns (cf.
Jethwa et al. 2015), we checked for pile-up using the SAS task
epatplot, which compares the observed event pattern fractions
with the expected instrumental model. The analysis was per-
formed for the European Photon Imaging Camera PN, MOSI,
and MOS?2 cameras using the same source extraction region as in
the timing and spectral analysis. No significant excess of higher-
order event patterns was found, and the observed single- and
double-event pattern fractions are consistent with the expected
distributions within the uncertainties. We therefore conclude that
pile-up does not affect the data significantly, and no core excision
or pile-up correction is required. Light curves were computed in
the 2—10keV energy range using time bins of 300s and 100s.
In the end, the task epiclccorr applies time-dependent and
energy-dependent corrections to the light curves and produces
the background-subtracted light curves. We then summed the
background-subtracted light curves of the three cameras to pro-
duce the summed EPIC light curves. For our time series analysis,
we did not clean the calibrated event list for soft proton contam-
ination or background flaring activities, as our focus was on the
flux variability (photon counts) in the source light curves, with
the background already subtracted. We also did not mask other
X-ray sources within the 10” source aperture during our timing
analysis, since the flaring emission from Sgr A* dominates and
the potential contamination is minimal.

3. Timing analysis

We derive source background-subtracted light curves (counts vs
time) of all 2019 observations listed in Table A.1 Appendix A
in the 2—-10keV energy range, for the circular source extrac-
tion region of 10" and for a time bin-size of 300s. The back-
ground events of each case are estimated from an annulus extrac-
tion region far away from the source, with inner and outer
radius size of 175” and 200”. The background counts are subse-
quently normalized to the source extraction region. For observa-
tion 0851181001, Sgr A* is out of the field of view, resulting in
21 light curves.

3.1. Flare identification

To identify X-ray flares from Sgr A*, Ponti et al. (2015, 2017)
and Mossoux et al. (2015, 2016) applied the Bayesian blocks
algorithm to unbinned photon arrival times, defining flares as sta-
tistically significant deviations from the quiescent emission level
within a Poisson likelihood framework. In Mossoux et al. (2015,
2016), the method was further refined through a two-step pro-
cedure that accounts for background variability and controls the
false-positive rate via Monte Carlo simulations. While Bayesian
blocks methods are optimal for flare detection in the low-count
regime, time-binned analyses provide a robust and homoge-
neous framework for variability studies across large samples
of observations. Therefore, in this work, we adopted a time-
binned approach, a method commonly employed in previous
studies (Porquet et al. 2003, 2008), to characterize the variabil-
ity of Sgr A* across the 21 observations. We identified epochs
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in which the flux is significantly higher than the non-flaring
(quiescent) level. The average flux value for each observation,
defined as the total number of counts divided by the number of
time bins within the on-source aperture, is listed in Table A.1l
Appendix A. We classified observations with identical average
fluxes (within the noise) as observations with no variability and
those with average fluxes outlying the rest (or non-flaring flux of
Sgr A*) as observations with variability. Based on this definition,
out of a total of ~452 ks of XMM-Newton observations in 2019,
six observations reveal bright/very bright and single/multiple
flaring activities above 30 significance: March 11 (Obs.ID
0831800101), March 14 (Obs.ID 0831800401), March 16
(Obs.ID 0831800601), March 30 (Obs.ID 0822680301), April 3
(Obs.ID 0831801001) and August 31 (Obs.ID 0831801201).
Note that in observations marked as with no variability based
on their averages fluxes, the corresponding rms values are also
consistent (within the noise level).

Figure A.1, Appendix A shows the light curves of these six
flares. As can be seen, the flare observed on August 31 (Obs.ID
0831801201) stands out prominently and is the primary focus
of this paper. Note that events are detected primarily by the PN
camera due to its higher effective area (Ponti et al. 2015). The
effective areas of the two MOS cameras are lower than that of
the PN, because only part of the incoming radiation falls onto
these detectors.

For two reasons we performed aperture photometry analysis
while studying the variability of a Sgr A*: One reason was to
check if a flare does not come from Sgr A* but from a region
that is very close to it, on the scale of point spread function.
Source background-subtracted light curves of the observations
with flare, within different on-region apertures of 10", 12.5”,
15" and 17.5” all co-centric on the position of Sgr A*, show
a consistency in growth of the signal by going to the larger
apertures, indicating that the observed variations are most likely
coming from the Sgr A* and not from another X-ray source in
its vicinity. The second reason was to find the optimal choice
of on-region aperture in terms of the S/N. In general, for very
bright flares, it is preferable to use a smaller aperture to mini-
mize background noise by limiting the number of included pix-
els. Conversely, for rather faint flares, a larger aperture may be
more appropriate in order to capture as much of the flare signal as
possible, despite the increased background contribution. There-
fore, the optimal choice of the aperture size is determined fol-
lowing the maximum S/N. In our studies, we choose an aperture
that encompasses both high- and low-flux flares homogeneously.
By examining how the quiescent (non-flaring) flux and the flare
flux — after quiescent subtraction — vary with aperture size, we
were able to determine the most suitable aperture for our study.
Our analysis shows, for example, that for the moderately bright
flare of Sgr A* on August 14 (observation 0831800401) increas-
ing the aperture radius from 10" to 17.5” results in no significant
change in the measured flare flux within the noise level. There-
fore, we conclude that a 10" radius is already a suitable choice
for the on-source region in our study. We also explored two dif-
ferent background extraction regions, one using a 1.5" x 1.5” box
region approximately 4’ north of Sgr A*, and an annulus back-
ground extraction region with inner and outer radius size of 175"
and 200", respectively, for our subsequent analysis (Fig. 1).

We note that in all six observations with variability, the
background light curve is flat within statistical fluctuations. For
instance, the light curve of April 3 (Obs.ID 0831801001) in
(Fig. A.1, Appendix A) shows no background flaring that could
affect the detector. Background subtraction was nonetheless per-
formed to remove any such contributions, ensuring that the
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Fig. 1. Sky image of Sgr A* from the XMM-Newton observation on
August 31, 2019. The source extraction region is a circular aperture of
radius 10” centred on the very long-based interferometry radio position
of Sgr A*. The background is extracted from an annulus with inner and
outer radii of 175" and 200", respectively.

reported flares are intrinsic to the source. This is expected, as
the background region, an annulus placed far from Sgr A* min-
imizes source contamination.

3.2. Flaring activity of August 31 observation

Of the six mentioned observations in 2019 that exhibited vari-
ability, those on March 16 (Obs.ID 0831800601) and August
31 (Obs.ID 0831801201) showed the highest brightness. In this
paper, we focus on the flaring activity on August 31. We sum up
source background-subtracted light curves of the three XMM-
Newton cameras (MOS1, MOS2, and PN) in the 2—-10keV
energy range for time bin sizes of 300 s and 100, respectively.
We summed up the counts detected by all cameras to benefit
from both the better spatial and angular resolution of the MOS
cameras, which allow for more detailed imaging of sources due
to their smaller pixel sizes, and the higher sensitivity and tempo-
ral resolution of the PN camera, which has a larger detector area,
making it more effective for time-resolved observations. The PN
camera also offers a faster time resolution of 0.03 ms compared
to the 1.75 ms of the MOS cameras.

4. Results
4.1. The brightest flare of Sgr A*

Analysis of X-ray observations from 1999 to 2018 (Mossoux &
Grosso 2017; Mossoux et al. 2020), identified 19 flares detected
with XMM-Newton. Among these, the flares on October 3, 2002
(Obs.ID 0111350301), April 4, 2007 (Obs.ID 04024300401)
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and August 30, 2014 (Obs.ID 0743630201) are the brightest.
The flares on October 3, 2002, and April 4, 2007, were ini-
tially reported as the first and second brightest flares of Sgr A*
(Porquet et al. 2003, 2008). However, the flare on August 30,
2014, was later found to be brighter than the one on April 4,
2007. As we show here, Sgr A* has not only experienced signif-
icant flaring activity on March 16, 2019, and August 31, 2019,
but the one on August 31, 2019 is in fact the brightest detected
among all the other flares reported so far. Fig. 2 illustrates the
light curves of the five brightest flares of Sgr A* detected by
XMM-Newton from 1999 to 2019. The characteristic of these
very bright flares based on only PN camera events, for bin size
of 300 s are listed in Table 2.

For each flare, the peak count rate or flux corresponds to
the bin with the highest counts per unit time. Consequently, the
derived peak count rate depends on the chosen bin size, in our
case 300s. This implies that if the bin size is changed, the peak
count rate will vary accordingly. Smaller bin sizes can provide a
more detailed view of rapid changes in flux, whereas larger bin
sizes could smooth out variations and reduce the apparent peak
value. To calculate the pre- and post-flare fluxes, we added up
the counts of all bins that are consistent and close to an average
value, and then divided this sum by the duration of all corre-
sponding bins. To estimate the duration of a flare, we identified
the first bin where the count rate is higher than the average or
pre- and post-flare flux, and set the start time of this bin as the
beginning of the flare; similarly, we identify the last bin where
the count rate is still higher than the average and set the end time
of this bin as the end of the flare.

To enable further comparison, we extended the data anal-
ysis to incorporate XMM-Newton observations from 2020 to
2023, These reveal two further bright flares, one on September
14, 2020, and one on March 26, 2022 (Fig. A.2, Appendix A).
The derived characteristics of these two flares indicate that the
events shown in Fig. 2 still represent the top five brightest flares
detected by XMM-Newton from 1999 to 2023 and among them,
the flare observed on August 31, 2019, remains the brightest X-
ray flare from Sgr A* detected by XMM-Newton up to 2023.

To estimate the flare luminosity, we used the Portable, Inter-
active Multi-Mission Simulator (PIMMS), adopting parame-
ters consistent with previous work. In particular, we assumed
a power-law spectrum with photon index I' = 3 and an inter-
stellar hydrogen column density Ny = 3.4 x 107 cm™2, follow-
ing Porquet et al. (2003), and used the EPIC PN medium filter
response in the 2—10 keV band. These values lie within the range
typically reported in subsequent X-ray studies of Sgr A* flares,
which find photon indices I' ~ 2—3.5, depending on flare bright-
ness, energy coverage and absorption. This approach yields an
order-of-magnitude estimate of the mean intrinsic luminosity
and allows direct comparison with earlier flare measurements.
Accordingly, the August 2019 flare is characterized by a mean
(intrinsic) luminosity of Liy; =~ 6 x 10% erg/s. Note that flare
identification here is defined in terms of peak count rate, reflect-
ing the fact that our analysis is based on light curves and
relative photon count variability without time-resolved spectral
fitting; consequently, direct comparisons with flares character-
ized by unabsorbed luminosities from spectral modelling (e.g.,
Chandra’s brightest flare reported by Haggard etal. 2019)
should be treated with some caution.

4.2. Double-peak morphology

If we sum up the events in the 2—10keV energy range from
August 31, 2019, detected by both the MOS and PN cameras,
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Fig. 2. Background-subtracted 2—-10keV PN light curves (300s bins)
of the five brightest X-ray flares detected from Sgr A*. The August
31, 2019 flare (Obs.ID 0831801201) is shown together with bright
flares observed in 2002 (0111350301), 2007 (0402430401), 2014
(0743630201), and on March 16, 2019 (0831800601). Source counts
are extracted from a circular region of radius 10”, and the background
from an annulus with inner and outer radii of 175" and 200”. Time zero
corresponds to the start of each observation (see Table A.1).

and plot the resultant (counts vs time) light curve for time bin
sizes of 300s and 100s (Fig. 3), we see that Sgr A*’s bright-
est flare has a double-peak structure with an asymmetric mor-

phology: a combination of two separate peaks, with a time
delay between them. The histogram light curve of this obser-
vation, with 100s time bin size shows this double-peak mor-
phology more clearly. As can be seen, background counts (cor-
rected for time-dependent inefficiencies and normalized to the
source extraction region) are negligible compare to the source
counts in this observation. Soft proton flaring counts of the full
detector light curve in the 2—10keV energy range are compar-
atively high only in the beginning and the end of the observa-
tion, where Sgr A* is not experiencing any flaring activity. These
effects are not a concern, however, as all background counts,
including those associated with flaring, are in the end subtracted
from the source. To investigate whether the double-peak feature
is energy-dependent, we divided the X-ray emission into two
energy bands, soft (2—5keV) and hard (5—-10keV). As shown
in Fig. 4, after overlaying the soft- and hard-band light curves
and subtracting the steady X-ray emission from each band, the
double-peak morphology of the August 31, 2019, flaring activ-
ity appears consistent across energy bands. Since the 2—10keV
energy range is common to all cameras, we do not expect any
significant changes arising due to the different spectral responses
of the XMM-Newton instruments. We note that the light curve
is restricted to the interval corresponding to the flaring activity,
from 5400s to 12000s, using a time binning of 100s (i.e., a
total duration of 6600 s) and is subtracted from the steady X-ray
emission.

4.3. Spectral behaviour

As shown in Fig. 4, during the second peak of the August 31,
2019, flare, there appears to be an additional sub double-feature
in the hard band (5—-10keV) that is not present in the soft band.
In particular, a narrow pronounced feature emerges at the onset
of the hard band, with no corresponding feature in the soft
band. On the other hand, another narrow feature is observed at
the end of the soft band (2-5keV), accompanied by a much
weaker counterpart in the hard band. These findings may indi-
cate notable spectral variability during the second peak (feature)
of the flare. In general, the overall fall or decay times of the light
curves in the two bands are comparable, consistent with a flare
governed by geometrical effects.

As a first step in exploring the nature of the narrow fea-
tures observed during the second peak of the August 31, 2019,
flare, we evaluated the uncertainties in the total counts per bin.
We used the uncorrected (source-plus-background) count data
at this step, avoiding normalization or corrections affecting the
raw statistical behaviour of the data. Analysis of the uncertainties
(error bars) of the uncorrected source-plus-background counts as
a function of time (Fig. A.3 Appendix A) reveals no strong short-
term variations, with deviations remaining below the 20 level.
However, error bars alone are insufficient to fully assess the sig-
nificance of possible short-timescale fluctuations. This motivates
the use of additional significance tests that explicitly account for
counting statistics and bin-to-bin variations (see Sect. 4.4).

To quantify the spectral evolution during the flare, we com-
puted the hardness ratio and plotted it with the corresponding
uncertainties. Based on the hardness ratio values and their asso-
ciated errors in each time bin, we find indications for spectral
evolution during the flare (Fig. 4). For comparison, previous
Chandra studies of bright Sgr A* flares have not reported signif-
icant spectral evolution. Haggard et al. (2019) analysed the two
brightest Chandra X-ray flares detected on September 14, 2013,
and October 20, 2014. The 2013 flare, the brightest on record,
lasted 5.7 ks and exhibited a double-peaked morphology, with

A135, page S of 11



Ghafourizadeh, S., et al.: A&A, 709, A135 (2026)

Table 1. Characteristics of the five brightest Sgr A* flares detected by XMM-Newton (PN camera).

Obs.ID Date Peak Dur. Total Pre/post Ref.

(ctss™) (ks) (ctss™h) (ctss™h)
0831801201 31.08.2019 4.0+0.16 6.6 1.46 0.22 +£0.01 This work
0111350301 03.10.2002 1.78 £+0.10 2.7 0.91 0.20 + 0.001 Porquet et al. (2003)
0402430401 04.04.2007 1.34+0.09 3.0 0.67 0.13 +0.001 Porquet et al. (2008)
0743630201 30.08.2014 1.67+0.10 3.0 0.67 0.39 £0.003 Mossoux & Grosso (2017)
0831800601 16.03.2019 1.71+0.10 2.7 0.75 0.20 + 0.002 This work

Notes. The peak flux is derived using 300 s binning. The total flare flux corresponds to the net flare emission. For Obs.ID 0402430401, counts
after 80 ks are excluded due to high background flaring activity. For Obs.ID 0743630201, counts after 30 ks are excluded due to possible low-level

flaring activity.
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Fig. 3. Summed background-subtracted 2—10keV light curves detected by MOS1, MOS2, and PN for time bins of 300s (left) and 100 s (right),
within the common exposure time, for the August 31, 2019, observation (Obs.ID 0831801201).

peak count rates of 1.04 + 0.06 and 0.93 + 0.06 (cts/s). The 2014
flare, about 2.5 times less luminous, lasted 3.4 ks and showed an
asymmetric morphology similar to the bright February 9, 2012,
flare. The hardness ratios and spectral indices were found to
remain constant throughout these flares. Similarly, Nowak et al.
(2012) reported no spectral evolution during the bright flare on
February 9, 2012, flare (duration of 5.6 ks), which was compara-
ble in magnitude but longer in duration than the bright XMM-
Newton flare observed in October 2002 (Obs.ID 0111350301
from Table 1). According to Porquet et al. (2003), no signifi-
cant spectral evolution is observed between the 2—-5keV and
5-10keV ranges for the October 2002 flare. These results
may indicate a particular complexity in the August 31, 2019,
flare.

4.4. Substructures

The narrow features observed at the beginning and end of the
second peak of the August 31, 2019 flare could indicate the
presence of substructures in both hard and soft bands. Fast vari-
ability may suggest that the flaring activity involves compact
sub-regions within the emitting region. Temporal substructures
within X-ray flares, on timescales shorter than 300 s, have been
frequently reported (Baganoff et al. 2001, 2003; Porquet et al.
2003, 2008; Eckart et al. 2004; Nowak et al. 2012; Neilsen et al.
2013, 2015). According to Porquet et al. (2003), the 2002 flare
(Obs.ID 0111350301 from Table 1) exhibits a substructure at
about 11200s in both bands, with a significance of at least 30
on a timescale as short as 200s. For the February 9, 2012 X-
ray flare observed by Chandra, Nowak et al. (2012) also report
evidence of substructure based on a Bayesian blocks decompo-
sition, with the flare peak being consistent with having a =300 s
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Observation ID 0831801201: During the Flare (5400-12000)s
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Fig. 4. Combined background-subtracted 2—-10keV light curves
detected by MOS1, MOS2, and PN during the flaring activity of the
August 31, 2019, observation (5400—12 000 s). The soft (2—5keV) and
hard (5-10keV) bands are shown, and the hardness ratio (hard/soft)
is overplotted (see the right-hand axis). The temporal evolution of the
hardness ratio indicates spectral variability during the flare.

dip between two sharp peaks of ~100s duration. This substruc-
ture is similar to the one observed during the 2002 October flare
detected by XMM-Newton.

Qualitatively, the hard (5-10keV) X-ray light curve for the
August 31, 2019 observation with 100 s binning reported here
(Fig. 1), exhibits a behaviour (rise and decay) reminiscent of the
flare observed in 2002 (Porquet et al. 2003). We note that for the
2019 flare, the fast variability remains resolved and is not washed
out when the resolution is reduced from 50 to 100 s (see Fig. A.4
in Appendix A), while it is washed out going to a bin size of
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Fig. 5. Background-subtracted light curves of Sgr A* for the August 31, 2019, observation (Obs.ID 0831801201), shown separately for MOS1,
MOS2, and PN. Counts per bin are plotted for the soft (2—-5keV) and hard (5—10keV) bands using 50s and 100s binning. Horizontal dashed
lines indicate baseline levels, while dotted and dash-dotted lines show the 30~ and 5o thresholds. Shaded regions highlight narrow substructures
near 9600 s (hard band) and 10900 s (soft band), with their central times marked by vertical lines. Bins with jump significances exceeding 30 are

indicated.

200s. This suggests a potential micro-structure during the sec-
ond peak, on a timescale as short as 100 s. To explore this in more
detail, we employed different significance tests (e.g., see Fig. 5).
The per-bin significance compared to the baseline shows clear
excesses in all cameras, across both the soft and hard energy
bands, and for both 50s and 100s binning. For the two narrow
peaks of interest (the hard substructure at ¢ ~ 9600 s and the soft
substructure at  ~ 10900s), both per-bin and integrated tests
give strong results (5—70). Both substructures exhibit a strong
bin-to-bin increase, with the 9600 s feature being particularly
sharp. The fact that the narrow peaks persist across bins, appear
in all EPIC cameras, and are seen in both soft and hard bands
supports that they are real astrophysical signals and not statisti-
cal noise.

For the first peak of the August 31, 2019, flare, we also
observe hints of substructure. These features reach per-bin sig-
nificances above 50, in some cases, but their significance does
not remain consistent across different bin sizes and instruments.
In particular, they become weaker when using 50 s bins and do
not show the same persistent behaviour as the substructures in
the second peak. We therefore regard the evidence for substruc-
ture in the first peak as inconclusive.

5. Implications for hotspot models

As shown above, the light curve from August 31, 2019 exhibits
an asymmetric, double-peak morphology, resembling modula-
tions associated with relativistic effects from a compact hotspot
orbiting Sgr A* (e.g., Mossoux et al. 2016; Karssen et al. 2017).
A potential constraint on micro-variability on a timescale f,
will constrain the size of the emitting region (e.g., the hotspot;
neglecting Doppler modifications) to Ar < ct,. The evidence
that 7, ~ 100s during the second peak thus implies Ar < 57,
where r, = GM/c? = 6.4 x 10" (Mg /4.3 x 10° My) cm is the
characteristic gravitational radius for the BH mass of Sgr A*

(e.g., GRAVITY Collaboration 2023). To explore this possibil-
ity further, we described the data by fitting a simple model
with two Gaussians plus a constant baseline (Fig. 6). This fit
reproduces the timing and relative amplitudes of the two max-
ima, though with a relatively high reduced chi-square, y?> =
4.45, indicating that substructures are not fully captured. Adding
an additional component (three-Gaussian fit), the reduced chi-
square value improves to 3.68. However, its overall contribu-
tion to the flux remains small. Morphologically, the first com-
ponent (Gaussian 1) is broader and lower, whereas the second
(Gaussian 2) is narrower and taller. Near the second peak, the
data rise more slowly than the symmetric profile predicts and
decay more slowly afterwards, suggesting a slight asymmetry.
The inferred separation of the two maxima is Ar = 2075 + 124 s
and the respective rise times are 7.; =~ 13665 and 7. =~ 608s.
The first (Gaussian) peak rises above the non-flaring, baseline
level (N =~ 40) by a factor of f; ~ 7, and the second (Gaussian)
peak by a factor of f, ~ 15.

Hotspot models are often agnostic to plasma physical details
(e.g., the specifics of the underlying acceleration mechanisms)
and typically consider a compact, homogeneously emitting,
spherical component (‘blob’), orbiting in a semi-equatorial plane
at radius r with relativistic Keplerian angular velocity
dp r;/zc (c/ry)

Qrn=—= = s
(r) e 32 +ar2/2 (r/ry)*? +a

ey

where a is the dimensionless BH spin parameter (¢ = O for
a Schwarzschild BH) and prograde motion has been assumed.
For a quasi-steady emitter, magnification effects can arise from
a combination of relativistic Doppler boosting and gravitational
lensing. Both are inclination-dependent, and reach their min-
imum for face-on orbits (i = 0°). As the inclination angle
increases, the strength of both effects grows, albeit at differ-
ent rates. For inclination angles i < 30°, gravitational lensing
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Fig. 6. Double-Gaussian (top) and three-Gaussian (bottom) fits to the
summed light curve (counts vs time) of the August 31, 2019, Sgr A*
flare. Time zero corresponds to the start of the observation (Table A.1).

remains negligible for a compact hotspot, but becomes signif-
icant for i > 50° (e.g., Broderick & Loeb 2005; Hamaus et al.
2009; Karssen et al. 2017). The lensing peak is typically nar-
rower, but can be broadened and partially or fully swamped by
the Doppler contribution, depending on blob size Ar and loca-
tion r. Gravitational lensing is strongest when the blob passes
directly behind the BH. For inclinations of i ~ 90° (edge-on),
lensing alone can lead to flux magnifications by a factor of
~10-20, roughly scaling with distance as '/2. Doppler amplifi-
cation of the flux, which approximately scales with D*, exhibits
an opposite radial dependence. In the special relativistic regime,
the Doppler factor is given by

V1 = Bi(r)?

(1 = Br(r) sin(Qt) sin i)’

where Bi(r) = Qu(r)r/c. Since Bi(r) decreases with increas-
ing radius, D correspondingly decreases with r (as well as
with decreasing inclination angle i). The innermost stable cir-
cular orbit for an accretion disk around a Schwarzschild BH
lies at r = 6r,, while it can approach r = r, in the Kerr BH
(a = 1) case. Hence, the Doppler factor is unlikely to exceed
Dpax =~ 1.8, implying that the maximum amplification in the
absence of a baseline (disk background) emission is limited to
(Dmax/Dmin)* ~ 40. Variations are possible if the hotspot moves
very close to the innermost stable circular orbit in the Kerr BH
case, where general relativistic (geodesic) effects become impor-
tant. On the other hand, in the presence of a disk background, the
observed amplification is likely to be reduced. In any case, inter-
preting the observed light curve of the August 31, 2019 flaring
event in terms of a single hotspot requires a substantial orbital
inclination. For example, at i < 50°, Dyax/Dmin < 1.8 for orbital
motion at r > 6r, around a Schwarzschild BH, resulting in mod-
est Doppler amplification only. In the absence of some orbital
precession over time or flaring-induced tilting of the hotspot’s
orbit, higher inclinations would seem to be in tension with esti-
mates of other hotspots’ motion around Sgr A* inferred from
NIR observations (e.g., GRAVITY Collaboration 2018b, 2023;

D(t,r,i) = 2)
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von Fellenberg et al. 2024). It remains to be explored to what
extent a non-isotropically emitting source could help alleviate
this.

In hotspot models, the phase lag f = At/P between the
beaming and lensing maxima usually decreases mildly as incli-
nation increases. If the second peak were assumed to be lensing-
related, for example, the beaming—lensing phase difference for
a compact blob at high inclinations (i ~ 90°) is approximately
At ~ 3P/4. Using our measured At, this would imply

Py = 4At/3 =~ 2800's ~ 45 min. 3)

While this would be remarkably close to the orbital period
(P =~ 40 £ 15min) inferred for NIR hotspot motion in 2018
(GRAVITY Collaboration 2018b) and to the transient (~36 min)
periodicity in the mid-infrared (Spitzer) light curve in July
2019 (Michail et al. 2024), it would not be compatible with the
observed duration of the flaring activity in August 2019.

Alternatively, if the second peak were assumed to be
Doppler-related instead, the phase difference at high inclination
is approximately At =~ P/4, translating into

Py = 4Atr ~ 8300s ~ 140 min. “)

For a circular orbit in Schwarzschild space-time, this would cor-
respond to a characteristic orbital radius of

r=16r,

(&)

with orbital speed v/c =~ 0.25. At these distances, however,
Diax < 1.3, which makes it challenging to account for Doppler
amplifications by a factor of ~15, unless the blob is extended
(Ar > r,, allowing for orbital superposition) and/or undergoes
internal X-ray brightening within <P/4. The latter remains pos-
sible and may arise, for instance, if the injection rate of particles
undergoing acceleration increases, or if the local field becomes
amplified. On the other hand, if the flaring activity is dominated
solely by a compact (quasi-steady) blob with Doppler factor
D(1), the rise and decline time will in principle also depend on

location, i.e., roughly as ¢, ~ d(DDT;/dt o %ﬁl) With our mea-
sured 7,5 this would rather be suggestive of orbital distances
r ~ 11+/sin(i)r,. In addition, the broadness of the first peak
would seem challenging to account for with gravitational lens-
ing. While the second scenario may seem slightly preferred,
we note that a significant inclination would still be required.
We caution, however, that detailed ray-tracing and dynamical
flux-evolution modelling are required to assess whether the light
curve can be reproduced with a single hotspot.

As noted in Sect. 4.1, the inferred mean intrinsic lumi-
nosity of the August 2019 flare is of order Ly, =~ 6 X
10* erg/s. This can be compared with an X-ray synchrotron
interpretation. Assuming a compact emitting region (a ‘blob’)
of characteristic size r, and luminosity L, = 10°°L35erg/s, the
corresponding photon energy density is up, = Lb/(47rric) =
0.65135(r,/1)* erg/cm’. If the X-rays are produced via non-
thermal synchrotron emission, then relativistic electrons with
Lorentz factors y, ~ 10%(B/1G)™'/? are required to emit
synchrotron photons at ~5keV (neglecting Doppler boosting).
These high-energy electrons undergo synchrotron cooling on a
cooling timescale t, ~ 25(B/10G)~%/?s, corresponding to a
cooling length /. = ct,, which is comparable to the gravitational
scale r,. Hence, an efficient re-acceleration mechanism, such as
reconnection and/or stochastic acceleration, would be needed
in order to sustain the flare over its observed duration. Since
synchrotron cooling is energy-dependent (g o 1/y), lower-
energy emission can exhibit longer characteristic timescales. It
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may be interesting to compare this with recent JWST observa-
tions of hour-type flaring activity, which revealed variability and
wavelength-dependent time delays indicative of spectral evo-
lution, on timescales as short as ~10 minutes in the near-and
mid-infrared (e.g., Yusef-Zadeh et al. 2025; von Fellenberg et al.
2025). In the synchrotron scenario, the total energy content of
the radiating electrons, with number N,, approximately satis-
fies N.E, ~ Lty with Ly = L. Requiring that the non-thermal
electrons remain magnetically confined, ug := (B*/87) > u, ~
N,E,/(4nr}/3), then implies B = 815/’ (r,/r,)®/" G. For compar-
ison, the characteristic maximum magnetic field on BH horizon
scales (~r,) is of order By ~ 100G (e.g., Katsoulakos et al.
2020), and for an advocation-dominated accretion flow-type
disk approximately scales with B(r) o 1/r°/*. Accordingly, an
inferred field strength of, e.g., B ~ 8 G would be compatible
with orbital locations r ~ 8r,. This estimate does not yet account
for localized magnetic field amplification (e.g., flux accumula-
tion), which could be one of the physical mechanisms responsi-
ble for the flaring activity (e.g., Porth et al. 2021). It thus seems
conceivable that the observed emission is related to synchrotron
emission from relativistic electrons with y, ~ 10°.

6. Conclusions

In this study we performed a time-binned analysis of six Sgr A*
observations from XMM-Newton in 2019, capturing flaring
activities above a 3o significance, with a total exposure of
approximately 25 ks out of 452 ks. Background-subtracted light
curves were produced for various on- and off-extraction regions
to enhance the statistical significance of Sgr A* variability in
the X-ray band. Flares were identified by determining the aver-
age fluxes (within the noise) of each observation, calculated
as total counts divided by the number of bins, within an on-
region aperture of 10” for a time bin size of 300s. Based on
this analysis, we identified and reported the five brightest flar-
ing activities of Sgr A* detected by XMM-Newton from 1999 to
2023, using only the PN camera results. The peak brightness and
duration of the brightest flaring activity observed from Sgr A*,
on August 31, 2019, was more than twice those of the four
other flares. This exceptionally bright flare, which lasted 6.6 ks,
had a strong asymmetric, energy-independent double-peak mor-
phology. Spectral analysis of this double-peaked flare revealed
spectral evolution throughout the event, with substructures on
timescales as short as 100s during the second peak. An ener-
getically plausible interpretation is that the observed emission
arises from synchrotron radiation of relativistic electrons with
Ye ~ 10° in a locally amplified magnetic field. A simple hot
spot interpretation — assuming sub-dominant intrinsic changes
— would require a significant inclination, and it remains unclear
whether such a model can fully reproduce the observed features.
Flux evolution, time-dependent injection, and particle acceler-
ation may also play a role and merit further investigation. Our
results are of general interest for understanding the accretion
dynamics, flow orientation and particle acceleration in Sgr A*.
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Appendix A: Supplementary figures and tables

Table A.1. List of all XMM-Newton observations from 2019

Notes. The observation start and end times in Universal Time (UT) refer to the earliest good-time interval (GTI) start and the latest GTI stop. The

Obs.ID Start time (UTC) End time (UTC) Duration (ks) Average Flux (cts/s) State
0831800101 2019-03-11 00:45:57  2019-03-11 04:05:57 12.0 0.25+0.002 flare
0831800201 2019-03-12 00:00:46  2019-03-12 04:10:46 15.0 0.20 +0.002 quiescence
0831800301  2019-03-13 00:38:04  2019-03-13 04:31:24 14.0 0.19+0.001 quiescence
0831800401  2019-03-14 00:10:34  2019-03-14 04:03:54 14.0 0.31+0.003 flare
0831800501 2019-03-15 00:29:26  2019-03-15 04:39:26 15.0 0.20 +0.002 quiescence
0831800601  2019-03-16 00:04:16 ~ 2019-03-16 04:14:16 15.0 0.37 +0.003 flare
0831800701 2019-03-17 00:21:56  2019-03-17 04:26:56 14.7 0.21 £0.002 quiescence
0831800801  2019-03-18 00:26:32  2019-03-18 04:19:52 14.0 0.19+0.001 quiescence
0822680201  2019-03-29 04:40:40  2019-03-29 12:55:40 29.7 0.20 +0.002 quiescence
0822800301 2019-03-30 04:44:00  2019-03-30 15:12:20 37.7 0.23 £0.002 flare
0822800401  2019-03-31 04:43:18  2019-03-31 14:34:58 355 0.19+0.001 quiescence
0822800501  2019-04-01 04:36:02  2019-04-01 15:07:42 37.9 0.20 +0.002 quiescence
0831800901 2019-04-02 23:34:58  2019-04-03 04:03:18 16.1 0.19£0.001 quiescence
0831801001  2019-04-03 23:09:32  2019-04-04 05:16:12 22.0 0.24 +0.002 flare
0831801101  2019-04-04 23:17:52  2019-04-05 04:17:52 18.0 0.20 +0.002 quiescence
0851181001 2019-08-31 13:18:30  2019-08-31 15:27:31 7.7 Sgr A* out of field of view -
0831801201  2019-08-31 15:27:31  2019-08-31 22:07:31 24.0 0.67 +0.006 flare
0851180901 2019-08-31 22:07:31 2019-09-01 18:00:11 71.5 0.19+0.001 quiescence
0831801301 2019-09-01 18:00:11 2019-09-01 22:50:48 17.4 0.19+0.001 quiescence
0831801401  2019-09-18 17:48:29  2019-09-18 20:55:09 11.2 0.19 +0.001 quiescence
0831801501  2019-09-19 17:34:53  2019-09-19 20:29:53 10.5 0.19 +0.001 quiescence
0831801601  2019-09-20 17:15:12  2019-09-20 21:00:12 13.5 0.20 +0.002 quiescence

average flux is the mean count rate per 300 s bin within the on-region aperture of 200" for the PN camera only.
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Fig. A.1. Background-subtracted 2—10keV PN light curves (300 s bins) for the 2019 observations showing flares. Time zero corresponds to the
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Observation ID 0893811301 2022-03-26
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Fig. A.2. Background-subtracted 2—10keV light curves of two bright flares detected in 2020-2022 (Obs.IDs 0862470501 and 0893811301). Time

zero corresponds to the start of each observation.
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Fig. A.3. Combined source-plus-background light curve
(MOS1+MOS2+PN) in the 2—-10keV band for 100s bins during
the August 31, 2019, flaring period (Obs.ID 0831801201).

Table A.2. Best-fit Gaussian parameters for the August 31, 2019 flare.

Observation ID 0831801201
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Fig. A4. Combined background-subtracted light curves

(MOS1+MOS2+PN) in the 2-10keV band during the August
31, 2019, flaring period for 50 s and 100 s bins.

Model Component A (counts) Peak time #y (s) Width o (s) Flux (countss™!)
Two Gaussians + C Gaussian 1 (broad) 226.53 8029.96 1366 7.76 x 10°
Gaussian 2 (tall) 544.99 10106.73 608 8.30 x 10°
Baseline C 37.63
Peak separation At; (s) 2077
X% (d.o.f) 4.45 (168)
Three Gaussians + C ~ Gaussian 1 (broad) 237.62 8034.88 1345 8.01 x 10°
Gaussian 2 (narrow) 187.58 9515.28 190 8.94 x 10*
Gaussian 3 (tall) 520.83 10223.89 545 7.12 x 10°
Baseline C 34.07
Peak separations Atyy, Atpz, Atz (S) 1480, 709, 2189
X2 (d.o.f) 3.98 (165)

Notes. Parameters are derived from the PN camera data with 300 s binning. The models include two or three Gaussian components plus a constant

baseline C.
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