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ABSTRACT

At the center of our Galaxy lies the bright y-ray point-like source HESS J1745-290, which is compatible in position with Sgr A*,
although an association between the two remains uncertain. Using data obtained between 2004 and 2019 with the High Energy Stereo-
scopic System (H.E.S.S.) on the Galactic center region, we studied the variability of HESS J1745-290 over 353 hours of observations
collected over 16 years, representing the largest dataset gathered yet on this region at TeV energies. We performed a 3D maximum-
likelihood analysis of the central source and the diffuse y-ray emission in the Galactic center region. This analysis allowed us to extract
the spectral and morphological intrinsic behavior of the two components. By performing this analysis on an annual basis, we derived
the light curve of HESS J1745-290 and the diffuse emission over the past 16 years. The 3D maximum-likelihood analysis method
allowed us to separate the central source from the overlapping diffuse emission, enabling a recalibration of the former by the latter and
alleviating some of the systematic effects. We find no long-term or yearly variability. We also provide an estimate of the sensitivity of
H.E.S.S. to variation of this specific source over 16 years. We rule out any yearly y-ray flux variation of this source larger than 30%, as
well as any linear flux variation exceeding 30% over this time period.
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1. Introduction

The Galactic center (GC) is a prime observation region for very
high energy (VHE) y rays. Various observatories, including the
High Energy Stereoscopic System (H.E.S.S.) (Aharonian et al.
2004, 2006a, 2008, 2009; Acero et al. 2010), the Major Atmo-
spheric Gamma-ray Imaging Cherenkov Telescope (MAGIC)
(Albert et al. 2006; MAGIC Collaboration 2020), and the Very
Energetic Radiation Imaging Telescope Array System (VERI-
TAS) (Archer et al. 2014, 2016; Adams et al. 2021) have detected
the point-like source HESS J1745-290. This source is centered

* Corresponding author: contact.hess@hess-experiment.eu

at the Galactic coordinates [ = 359.944°, b = —0.046°, with a
13 arcsec uncertainty and an upper bound on its extension of
about 1.2 arcmin (Acero et al. 2010).

Although HESS J1745-290 is the most prominent feature of
the region, H.E.S.S. has also identified diffuse emission extend-
ing over 200 pc along the inner Galactic plane(Aharonian et al.
2006b; H.E.S.S. Collaboration 2018). This diffuse emission most
likely indicates a high density of cosmic rays in the central
region of the Galaxy (H.E.S.S. Collaboration 2016), which inter-
act with the central molecular zone (CMZ) to produce 7y rays via
proton-proton interaction and neutral pion decay.

Despite numerous studies, the physical origin of
HESS J1745-290 remains an open question. Potential sources
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such as the supernova remnant Sgr A East have been ruled out
based on their extension and positional incompatibility with
the source (Acero et al. 2010). The pulsar wind nebula (PWN)
candidate G359.95-0.04 remains a plausible counterpart, as it
is compatible in both position and energetics with the source
(Wang et al. 2006; Hinton & Aharonian 2007). However,
the estimated magnetic field in the vicinity of GC might be
too large for this scenario to be plausible (Kistler 2015). The
super-massive black hole (SMBH) at the center of our Galaxy,
Sgr A*, is therefore a plausible origin of the y-ray source, as it
is fully compatible in position and its accretion flow provides a
site of particle acceleration.

Across the electromagnetic spectrum, Sgr A* shows high
and rapid variability, with the highest flux variations observed in
the X-ray and infrared (IR) domain (see overviews Genzel et al.
2010; Witzel et al. 2021). X-ray observatories have observed reg-
ular flares that last a few hours and occur daily. These events have
varying intensities that can reach up to two orders of magnitude
above the quiescent level (for Chandra, see Baganoff et al. 2001;
Neilsen et al. 2015; for Swift, see Andrés et al. 2022). In the IR
domain, the emission of Sgr A* shows high variability (Genzel
et al. 2003); however, additional individual flaring events have
recently been identified in the NIR range, with amplitudes reach-
ing a factor of two on timescales of ~20 minutes (Do et al. 2019;
GRAVITY Collaboration 2020).

The link between IR and X-ray flares is not completely
straightforward, as X-ray flares are usually accompanied by a
flare-type event in IR (Eckart et al. 2004), but the reverse
is not always true. The emission mechanism behind these
flares is generally interpreted as lepton-based synchrotron and/or
Compton-scattering emission occurring in the inner accretion
flow, relatively close to the SMBH (from a few Schwarzschild
radii, Ry, up to ~10% Ry) (Yuan et al. 2003; Dodds-Eden et al.
2010; Ponti et al. 2017; GRAVITY Collaboration 2021).

The high-energy particles that produce the y-ray signal can
be accelerated close to the SMBH, but they can also escape the
accretion flow and interact farther in the surrounding medium,
depending on the particle transport conditions and the matter
distribution. For instance, Liu et al. (2006) proposed that pro-
tons are accelerated by stochastic processes within the inner
20 Rs and escape and scatter in the inner few parsecs to pro-
duce the TeV emission. As noted by Ballantyne et al. (2007) and
Linden et al. (2012) , the most plausible target for producing y
rays is the circumnuclear disk (CND) (Christopher et al. 2005),
a 1.5 pc radius ring-like structure of dense molecular matter sur-
rounding Sgr A*. Depending on the assumed particle transport
hypotheses, the GC VHE source could therefore reflect the his-
tory of particle acceleration in the vicinity of the SMBH over
shorter or longer timescales and remain stable on timescales of
years or more (Ballantyne et al. 2011; Chernyakova et al. 2011;
Guo et al. 2013). The long-term variability of HESS J1745-290
is therefore a key observable to determine its nature and pos-
sibly constrain the particle acceleration processes in Sgr A*.
Whipple first studied the variability of the GC at VHE between
2000 and 2004 (Kosack et al. 2004) and showed that the source’s
flux was consistent with being constant. Another study in 2009
(Aharonian et al. 2009) used the first three years of H.E.S.S. data
(2004-2006) to search for variability on 28-minute timescales,
hour-long flares, and quasi-periodic oscillations (QPOs), but
detected no significant signals. More recent studies by MAGIC
(Ahnen et al. 2017) and VERITAS (Archer et al. 2014; Adams
et al. 2021), corroborate this apparent stability over daily to
monthly timescales. In addition, attempts to detect counterparts
of X-ray flares with H.E.S.S. have so far been unsuccessful
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(see Aharonian et al. (2008) for the joint H.E.S.S.-Chandra
observation campaign in 2006).

In this work, we investigate the potential variability of
HESS J1745-290 over timescales of years. We take advantage
of the large H.E.S.S. observation database to measure the yearly
evolution of the VHE flux over the 16-year period from 2004
to 2019, driven by the parsec-scale y-ray emission implied by
models.

After describing how we selected and processed the 16 years
of H.E.S.S. data on the GC (Section 2), we present our method-
ology in two parts. First, we describe the spectro-morphological
analysis of HESS J1745-290 and its surroundings (Section 3),
then the study of time variability of HESS J1745-290 (Section 4).
In Section 5, we reassess the sensitivity of the H.E.S.S. survey
to several theoretical time variation models. Finally, in Section 6,
we discuss the significance of these results in the context of exist-
ing knowledge of Sgr A* variability across the electromagnetic
spectrum.

2. Data reduction

The H.E.S.S. array consists of five imaging atmospheric
cherenkov telescopes (IACTs), located in Namibia, and has been
observing the southern hemisphere sky at VHE since 2003.
Observations by H.E.S.S. have monitored the GC ever since
(albeit not in a uniform manner, as shown in the next section),
making it one of the most frequently observed regions of the
TeV sky.

2.1. Data selection and processing

In this study, we considered all H.E.S.S. data available for the GC
region between 2004 and 2019. To ensure a homogeneous and
robust long-term variability analysis, we restricted our dataset
to Galactic center observations acquired before 2020, prior to
important changes in the exposure pattern and the upgrade of
the camera and data-acquisition systems. We chose observation
“runs” (uninterrupted observation segments of typically 28 min-
utes) pointing within 1.8 degrees of the position of Sgr A*.
We set the maximum zenith angle to 50 degrees and used only
runs involving all four 12 m-diameter medium-size telescopes
(CT1-4), which have been operational since 2003. This selec-
tion results in a total of 768 runs and 353 hours of observation
time after standard quality cuts (Khelifi et al. 2015). Table 1
summarizes the observation properties per year.

We used a list of y-ray candidates obtained from the HAP-
fr analysis pipeline (Khelifi et al. 2015) which reconstructs
event showers based on the Hillas reconstruction (Hillas 1985)
and discriminates between y rays and hadronic events with the
multivariate analysis (MVA) technique (Becherini et al. 2012).
Using a configuration optimized for Galactic sources (i.e., weak,
extended, and hard sources) allowed us to include data down to
300 GeV. We then exported the output of the data processing to
a FITS format developed by Deil et al. (2017), which includes
the list of y-ray candidates, the instrument response functions
(IRFs) (effective area, energy dispersion, exposure live time, and
point spread function), as well as a residual hadronic background
model. Next, we used Gammapy (Donath et al. 2023), an open
source Python library, to perform the high-level analysis, pro-
duce spectra and light curves, and perform simulations to assess
systematic uncertainties.

We thoroughly cross-checked all results presented in this
work using data analyzed by an alternative analysis pipeline:
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Table 1. Observation summary by year.

Average zenith Average optical

Year Runs Livetime (h) angle (°) Efficiency
2004 99 44.6 20.7 0.80
2005 116 53.0 22.7 0.68
2006 36 16.6 18.7 0.63
2007 15 7.0 11.1 0.63
2008 24 11.0 15.4 0.58
2009 7 3.2 15.5 0.57
2010 19 12.1 11.4 0.63
2011 19 8.6 32.3 0.63
2012 84 37.4 19.2 0.66
2013 105 47.2 22.8 0.66
2014 120 53.6 19.7 0.63
2015 57 24.8 17.3 0.63
2016 11 5.0 12.5 0.59
2017 2 0.8 25.5 0.85
2018 14 6.3 21.6 0.82
2019 49 21.4 33.4 0.77
Dataset 777 352.7 20.6 0.68

Notes. Number of runs after run quality selection, total live-time, aver-
age zenith angle, and average optical efficiency measured from muon
images', for each year and for the full dataset.

the HAP standard ImPACT method (Ohm et al. 2009; Parsons
& Hinton 2014), and applying the same criteria for run selec-
tion, the same spatial offset requirement, and the same method to
determine the energy thresholds. We performed high-level anal-
ysis on each dataset using the same Gammapy-based procedure.

2.2. Data cube creation

The next step of the analysis consisted of converting the list of
candidates for y-rays into a data cube, i.e., a 3D array counting
events by direction (two spatial dimensions) and by energy (one
dimension). This data cube comes with the IRFs and the back-
ground model. The technique of fitting both spatial and spectral
components simultaneously is hereafter referred to as the 3D
analysis. In our analysis, we projected y-ray candidates into a
binned data cube over a spatial region of 4° X 3°, centered on
the GC, with pixels of size 0.02° x 0.02°. We rejected events
with offsets above 1.8° from the center of the camera to avoid
poorly reconstructed y events. We divided the energy binning
of the data cube into 25 logarithmic bins, covering 300 GeV
to 50 TeV. For each run, we applied a safe energy threshold at
the energy where the effective area drops to 10% of its max-
imum value. Similarly to the procedure followed by Abdalla
et al. (2021), we imposed an additional energy threshold dur-
ing the analysis, limiting the study to energy ranges where the
background model (see Section 2.3) adequately describes the
cosmic-ray background (Mohrmann et al. 2019). This procedure
results in most runs having a threshold around 400 GeV. We pro-
duced a data cube for each observation and then stacked them
into a global data cube for each year, which involved weighted

I This optical efficiency is derived from the observation of muon
events with H.E.S.S.. Comparing this measurement to the expected
amount of Cherenkov light detected provides an estimate of the optical
throughput of the instrument (between 0 and 1)(Chalme-Calvet et al.
2014).

averaging over the IRFs to obtain a single set of IRFs for each
final dataset.

2.3. Background template creation

To account for the background in the 3D analysis, we evaluated
the background level in every bin of the data cube. We derived
the background model by projecting observations taken at high
Galactic latitudes into a multidimensional table as a function of
observation conditions, while masking known y-ray sources. To
obtain a background model prediction for each run, we applied
a multivariable interpolation based on observation conditions.
This process is described in detail in Mohrmann et al. (2019)
and Abdalla et al. (2021). The resulting run-wise background
model is a function of the measured energy and the reconstructed
position in the field of view. Because of the large normalization
uncertainties (see, e.g., Mohrmann et al. 2019), we normalized
run-wise models on each observation data cube, excluding y-ray
bright regions, following the field-of-view method described in
Berge et al. (2007). We set an exclusion region extending over
3° in longitude and 1° in latitude, centered on the GC, as well
as a disk-shaped region of 0.7° radius masking HESS J1745-
303. We then applied this procedure to each observation and
stacked the resulting templates. To account for possible system-
atic uncertainties in the template normalization, we included it as
a nuisance parameter when fitting a sky model to the observed
data.

3. Total dataset spectro-morphological analysis

Deriving a long-term light curve of the point source
HESS J1745-290 requires describing both HESS J1745-290
and the diffuse ridge emission that covers the central few
degrees, simultaneously and independently, as well as other
compact sources such as G0.9 + 0.1 (Aharonian et al. 2005)
or HESS J1746-285 (H.E.S.S. Collaboration 2018). Standard
1D spectral analysis methods cannot differentiate between two
superimposed sources, which complicates studies of the GC
region. The 3D analysis allowed us to fit a spectro-morphological
model to a data cube. Its ability to separate different physical
components has already been demonstrated in VHE (Abdalla
et al. 2021) (H. E. S. S. Collaboration 2023). We used here the
binned version of the 3D analysis as implemented in Gammapy
and validated by previous studies (Mohrmann et al. 2019). This
method estimates physical model parameters by comparing the
cube of measured counts in space and energy with the model
prediction, convolved with the IRFs, and including a model of
the residual hadronic emission. We performed this comparison
by maximizing a likelihood function using the “Cash” statistic
(Cash 1979).

3.1. Source model description

We assume that the spatial parameters and most spectral param-
eters (except all normalizations) in our model do not vary
with time. We first performed a spectro-morphological fit on
the complete dataset. The model includes HESS J1745-290,
the diffuse emission (DE), and two point sources: G0.9+0.1
and HESSJ1746-285. The base source model hypotheses
are similar to those of the H.E.S.S. diffuse emission study
(H.E.S.S. Collaboration 2018). We use a spectral description
for HESS J1745-290 and the DE as in H.E.S.S. Collaboration
(2016): a power-law with exponential cutoff for the point source,
and a simple power-law for the DE. The spectra of G 0.9+0.1 and
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HESS J1746-285 follow power laws, as described in H.E.S.S.
Collaboration (2018). A detailed spectral description of the DE
is beyond the scope of this article. Our spatial description uses a
spatial template similar to that in H.E.S.S. Collaboration (2018),
based on a 2D distribution of cosmic rays and a velocity-
integrated map of the CS emission in the CMZ (Tsuboi et al.
1999) for the DE and including a 2D template of the large-
scale unresolved Galactic emission. We refit spectral parameters,
source positions, and morphological template parameters to
accurately reproduce the extra data collected and the new 3D
description.

3.2. Model fitting and spectral extraction

We left all spectral parameters of HESS J1745-290 and the DE
free (normalization, spectral index, and cut-off energy, when
applicable), as well as the position of the point source. The fit-
ted spectral parameters for HESS J1745-290 are ® = (2.32 =
0.064¢ fgf& s) X 1072em™ s71TeV™!, T = (1.94 + 0.034 +
0.1045), and E.,; = (8.8 = 1.1y, j:;?t syst)TeV. We evaluated
systematic errors in the spectral parameters of HESS J1745-290,
using Monte Carlo simulations performed with Gammapy. These
simulations included the uncertainties on the IRFs and back-
ground modeling, since they are often considered the dominant
contributors. These are linked to variations in the atmospheric
conditions, the presence of broken pixels in the camera, and
the uncertainty in the absolute calibration of the telescopes
(Aharonian et al. 2006). Taking systematic errors into account,
the derived spectrum is compatible with previous H.E.S.S. esti-
mates for the HESS J1745-290 spectrum (H.E.S.S. Collaboration
2016), as well as the latest MAGIC (MAGIC Collaboration 2020)
and VERITAS (Adams et al. 2021) measurements. However, it is
important to remember that these previous measurements were
not intrinsic spectra, as they also incorporated the contribution
of the DE within a region of 0.1° around Sgr A*, and there-
fore cannot be expected to produce parameters identical to our
measurement.

4. Variability study
4.1. General method

To measure the evolution of the flux of HESS J1745-290 over 16
years of monitoring, we constructed 3D datasets of the region
on a yearly time scale. Table 1 lists the resulting total exposure
per yearly dataset. We then refit each dataset using the model
previously applied in the 3D analysis of the total dataset (see
Section 3). In this process, we fixed all parameters from the total
dataset-fit , except for the fluxes of HESS J1745-290 and the DE,
for which we left the normalizations free to vary. In this tempo-
ral analysis, we faced the challenge of fitting the model across a
heterogeneous set of datasets. Some years have extensive hours
of observation, while others have very limited data. Addition-
ally, observation conditions vary from year to year, leading to
changes in the energy threshold over time. To ensure that the
flux measurements for DE and HESS J1745-290 were compara-
ble across all years, we reduced the energy interval used in the
model fit to 650 GeV-50 TeV. This reduction in the energy range
ensured consistency, allowing us to compare spectra more reli-
ably across all datasets. We then constructed light curves using
yearly flux measurements computed over the 1-10 TeV energy
range.

By leaving the normalization of the DE free during the
fit, we expected to see some variations of its flux (see results
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Section 4.2). An important part of these variations originates
from statistical fluctuations, which was accounted for by the
statistical error bars, but residual fluctuations associated with
systematic uncertainties remain. Indeed, the degradation and
modifications of the instrument over time, as well as chang-
ing weather conditions, can influence annual monitoring. Hence,
even after correcting for the varying optical efficiency, the IRFs
of observations performed under different instrumental condi-
tions are likely to contain residual systematic errors, which can
lead to unstable measurements of the flux of a steady source.
Consequently, to study the variability of HESS J1745-290, time-
dependent systematic effects must be taken into account. A
simple way to alleviate time-dependent systematic effects is
to correct the time-dependent IRF uncertainties using another
source in the field of view that is expected to be non-variable.
As its flux is comparable to that of the GC source and because it
must be constant over the 16 years covered, the DE is a good
candidate for the recalibration source. The recalibration pro-
cess implicitly uses the DE fluctuations as a yearly estimate of
the instrumental deviation to correct the HESS J1745-290 light
curve. For each year, we applied the following correction to the
source of interest HESS J1745-290:

F _
ce(?) w For.
Fpr(t)

where Fge and Fpg the fluxes of HESS J1745-290 and the
DE measured at a given time, Fpg is the reference flux of the
DE (weighted average), and Fgc recar 18 the recalibrated flux of
HESS J1745-290. This is equivalent to studying the relative flux
of HESS J1745-290 with respect to the DE.

This process implies an increase in the statistical fluctua-
tions of the corrected HESS J1745-290 light curve, but it ensures
that the light curve is corrected for any residual underestimated
instrumental drift over time.

FGC,recal(t) =

4.2. Results

The light curves presented in Figure 1 (top and middle pan-
els) show the evolution of the flux of HESS J1745-290 and
the DE, integrated between 1 and 10 TeV and sampled annually
from 2004 and 2019. The error bars represent statistical uncer-
tainties derived from the fitting of the spectral amplitudes of
both components (HESS J1745-290 and the DE), while all other
parameters are fixed. We see large variations in the flux uncer-
tainties, reflecting the large differences in observation time from
year to year. The two light curves are broadly distributed around
a constrained mean value of 1.7 + 0.03 x 10™'2 cm™2 s7! for
HESS J1745-290 (raw) and 3.54 + 0.08 x 10~'2 cm™2 s~! for the
DE. The difference in the uncertainty values of the two emis-
sions is a logical consequence of the widespread nature of the
DE, which implies greater uncertainty in the measurement of its
flux. The light curve for HESS J1745-290 is broadly distributed
around its mean value but shows some deviations beyond the sta-
tistical error, notably in the years 2005, 2016, and 2018. Although
the DE light curve is globally consistent with a constant-flux
model, year-to-year deviations exceeding the statistical uncer-
tainties are observed. As the source is not expected to vary on
yearly timescales, these deviations are likely due to residual sys-
tematic uncertainties, which need to be taken into account. We
note that the flux for the year 2017 is not constraining for this
dataset due to its low number of observation hours. We show the
recalibrated light curve of HESS J1745-290, using the procedure
described in Section 4.1, at the bottom of Figure 1. The errors
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Fig. 1. Light curves of HESS J1745-290 and DE. Black markers indicate
fitted fluxes for each calendar year. Vertical error bars show the statis-
tical error on the fitted flux for that year. Horizontal error bars indicate
the span of the observations within each year. The blue line represents
the statistical mean of the light curve, with flux uncertainties accounted
for, and the band represents the uncertainty on this value. Top: Raw
HESS J1745-290 light curve. Middle: DE light curve. Bottom: Recali-
brated HESS J1745-290 light curve.

are wider and the mean value is now estimated at 1.66 + 0.05 x
107!2 cm™2 s7!. Whereas the raw light curve of HESS J1745-
290 shows possible deviations from the mean value, particularly
in 2005, the recalibrated light curve is fully consistent with a
constant flux (see reduced-y? values in Table 2). From the light
curve shown in the bottom panel of Figure 1, we conclude that
a model in which the flux is constant is consistent with the
observations (see the “Constant” model in Table 2). None of the

time-varying models that we tested provides a better description
of the data. Indeed, a linear-varying model (a simple linear evo-
lution of the flux between 2004 and 2019; “Linear” in Table 2)
did not improve the quality of the fit significantly. To test for a
possible discrepancy between data obtained before and after the
passage of the G2 object, as observed by XMM-Newton with
the bright X-ray flare rate in Ponti et al. (2015) (see discussion
in Section 6.1), we attempted to fit fluxes before and after the
end of 2013 separately, using a constant value for each period
(“Constant-by-era” in Table 2); this model does not improve the
fit over the constant model (see Table 2 for numerical results).

Finally, we investigated the possibility of energy-dependent
time variability. Some models of the VHE emission from Sgr A*
suggest that a time-varying hadronic process could result in a
variable emission with energy-dependent timescales (Ballantyne
et al. 2011). We investigated this in two ways. First, we per-
formed a time-resolved 3D analysis in which the spectral indices
and the normalizations of the DE and HESS J1745-290 models
were left free to vary. The cut-off energy of HESS J1745-290 was
kept constant because it is strongly correlated with the spectral
index. Applying the same analysis did not reveal any significant
variation of any parameters over the years (see Appendix A).
Second, we performed the previous time-resolved analysis (with
only normalizations free to vary) on different energy ranges. The
resulting light curves did not show any variation, and neither
did several other tests, such as the hardness-ratio test, dou-
bling timescales (Roy et al. 2023), and the fractional variability
(Schleicher et al. 2019).

5. Sensitivity to time variations
5.1. General method

Our analysis indicates that the flux of HESS J1745-290 shows
no significant variability. Here, we assess whether our dataset
is sensitive to several theoretical scenarios that produce a time-
dependent signal. A sensitivity study of this kind allows us to
quantitatively rule out theoretical scenarios of source variability.
For a variable source, this method can provide insight into the
intrinsic behavior driving its variability.

To test the detectability of a given scenario, we simulated
data cubes based on a theoretical source model (one for each
year, depending on the time evolution scenario) using the simu-
lation feature of Gammapy. We generated model predictions by
convolving the models with the IRFs, and the resulting predicted
counts were sampled assuming Poisson statistics to produce
simulated observations that include noise. By repeating this sam-
pling and model-fitting procedure several hundred times and
averaging, we tested whether the measured result was compat-
ible with the model within the uncertainties of the fitted model
parameters.

In the following subsections, we describe tests of two types
of theoretical variation: a one-off variation over a year relative
to a constant flux value, and a linear negative variation over 16
years, as predicted by the model of Guo et al. (2013).

5.2. Overall sensitivity to yearly variations

The first test uses a constant hypothesis for the flux of
HESS J1745-290. Its aim is to find the range of variation within
which we cannot distinguish variation from statistical noise of a
constant flux (for a 95% confidence interval of sensitivity, cor-
rected for the 16 trials). Thus, even without evidence for the
variation of HESS J1745-290, we can estimate the minimum
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Table 2. Tested evolution scenarios with corresponding y?/degrees of freedom.

Model Raw flux Recalibrated flux
Parameters Fitted values y?/d.o.f. Fitted values y?/d.o.f.
Mean ﬁuxc[iﬁsé??ztcm,z o1 1705003 30415 1662005 14915
Gradiont [Xllai_‘}iacrm_zs_l gl 0709 2864 071l 14514
Mean fuses (410 Pem? 1] 1632007 20¥M [gitog0  MOM

Notes. Each model is described in Section 4.2. All models are compatible with our data, but nonconstant hypotheses are not significantly preferred
by our data (uncertainties on the gradient in the linear model and on both constants in the constant-by-era model make them compatible with a

constant solution).

variation rate that we can expect to detect, given our data and
instrument. In practice, we used one dataset for each year, all
with the same model;we simulated the data cubes 500 times,
and then fit our previous 3D model onto the simulated maps,
with only the normalizations free to vary. We obtained a Gaus-
sian distribution of simulated HESS J1745-290 fluxes for each
year, which we used to extract the 95% confidence range of
fluctuations of the multi-year flux (then corrected for the num-
ber of trials). Figure 2 displays these results. The smallest of
these ranges provides a lower bound on the sensitivity to devi-
ations from a constant solution over this period. From our study,
this minimal sensitivity is estimated to be around 27% (see
Figure 2). This indicates that, given the time span of the H.E.S.S.
observations of HESS J1745-290, we cannot expect to detect any
significant flux variation smaller than 27% in a given year, even
during the most sensitive year.

5.3. Sensitivity to particle injection from century-old Sgr A*
flares

Here we test an alternative scenario: a steady phenomenon as the
origin of a linear temporal variation of the flux of HESS J1745-
290. Motivated by the models of Chernyakova et al. (2011) and
Guo et al. (2013) (see the discussion in 6.3), we tested the
hypothesis that the TeV flux of HESS J1745-290 decreases lin-
early due to the evolution of a particle population injected during
the massive, century-old flares of Sgr A*. To test the detectabil-
ity of a linear temporal variation of HESS J1745-290’s flux, we
simulated light curves to determine above which slope they dis-
play a significant linear variation of the y-ray flux compared
to a constant flux scenario. As before, we simulated the yearly
datasets assuming different time-varying models to generate
approximately 10000 simulated light curves for each scenario.
We tested linear decreases in flux of 0, 10, 20, 30, or 40% over
16 years. For each light curve, we tested the compatibility of a
linear scenario and a constant scenario using a y? test. If the
difference in y? exceeded (>30), the linear model provides a sig-
nificantly better fit than the constant model, which we interpreted
as a significantly detected variation. At the statistical level, we
assessed how often a specific theoretical variation scenario pro-
duces a light curve with significant variation. We assumed that
if a scenario produced a significantly observed variation in more
than 68% of the simulations, it would have caused a significant
variation within the H.E.S.S. dataset.

Figure 3 illustrates the results. The top panel shows the distri-
bution of fitted linear variations for the five theoretical intrinsic
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Fig. 2. Post-trial 95% confidence ranges of HESS J1745-290 flux per
year (blue) when simulations assume a constant flux (solid green line).
Top: raw source measurements. Bottom: recalibrated flux. The ranges
are corrected for the number of trials. Data points from the analysis are
shown in red in both panels.

linear flux decreases. We distinguish between “observed” light
curves for which the linear model is preferred and those in which
it is not. On average, the simulated variations follow the theo-
retical value (blue distributions, centered on the dashed black
lines). However, if one considers only the detected variations, we
see a bias toward higher values (the orange distributions are not
centered on the dashed lines). This is due to a threshold below
which H.E.S.S. cannot detect a 16-year linear variation. The bias
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Fig. 3. Top: results of the simulated linearly varying source. Each vio-
lin plot shows the distribution of detectable variations over 16 years for
each simulated intrinsic variation (from 0 to —40%; a dashed black line
indicates that the mean of this distribution equals the simulated value).
The full distribution is shown in blue, and the distribution of detected
variations that are significantly preferred to a constant solution is shown
in orange. Bottom: percentage of simulated light curves exhibiting a sig-
nificant linear variation over 16 years compared to a constant flux model,
as a function of simulated source flux linear variation. This percentage
increases with the amplitude of the variation, reaching 68% (dashed
blue line) for a simulated linear variation of —28% (corresponding to
a flux decrease of —1.75% per year over 16 years). The shaded region
represents values of simulated linear variations that induce a detectable
variation (at the 30~ confidence level) with a probability greater than
68%. The best-fit linear variation actually observed on the data (though
not significantly) is shown by the red line.

decreases for larger theoretical variations (roughly over 40%).
Hence, this confirms that, given the sensitivity of the H.E.S.S.
dataset, any detected variability is associated with a real varia-
tion in the source flux. The bottom panel of Figure 3 quantifies
the percentage of detected variations among the trials, as illus-
trated in the top panel. It shows, given a theoretical variation of
the HESS J1745-290 source, the percentage of light curves that
exhibit a significant linear decrease. The detection limit corre-
sponds to a decrease of —28% (corresponding to —1.75% of the
flux decrease per year), which rules out any larger flux variation
over the last 16 years. This analysis confirms that testing a vari-
ation hypothesis over the entire period, rather than a single year,
enables the detection of much smaller year-to-year variations. In
the next section, we discuss the implications of these results for
various emission scenarios.

6. Discussion

Particles accelerated in the inner accretion flow are expected
to escape and propagate in the ISM surrounding Sgr A*, par-
ticularly within the 1.5-pc radius CND. Flux variations in the
y-ray emission are therefore modulated by the y-ray production
timescale, which depends on particle transport and matter distri-
bution. Variability of HESS J1745-290 could therefore occur on
timescales of months and years following a possible change in
particle injection.

6.1. Yearly variation as a result of a transient event

The sudden change in particle injection and acceleration in
the accretion flow could result from transient phenomena near
Sgr A*, which would imply a rapid modification of the SMBH
accretion rate. For instance, the model of Cuadra et al. (2015)
shows how objects falling into the accretion flow can alter the
luminosity of Sgr A*. In 2013-2014, an object known as G2
passed its pericenter around Sgr A* (Witzel et al. 2014). The pas-
sage of this G2 object was quickly proposed as a potential trigger
for such a phenomenon, as observed by Murchikova & Witzel
(2021), and has motivated searches for visible counterparts of
the SMBH activity. Notably, Chandra and XMM-Newton have
detected a change in the bright X-ray flare rate since 2013 (Ponti
et al. 2015; Mossoux & Grosso 2017; Mossoux et al. 2020).
Although X-ray flares continue at a regular pace, the propor-
tion of brighter flares has increased since that time. Although
the overall X-ray flare has remained constant over two decades,
(Mossoux et al. 2020) find that the rate of the brightest X-ray
flares increased by a factor of 2.5 after mid-2014, suggesting
a change in the activity of Sgr A*. However, the link between
this evolution of Sgr A*’s X-ray activity and the G2 passage is
doubtful, since the G2 object appears to be only one of many
similar objects orbiting close to Sgr A* around that time, and
thus its influence on the SMBH was likely much smaller than
initially suspected (Bouffard et al. 2019). However, analyses of
X-ray flares monitored by Swift (Andrés et al. 2022) have also
shown a higher activity of Sgr A* in 2006-2007 and 2017-
2019 compared to 2008-2012, although Swift could not monitor
the GC between 2013 and 2016 due to a nearby transient X-ray
source. Assuming that matter fell towards Sgr A* and altered
the accretion flow, and assuming that the particle acceleration
rate is proportional to the accretion rate, the TeV emission of the
GC could be affected on comparable timescales, provided the
radiation timescale is small. We tested the presence of any such
significant variation in TeV luminosity before and after 2013 on
an annual baseline, but we did not see any indication that the
TeV emission seen by H.E.S.S. was altered around or after this
year at this magnitude. However, we note that the overall flu-
ence of the bright flares they considered (a few 10*° erg in a
year) is small compared to the total fluence of Sgr A* over a
comparable period. Furthermore, the TeV emission may include
contributions from both the inner accretion flow of Sgr A*
and the surrounding medium due to escaping particles, imply-
ing that even sudden and large variations in the accretion rate,
directly traced by X-ray flares, could be significantly diluted and
contribute only modestly to the measured TeV flux.

6.2. Long-term evolution of the accretion rate

We now consider the possibility that a long-term change in the
injection and acceleration regime in the accretion disk of Sgr A*
could have occurred over the last decades, gradually affect-
ing the amplitude of the TeV emission over the last 16 years.
Testing these aspects is particularly interesting because while
small short-term variations are limited by the H.E.S.S. sensitiv-
ity, extending the monitoring time of the GC over several years
allows stronger constraints on long-term variations. Recently, a
study of sub-millimeter data involving multiple instruments and
their surveys of Sgr A* over 20 years (Murchikova & Witzel
2021), found the variability of the mean flux to be approximately
+10% of the 14-year average (2005-2019). More recently, a 20%
increase was measured in 2019 compared to the previous epoch
(2015-2017) (GRAVITY Collaboration 2020; Boyce et al. 2022;
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Weldon et al. 2023). In this study, the averaged submillimeter
fluxes are associated with a population of thermal electrons and
are expected to vary together with the mean accretion rate of
Sgr A* (Yuan & Narayan 2014). Although we cannot yet place a
constraining limit on this level of variation, our analysis excludes
the possibility of a specific increase of flux in 2019 greater than
27%.

6.3. Remnants of major past bursts of Sgr A*

There are also indications that Sgr A* itself was considerably
more active in the recent past. The evolution of a large population
of accelerated particles injected during the massive, century-old
flares of Sgr A* (Chuard et al. 2018) could also cause a long-
term variation of the TeV emission, as suggested by Chernyakova
etal. (2011) and Guo et al. (2013). X-ray surveys of nearby clouds
in the central molecular zone show temporal brightness varia-
tions, particularly in the Fe Ka line, which have been explained
as echoes of several moderately distant and very bright events
(Clavel et al. 2013; Churazov et al. 2017; Chuard et al. 2018).
This increase was interpreted as a considerable increase in X-ray
activity at the GC (103 times the current luminosity) about one to
two hundred years ago. Several authors have proposed that this
implies that a large number of cosmic rays were accelerated at
that time and have since been diffusing away from Sgr A* into
the ISM (Chernyakova et al. 2011; Guo et al. 2013). In this case,
the resulting VHE y-ray emission should decrease with time on
a timescale dependent on the diffusion model, but likely on the
order of decades or longer. As the initially accelerated CRs dif-
fuse away into the ISM, their density near Sgr A* decreases as
~t3/2 after a certain amount of time”. If most of the VHE 7 rays
result from the interaction of the CRs with the circumnuclear
ring (as suggested by Linden et al. (2012)), then the resulting TeV
emission should be roughly proportional to the CR density in the
central few parsecs around the SMBH, following F(f) = Fot /2,
where ¢ is the time elapsed since the powerful flare, and Fj is
the reference flux. The ratio between the flux at times #; < £, is

E(1y) Ar\732 :
then i = (1 + ;) . According to Churazov et al. (2017) and
Chuard et al. (2018), a flaring event approximately 100-200 years
ago can explain the X-ray echoes detected across the CMZ. For
our window of observation, At = 16 years, and assuming a pow-
erful injection 100 years ago (from 2004), the relative decrease in
TeV flux over the 16 years should be on the order of 20%. If we
instead consider a 200-year-old flare, this relative decrease drops
to 11%. According to our results, H.E.S.S. is not yet sensitive to
such a resulting decrease in TeV flux over the last 16-years.

7. Conclusion

In this work, we analyze the data collected by H.E.S.S. on
HESS J1745-290 between 2004 and 2019, making it the longest
data set on this region at TeV energies. This work represents the
first application of spectro-morphological analysis to H.E.S.S.
observations of the Galactic center region. The updated spec-
trum of HESS J1745-290 is compatible with the spectrum previ-
ously published in (H.E.S.S. Collaboration 2016). We searched
for variability in the flux of HESS J1745-290 flux on a yearly
basis. We considered the variability of the central source with
respect to the DE by recalibrating the yearly flux of HESS J1745-
290 with the DE flux. We adopted this procedure to mitigate any

2 The TeV flux should initially rise as the injected protons propagate
through the ISM to cover the dense clouds and then decrease with the
local density of CR.
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residual time dependent systematic effects which could affect a
16-year-long survey.

As a result, this new study of the GC with H.E.S.S. finds that
the central source HESS J1745-290 appears to be stable during
this period, corroborating the recent findings of MAGIC (Ahnen
et al. 2017) and VERITAS (Adams et al. 2021). A sensitivity
study shows that our observations rule out year-to-year lumi-
nosity variations larger than 27% and linear decays larger than
28%, over the whole time range. Our constraints on a hypothet-
ical variability of the central source show that the sensitivity of
the instrument to a flux variation (i.e., its capability to detect a
flux variation given a certain level of systematics) is not suffi-
cient to rule out a number of time-evolution scenarios for the
source. Hence, future monitoring of the Galactic center by CTA,
with its enhanced sensitivity and improved control of systemat-
ics, should help to better constrain HESS J1745-290’s temporal
behavior.
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Appendix A: Yearly energy fluxes of
HESS J1745-290

Table A.1. Recalibrated yearly energy fluxes of HESS J1745-290.

Year Flux (107 ergcm™2 s7T)

2004 1.60 £ 0.14
2005 1.84 £ 0.14
2006 2.02+£0.30
2007 1.49 £ 0.30
2008 1.67 £ 0.26
2009 1.35 £ 0.40
2010 2.14 £0.35
2011 1.47 £ 0.27
2012 1.63 £ 0.15
2013 1.63 £ 0.14
2014 1.76 £ 0.16
2015 1.46 + 0.17
2016 1.09 £ 0.30
2017 2.79 + 1.88
2018 2.53£0.55
2019 1.72 £ 0.19

Notes. The yearly energy fluxes are recalibrated according to the method
described in Sect. 4.1. Fluxes are given in units of 10712 erg cm™2 s7!.

Uncertainties correspond to 1o statistical errors.

Appendix B: Spectral index variation

We investigated the possibility of energy-dependent time vari-
ability of HESS J1745-290. We performed a time-resolved 3D
analysis where spectral indices as well as normalizations of the
DE and HESS J1745-290 are left free to vary during the fit pro-
cedure, whereas the cut-off energy of HESS J1745-290 spectrum
is kept constant. We can see on figure B.1, that it did not result
in any significant variation.

-1, chi2/ddl = 25.982 /18 — constant model, value = 196e+00 + 4.30e-02, chi2/dd| = 16.258 /14

2004 2006 2008 2010 2012 2014 2016 2018 2004 2006 2008 2010 2012 2014 2016 2018

le-11 DE amplitude DE index

— constant model. value = 8.05e-12 = 3.22¢-13, chi2/ddl = 16135 / 14 — constant model, value = 2.28e+00 = 3.85¢-02. chi2/ddl = 24.843 /14

w b gy |

e
. e fT\' | '++”‘

2004 2006 2008 2010 2012 2014 2016 2018 2004 2006 2008 2010 2012 2014 2016 2018
veas e

Fig. B.1. Evolution of the spectral index and normalization over time
when left free to vary. Top: evolution of (left) the amplitude normaliza-
tion and (right) spectral index of HESS J1745-290 with time. Bottom:
evolution of (left) the amplitude normalization and (right) spectral index
of the DE with time. In each panel, the blue line shows the best-fit con-
stant value with its associated uncertainty. The corresponding y?/d.o.f.
values are indicated, showing that in all cases the parameters are com-
patible with being constant.
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