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ABSTRACT

Aims. We study y-ray emission from the shell-type supernova remnant (SNR) RX J0852.0-4622 to better characterize its spectral properties and 
its distribution over the SNR.
Methods. The analysis of an extended High Energy Spectroscopic System (H.E.S.S.) data set at very high energies (E > 100 GeV) permits 
detailed studies, as well as spatially resolved spectroscopy, of the morphology and spectrum of the whole RX J0852.0-4622 region. The H.E.S.S. 
data are combined with archival data from other wavebands and interpreted in the framework of leptonic and hadronic models. The joint Fermi- 
LAT-H.E.S.S. spectrum allows the direct determination of the spectral characteristics of the parent particle population in leptonic and hadronic 
scenarios using only GeV-TeV data.
Results. An updated analysis of the H.E.S.S. data shows that the spectrum of the entire SNR connects smoothly to the high-energy spectrum 
measured by Fermi-LAT. The increased data set makes it possible to demonstrate that the H.E.S.S. spectrum deviates significantly from a power 
law and is well described by both a curved power law and a power law with an exponential cutoff at an energy of Ecut = (6.7 ± 1.2stat ± 1.2syst) TeV. 
The joint Fermi-LAT-H.E.S.S. spectrum allows the unambiguous identification of the spectral shape as a power law with an exponential cutoff. No 
significant evidence is found for a variation of the spectral parameters across the SNR, suggesting similar conditions of particle acceleration across 
the remnant. A simple modeling using one particle population to model the SNR emission demonstrates that both leptonic and hadronic emission 
scenarios remain plausible. It is also shown that at least a part of the shell emission is likely due to the presence of a pulsar wind nebula around 
PSR J0855-4644.
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1. Introduction

RX J0852.0-4622 belongs to the class of young shell-type su
pernova remnants (SNRs) that display broadband nonthermal 
emission and have been detected at very high energies (pho
ton energies E > 100 GeV; Katagiri et al. 2005; Aharonian et al. 
2005, 2007); this SNR is listed in the Green SNR catalog (Green 
2009) as SNR G266.2-1.2, as HESS J0852-463 in the High 
Energy Spectroscopic System (H.E.S.S.) catalog1, and is com
monly referred to as Vela Junior. Its properties are similar to 
RX j1713.7-3946 (H.E.S.S. Collaboration 2018a) and, similar 
to this object, it has been extensively studied at multiple wave
lengths (for an overview see Aharonian et al. 2007). The dis
tance to the remnant and its age are still under debate in the liter
ature but the range of possible values is narrowing. Studies of the 
shell expansion in X-rays, based on XMM-Newton data and the 
assumption of a shock velocity of 3000 km s-1, have established 
a distance of ~750pc and an age between 1700 yr and 4300 yr 
(Katsuda et al. 2008). Similar studies were also recently con
ducted with Chandra data from the years 2003 to 2008, placing a 
lower limit on the distance to the remnant at 500 pc (Allen et al.
2015). An upper limit is determined by the comparison of the 
detected 44Ti line emission with evolution models for different 
types of supernova (SN) explosions, yielding a highest allowed 
distance of 1 kpc (Iyudin et al. 2010). The distance estimate by 
Katsuda et al. (2008) is in the middle of the range of allowed 
values and is adopted hereafter.

The y-ray emission from RX J0852.0-4622 has been inter
preted in the framework of both hadronic (proton-proton inter
actions with subsequent n0 decay) and leptonic (inverse Comp
ton (IC) scattering of relativistic electrons on ambient radiation 
fields) scenarios, without a definite answer so far. The high mag
netic fields implied by hadronic scenarios are supported by the 
existence of sharp filamentary X-ray structures in the north
western (NW) rim of the remnant, which have been resolved 
by Chandra (Bamba et al. 2005). The small effective width of 
these structures is explained by fast synchrotron cooling of rela- 
tivistic electrons implying strong magnetic field amplification. 
The estimates of the amplified magnetic field strength range 
from >100juG (Berezhko et al. 2009) to ~500uG  (Bamba et al. 
2005). A softening of the X-ray spectrum of the remnant to
ward the interior of the SNR recently detected in the NW rim 
of RX J0852.0-4622 with XMM-Newton was interpreted as the 
gradual decrease of the cutoff energy of the electron spectrum 
due to fast synchrotron cooling (Kishishita et al. 2013). The au
thors have shown that the detected softening can be reproduced 
for a low magnetic field of a few uG, which would, however, 
require a high value of the electron cutoff energy of ~100TeV 
near the shock front. For a lower value of the cutoff energy of 
about 20TeV, a high magnetic field of >100 uG  is required, still 
suggesting a strong magnetic field amplification in the rim. Al
ternatively, the sharp X-ray filaments can be explained by non
linear damping of strong magnetic turbulence downstream from 
the shock, which creates thin regions with an enhanced mag
netic field strength (see, e.g., Pohl et al. 2005). In this case the 
width of the filaments is limited by the extent of the regions with 
strong magnetic fields and the softening of the spectrum can be 
explained by the spatial variation of the magnetic field strength 
(Pohl et al. 2005; Rettig & Pohl 2012).

On the other hand, the hadronic scenario requires a rela
tively high density of the ambient medium of about ~1cm -3 
(Aharonian et al. 2007), which is in contradiction with the lack

1 https://www.mpi-hd.mpg.de/hfm/HESS/pages/home/ 
sources/

of detected thermal X-ray emission. The lack of thermal emis
sion places an upper limit on the ambient density at ~0.01 cm-3 
(Slane et al. 2001). Such a low density of the ambient medium 
is actually expected in the case of a core collapse SN explo
sion when the SNR is expanding inside the stellar bubble of 
the progenitor star. This scenario is argued to be the case for 
RX J0852.0-4622, as supported by the detection of the central 
compact object (CCO) AX J0851.9-4617.42 close to the cen
ter of the remnant (Aschenbach 1998; Aschenbach et al. 1999; 
Slane et al. 2001). However, no pulsations were detected from 
the CCO and, moreover, later it was suggested that the source 
might be an unrelated planetary nebula (Reynoso et al. 2006). 
An ambient density as low as 0.01 cm-3 leads to an unrealis- 
tically high value of the total energy in protons of ~1051 erg 
in the hadronic scenario (Tanaka e ta l. 2011). This would im
ply that all the energy from the SN explosion (~1051 erg) is 
used in accelerating particles, whereas normally this number is 
expected to be a factor ~10 lower. Several explanations were 
suggested to overcome the problem of the inconsistency of 
the hadronic model with the lack of thermal X-ray emission. 
Telezhinsky (2009) suggested that RX J0852.0-4622 might be 
older (17 500 yr) than usually assumed, which would place it in 
the transition phase between the adiabatic and radiative phases 
of SNR evolution. In this case the expected thermal X-ray 
flux decreases due to the formation of the dense shell and the 
cooling of the gas. The lack of thermal emission can only be 
claimed for the gas with a temperature above 1 keV because 
at lower energies RX J0852.0-4622 is completely obscured by 
the strong thermal emission from the Vela SNR. Another possi
ble explanation was suggested by Inoueetal. (2012) and later 
by Gabici & Aharonian (2014) for the R X J1713.7-3946 SNR 
showing that a highly inhomogeneous clumpy environment sig
nificantly increases the expected y-ray emission from hadronic 
interactions, while the thermal X-ray emission might remain at 
a very low level because denser cores of gas in clumps, which 
carry most of the mass, can survive the shock passing without 
being ionized. The environment of RX J0852.0-4622 exhibits 
a number of large clouds of atomic hydrogen, which are close 
to the current position of the main shock and coincident with 
the regions of enhanced emission from the remnant (see, e.g., 
Fukui 2013; Obergaulinger et al. 2014, and references therein). 
The lack of thermal X-ray emission is at the same time a strong 
argument in favor of a leptonic scenario. The leptonic scenario 
can naturally explain the correlation between the X-ray and y-ray 
emitting regions (Aharonian et al. 2007) and is able to match 
the broadband emission from RX J0852.0-4622. This suggests, 
however, a very low average magnetic field of about 5-10 uG  
(Lee et al. 2013; Aharonian et al. 2007), which, in turn, seems to 
be in contradiction with the sharp filamentary structures detected 
in X-rays. Recent X-ray observations with Suzaku (Takeda et al.
2016) reveal a faint hard X-ray component in the NW rim of 
RX J0852.0-4622. X-rays are reported with a spectral index of 
3.15+118 in the energy range from 12keV to22keV. The absence 
of ro-ll-off in the X-ray spectrum disfavors one-zone synchrotron 
models with electron spectra in the form of a power law with 
an exponential cutoff. However, the uncertainties on the spectral 
parameters are too large to draw strong conclusions.

X-ray observations with XMM-Newton (A ceroetal. 2013) 
led to the discovery of a pulsar wind nebula (PWN) with 
an extension of 150 arcsec around the energetic (spin-down 
power E = 1.1 1036 erg/s) radio pulsar PSR J0855-4644
that coincides with the shell of RX J0852.0-4622. The pulsar

2 Also known as CXOU J085201.4-461753.
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is energetic enough to power a very high-energy PWN that 
is detectable by current generation Cherenkov telescopes 
(H.E.S.S. Collaboration 2018b, and references therein). M ea
surements of the column density toward the pulsar and 
RX J0852.0-4622 in X-rays with XMM-Newton data show that 
both objects are located at similar distances. Nevertheless, an as
sociation of PSR J0855-4644 with the SNR seems unlikely to be 
due to the age difference (the pulsar characteristic age is 140 kyr) 
and the large speed (~3000 km s-1) needed by the pulsar to travel 
from the geometrical center of the SNR to its current position.

This paper reports new H.E.S.S. observations of 
RX J0852.0-4622. Section 2 describes the data set and the 
applied analysis techniques, and Sect. 3 presents the results of 
the conducted morphological and spectral studies. The results 
are discussed in the context of multiwavelength data and a 
simple modeling using one particle population for the entire 
SNR emission in Sect. 4 .

2. H.E.S.S. observations and data analysis

H.E.S.S. is an array of five Cherenkov telescopes situated in the 
Khomas Highland of Namibia at an altitude of 1800 m above 
sea level. In its initial phase, it consisted of four 13 m diameter 
telescopes sensitive in the energy range of 100 GeV to 100 TeV. 
In 2012, a fifth, 28 m telescope was added at the center of the 
array that allows the threshold of the instrument to be lowered to 
several tens of GeV. All data presented in this work were taken in 
the initial phase of H.E.S.S. when only the 13 m telescopes were 
available. More details on the performance of H.E.S.S. in the 
four-telescope configuration are given in Aharonian et al. (2006) 
and references therein.

The data used for the analysis of RX J0852.0-4622 were 
taken between 2004 and 2009; the bulk of the observations were 
performed between 2004 and 2006. The analysis of the data up 
to the end of 2005 has already been published (Aharonian et al. 
2005, 2007). This work presents a reanalysis of the source mo
tivated by a rough doubling of the data set. The exposure times 
(normalized to an offset of 0.7°) available for morphological and 
spectral analyses amount to 60 h and 39 h, respectively. Thanks 
to the improved statistics more detailed studies of the morphol
ogy and spectrum are possible. In addition, a spatially resolved 
spectroscopy of the source can be performed.

The RX J0852.0-4622 data were analyzed with methods 
that are similar to the techniques discussed in Aharonian et al. 
(2006), however with two differences: gamma-hadron separa
tion took advantage of a multivariate approach (Ohm et al. 2009, 
instead of box cuts based on scaled Hillas parameters), and 
a forward-folding method with a likelihood technique similar 
to that described in P ironetal. (2001) was used for spectrum 
derivation and flux measurements (instead of least-squares fit
ting). The results presented here were derived with the so-called 
HAP-HD analysis software and the corresponding instrument re
sponse tables. All results have been cross-checked with two in
dependent software chains using an independent calibration of 
the data, yielding compatible results.

The extraction region or ON-source region (short: ON re
gion) selected for the analysis is a circle centered at the nominal 
position of RX J0852.0-4622 (in right ascension and declination 
8h52m, -46°22 '12", J2000) with a radius of 1.0°. This ON re
gion is referred to as whole SNR in the following. To avoid any 
contamination from the nearby Vela X PWN (Abramowski et al.
2012) the region of the sky covering this source is excluded from 
the analysis, in particular in the estimation of cosmic-ray back
grounds from OFF-source regions (short: OFF regions).

Two different analysis configurations were applied to the 
data when studying the morphological and spectral properties 
of RX J0852.0-4622, respectively:

-  Spatial analysis was used to produce two-dimensional spa
tial skymaps to study the morphology of RX J0852.0-4622. 
This analysis is characterized by a loose (less stringent) data 
selection criterion in which data taken under optimal atmo
spherical conditions, but varying instrumental conditions, are 
acceptable. Hard image cuts were used for data filtering to 
improve the angular resolution at the expense of statistics. 
Cosmic-ray backgrounds were estimated with the ring back
ground model (Berge et al. 2007).

-  Spectral analysis was used to produce flux measurements to 
study the photon spectrum of the entire SNR or of subre
gions (i.e., for spatially resolved spectroscopy). This analysis 
is characterized by a stringent (conservative) data selection 
criterion aiming at reducing systematic errors by selecting 
only data taken under optimal atmospherical and instrumen
tal conditions. Standard cuts were used for data filtering, and 
the reflected region background model (Berge et al. 2007) 
was applied for cosmic-ray background estimation.

Details of the data selection criteria and the cut configurations 
(hard, standard) can be found in Aharonian et al. (2006). The 
analysis of RX J0852.0-4622 is challenging since the regions 
used for signal extraction and for excluding nearby sources from 
the analysis are large with respect to the field of view of the in
strument, as compared to other sources. A careful study of the 
systematic uncertainties showed a larger than usual variation of 
spectral parameters when comparing the results derived with dif
ferent analysis chains in use within the H.E.S.S. Collaboration. 
The dispersion of the results yielded a systematic error on flux 
measurements of 25% and an error on spectral indices of 0.2 for 
spectral indices in the range from 1.5 to 2.2. The error of cutoff 
energies was found to be 20%. These uncertainties are slightly 
larger than the typical systematic errors given for H.E.S.S. in 
Aharonian et al. (2006), and do not represent the general trend 
of H.E.S.S. measurements.

3. Results

Table 1 summarizes the event statistics of all analyses applied 
to the data using the ON region detailed above to encompass the 
entire SNR, and other smaller regions, to study spectral details of 
the different parts of RX J0852.0-4622 in the spatially resolved 
spectroscopy studies presented in Sect. 3.3. The specific param
eters for all regions used are defined in Table A.1.

3.1. Source morphology

The spatial analysis of RX J0852.0-4622 (cf. first row of 
Table 1) is based on a data set with a total livetime of 93.6 h 
and results in a total significance of 39.1^. The difference be
tween the livetime of the analysis and the exposure time previ
ously quoted is because a large amount of the available observa
tions were targeting nearby sources, had large offsets, and hence 
a small effective exposure time. The angular resolution attained 
in the morphological analysis is characterized by a PSF width 
(68% containment radius) of 0.08°. This angular resolution is 
larger than the 0.06° reported for the morphological analysis in 
Aharonian et al. (2007) since the default telescope multiplicity 
(>2 telescopes per event) was respected in the analysis presented 
here. This favors y-ray efficiency at the expense of a somewhat

A7, page 3 of 14



A&A612, A7 (2018)

Table 1. Statistics of the different analyses of the RX J0852.0-4622 data set.

Region Analysis (Pzen) <Paz> (Poff > t [h] No n No f f a Excess Significance
whole SNR spatial 29° 194° 1.4° 93.6 34025 16854 1.4 10332 39.1a
whole SNR spectral 32° 207° 1.2° 21.0 43 363 36097 1.0 7266 25.8a
NW rim spectral

0<NCO 204° 1.4° 28.8 17561 32212 0.4 4232 29.0a
0 spectral 32° 206° 1.2° 31.3 24873 51 436 0.4 3857 21.6a
1 spectral 30° 201° 0.95° 18.4 5290 18 586 0.2 949 12.5a
2 spectral 31° 200° 1.0° 27.8 6912 27412 0.2 1058 12.1a
3 spectral 32° 200° 0.92° 22.2 6639 21 000 0.3 1342 15.7a
4 spectral 32° 202° 0.91° 19.1 5315 12 941 0.3 1062 13.5a
5 spectral 31° 197° 1.1° 30.8 7163 27 146 0.2 1469 16.9a
6 spectral

0OCO 203° 0.93° 17.4 5189 10 461 0.4 1261 16.1a
A spectral 31° 200° 1.2° 38.0 1151 14813 0.061 248 7 .7a
B spectral 31° 200° 1.2° 38.0 8127 34927 0.19 1513 16. 4 a
C spectral 32° 202° 1.2° 35.6 27852 47 530 0.49 4718 24.4a
D spectral 32° 201° 1.2° 38.8 1180 15587 0.057 298 9 .3a
B' spectral 31° 200° 1.2° 38.0 6976 29 997 0.19 1264 14.7a
C' spectral 32° 202° 1.2° 35.6 19594 33 898 0.49 3144 19.3a

Notes. For each analysis, the table shows the name of the region analyzed (region definitions in Table A.1), the applied analysis type, the mean 
zenith, and azimuth angles of the observations ((dzen> and (daz>, respectively), the mean offset angle (9off>, the livetime t, the number of events in the 
signal (ON) region Non, the number of events in the background (OFF) region NOFF, the exposure normalization (ratio of ON to OFF exposures) 
a, the number of excess counts in the ON region, and the significance of the signal in the ON region in number of Gaussian standard deviations a.

larger angular resolution. Figure 1, left, shows the excess map 
corrected for the gradient of exposure across the field of view 
and smoothed with a Gaussian function with a width equal to 
the PSF width of 0.08°. The TeV emission matches the shape 
of the SNR shell well when compared to measurements in radio 
and X-rays; the brightest region is a semicircular arc in the NW 
(the NW rim), and there are two other bright regions toward the 
south and southeast. The contours of the ROSAT All Sky Survey 
for energies larger than 1.3 keV, smoothed to match the H.E.S.S. 
angular resolution, are shown in red in Fig. 1, right, together 
with the H.E.S.S. significance contours. The overall agreement 
is good. With an extension of ~2° in diameter, RX J0852.0-4622 
is one of the largest known TeV sources in the sky.

The ON region (shown in Fig. 1, right) is in fact slightly 
too small since it barely encompasses the 5 a  significance con
tour. This region was chosen because of the large extension of 
the source; an even larger ON region would make the determi
nation of OFF regions within the same field of view very diffi
cult, thereby reducing the effective data set available, especially 
for the spectral studies (cf. Sect. 3.2) . The number of y-rays left 
outside the ON region is small (~5%) compared to the signal in
side and its systematic uncertainty. In the following, the effect is 
therefore neglected. Nevertheless, to avoid background contam
ination, a larger region covering the whole RX J0852.0-4622 
emission was excluded for the determination of suitable OFF 
regions.

Projections of the skymap in Fig. 1 were calculated from 
the unsmoothed data and the resulting photon counts were nor
malized to the covered solid angle. Inspection of the radial pro
file (i.e., a skymap projection along the radial coordinate; pro
file not shown here) confirms the earlier result that the emission 
comes from a thin shell and not from a sphere (Aharonian et al. 
2007). The azimuthal profile (i.e., skymap projection along the 
azimuthal coordinate) calculated for an annulus with inner and 
outer radius of 0.6° and 1.0° , respectively, around the cen
ter of RX J0852.0-4622 is shown in Fig. 2. The azimuth an

gle is defined counterclockwise from north. Two periods sepa
rated by a dashed gray line are shown; green and black dashed 
lines at 121° and 168°, respectively, denote the position of 
PSR J0855-4644 and the center of the enhancement seen toward 
the south of the shell.

The azimuthal profile (blue points of Fig. 2, right) clearly 
shows that the emission is not homogeneous along the shell. 
In general, the NW rim (from 220° to 400°) is brighter than 
the southeastern part of the shell, where a region of high emis
sion is observed between the southern (~160°) and the south
eastern (~120°) enhancements. The emission in the southeast 
(cf. Fig. 2, left) is coincident with the position of the pulsar 
PSR J0855-4644. The emission roughly in the south is found to 
be coincident with the Fermi-LAT source 2FGL J0853.5-4711 
and very close to the radio source PM N J0852-4712 (see 
Wright e ta l. 1994); 2FGL J0853.5-4711 is one of the three 
point-like sources in the 2FGL Fermi-LAT catalog3 associated 
with RX J0852.0-4622 as indicated in L andeetal. (2012) and 
Nolan et al. (2012). This morphology is also seen in radio and 
X-ray maps (S tuparetal. 2005) where most of the emission 
comes from the NW rim of the shell with some local enhance
ments toward the south. The azimuthal profile for the same re
gion of the ROSAT All Sky Survey for energies larger than 
1.3 keV was derived as well (red points of Fig. 2, right). The 
profiles of both instruments show a similar trend with a less pro
nounced enhancement toward PSR J0855-4644 in the case of 
the X-rays. In addition, the X-ray profile shows a clear local 
minimum at ~300°, marking a break in the NW rim region of 
the shell. This discontinuity of the shell is not as pronounced in 
the y-ray emission.

3 The subsequent 3FGL Fermi-LAT catalog (Acero et al. 2015) models 
RX J0852.0-4622 as an extended source (3FGL J0852.7-4631e) and 
does not list a counterpart.
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Fig. 1. Left: exposure-corrected excess map for RX J0852.0-4622. The data were binned in bins of 0.010 on each coordinate and smoothed with 
a Gaussian function of width 0.080. The white dashed line shows the position of the Galactic plane; the inset shows the PSF of the analysis at the 
same scale for comparison. Right: same as in the left panel, but additionally the boundary of the ON region is shown as a white circle and the 
significance contours at 3, 5, 7, 9, and 11^ are shown in black with increasing line width for increasing significance. In addition, X-ray contours 
from the ROSAT All Sky Survey for energies larger than 1.3 keV are shown in red. The X-ray data were smoothed in the same way as the y-ray 
data to allow for a direct comparison. The X-ray contours were derived at 25, 50, 75, and 100 counts. The green star indicates the position of 
PSR J0855-4644.

Fig. 2. Left: smoothed and exposure-corrected excess map with ROSAT X-ray contours, as in Fig. 1. The white annulus denotes the region used for 
extraction of the azimuthal profile; the white vertical line denotes the origin of the azimuthal angle (north), which increases in the counterclockwise 
direction. The green star indicates the position of PSR J0855-4644. The white dot-dashed line indicates a point-like region around the position of 
the southern enhancement. Right: azimuthal profile extracted from the annulus in the skymap on the left panel is shown in blue for the H.E.S.S. 
y-ray data (left scale) and in red for the ROSAT X-ray data (right scale). For better visibility, two periods separated by a dashed gray line are 
shown. The azimuthal position of PSR J0855-4644 and the center of the region around the southern enhancement are indicated by green and black 
vertical dashed lines, respectively. The vertical error bars represent 1^ statistical uncertainties; the horizontal bars represent the bin widths.

3.2. Gamma-ray spectrum of the whole supernova 
remnant

The increased data set for RX J0852.0-4622 enables a deeper 
study of the emission spectrum of the entire SNR. After data 
quality selection, the available exposure only amounts to 21.0 h 
since a sizable amount of the available observations is not usable 
for spectrum determination because of the large extent of the ON 
region and the exclusion region for Vela X. Many of the smaller 
ON regions used in the spatially resolved spectroscopy analysis 
in Sect. 3.3 achieve a better data efficiency. The statistics and 
properties of the ON region encompassing the whole SNR are 
shown in row 2 of Table 1. The spectrum was calculated in the 
energy range from 0.3 TeV to 30TeV with the forward-folding 
technique assuming the three models listed in Table 2: a plain 
power law, a curved power law, and a power law with exponen
tial cutoff. In the latter model, the parameter A = 1 / Ecut is used

Table 2. Spectrum models.

Model Formula Parameters

PL dO /dE  = ty ,(E /E0)-r ¢0, r
CPL dO /dE  = O0(E /E 0)-r-^ log(E/E()) e o

ECPL dO /dE  = O0 (E /E 0)- r  exp(-E/Ecut) ¢0, r , 1/Ecut

Notes. For each model, the formula and the fit parameters are shown. 
The models are power law (PL), curved power law (CPL, also known as 
logarithmic parabola), and power law with exponential cutoff (ECPL).

in the fit because its error has a more Gaussian-like distribution 
than that of Ecut.

The best parameters found for all three models are presented 
in Table 3 (central section). A likelihood ratio test (based on the 
Wilks theorem from Wilks 1938) is used to select the model that
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Table 3. Parameters of the spectral fits of the entire SNR and results of the likelihood ratio tests for each of the models from Table 2.

A&A612, A7 (2018)

Model ¢ 0 [cm-2 s-1 TeV-1] r P Ecut [TeV] log L NFP Significance
PL (27.4 ± 0.9) x  10-12 2.30 ± 0.03 n/a n/a -51.717 2 n/a
CPL (28.8 ± 1.1) x  10-12 1.89 ± 0.07 0.23 ± 0.04 n/a -24.567 3 7 .3a
ECPL (32.2 ± 1.5) x  10-12 1.81 ± 0.08 n/a 6.7 ± 1.2 -21.623 3 7 .7a

Notes. The central section of the table lists the fit parameters. In the case of the power law with exponential cutoff, Ecut is shown instead of the 
fitted parameter A = 1 /Ecut. The quoted errors represent 1a statistical uncertainties. In all cases the reference energy E0 was chosen to be 1 TeV. 
The right section of the table shows the results of the likelihood ratio test in order to check for the existence of a curvature in the spectrum. The 
logarithm of the likelihood L, the number of free parameters NFP, and the equivalent significance of the probability of the test in Gaussian standard 
deviations a  are shown for each fitted model. The test results apply to the comparison of a certain model with respect to the simpler (i.e., power 
law) model.

Fig. 3. H.E.S.S. and Fermi-LAT spectra for RX J0852.0-4622 with sta
tistical and systematic errors. The Fermi-LAT measurement was taken 
from Tanaka et al. (2011). The figure shows the spectral points with 1a 
statistical (light and dark blue lines for Fermi-LAT and H.E.S.S., respec
tively) and systematic (red lines in both cases) uncertainties together 
with the spectral fits and their 1a statistical uncertainty (shaded bands). 
In addition, the simultaneous Fermi-LAT-H.E.S.S. fit function is also 
shown (orange dashed line).

describes the data best. The null hypothesis is the power law 
model and the alternative hypothesis is either the curved power 
law or power law with exponential cutoff model. Both alternative 
models are allowed to fall back into the power law during the fit, 
thereby fulfilling the nested hypotheses requirement for the test.

The results of the likelihood ratio tests are shown in the right 
section of Table 3. The power law model is rejected at the 7 .3a  
level by the curved power law model and at the 7.7a  level by 
the power law with exponential cutoff model. This demonstrates 
that a curved spectrum is clearly preferred over a plain power 
law, implying that an intrinsic curvature exists in the spectrum 
of RX J0852.0-4622. Since the power law with exponential cut
off model shows the highest significance, it will be used in the 
following as the model describing the data best. More complex 
models, such as power law with sub- or superexponential cutoff, 
were tested as well, but these models are not significantly better 
than any of the two curved models with three parameters.

The H.E.S.S. spectrum of RX J0852.0-4622 is shown in 
Fig. 3 together with the Fermi-LAT spectrum from Tanaka et al. 
(2011). The H.E.S.S. spectral points and fit parameters are 
shown in Tables A.2 and 4 (central column), respectively. 
The spectrum derived in this work represents a flux level

that is 50% higher than that derived in previous publications 
(Aharonian et al. 2005, 2007). A careful study has revealed that 
the lower flux found in the earlier analyses was due to a lack 
of correction for the degradation of the telescope reflectivities 
when estimating y-ray energies and fluxes. The revised flux 
makes RX J0852.0-4622 the brightest steady source in the sky 
above 1 TeV with F (E  > 1 TeV) = (23.4 ± 0.7stat ± 4.9syst) x 
10-12cm-2 s-1 (a flux -13%  larger than the flux of the Crab 
nebula4 in the same energy range) and results in a smooth con
nection of the GeV (Fermi-LAT) and TeV (H.E.S.S.) spectra 
(cf. Fig. 3). Indeed, the spectral break that is visible at the 
5 .4a  level (statistical; or 1.6a systematic) between the GeV

+0.18cyct
( r  = 1.85 ± 0.06stat . 0, ^ )  and the TeV ( r  = 2.24 ± 0.04stat ±
0.15syst) spectra in Tanaka e ta l. (2011) with the current mea
surement from Table 4 (central column) is only 0 .4 a  (statistical),
1.e., nonexistent.

Using both the Fermi-LAT and H.E.S.S. measurements, the 
ambiguity between the power law with exponential cutoff and 
curved power law models can be solved. Indeed, a simultaneous 
fit of the Fermi-LAT and H.E.S.S. data points yields a X  fit prob
ability of 94% for a power law with exponential cutoff model, 
whereas the probability for the curved power law is 3.1 x  10-7. 
The simultaneous Fermi-LAT-H.E.S.S. fit using the power law 
with exponential cutoff model is shown in Fig. 3 with an orange 
dashed line and the fit parameters are shown in the rightmost 
column of Table 4 . We determined the systematic uncertainties 
of the parameters of the simultaneous fit from the variations ob
served when moving the Fermi-LAT points down (up) and the
H.E.S.S. points up (down) by one standard deviation of their re
spective systematic uncertainties, which tests the systematic un
certainty of the spectral index and cutoff energy. We also moved 
all data points down or up simultaneously to test the systematic 
uncertainty of the normalization.

A comparison of the parameter values of the simultane
ous Fermi-LAT-H.E.S.S. fit and of the H.E.S.S. only spectrum 
(cf. Table 4) shows good agreement. The simultaneous fit shows 
smaller statistical uncertainties for all parameters (especially for 
the spectral index and cutoff energy), a smaller systematic un
certainty for the spectral index, a larger systematic uncertainty 
in the normalization, and a similar systematic uncertainty in the 
cutoff energy. Thus, the simultaneous fit is able to better deter
mine the spectral index and cutoff energy at the cost of a higher 
systematic uncertainty in the flux. The latter is due to the larger 
systematic error in the Fermi-LAT flux measurement (-3 0 
35%). The simultaneous fit also shows a smaller uncertainty for

4 Crab nebula fluxes in this work are calculated using the spectrum 
from Meyer et al. (2010).
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Table 4. Fit parameters for the H.E.S.S. spectrum (central column) and the simultaneous Fermi-LAT-H.E.S.S. spectral fit (right column) of 
RX J0852.0-4622.

H.E.S.S. Collaboration: RX J0852.0-4622: Morphology studies and resolved spectroscopy

Parameter H.E.S.S. Fermi-LAT-H.E.S.S. fit
¢ 0 [10-12 cm-2 s-1 TeV-1] 32.2 ± 1.5stat ± 7.1syst 3 1 6  ± 1.4stat ± 7.6syst
r 1.81 ± 0.08stat ± 0.20syst 1.79 ± 0.02stat ± 0.10syst
Ecut [TeV] 6.7 ± 1.2stat ± 1.2syst 6.6 ± 0.7stat ± 1.3syst
E 0 [TeV] 1 1
Emin — E max [TeV] 0.3-30 0.001-30
F(> 1 TeV) [10-12 cm-2 s-1] 23.4 ± 0.7stat ± 4.9syst 23.2 ± 0.7stat ± 5.6syst
F (0.3 -3 0  TeV) [10-12 cm-2 s-1] 84.1 ± 4 .3stat ± 21.7syst 81.7 ± 2.6stat ± 19.6syst

Notes. The parameters refer to the power law with exponential cutoff model (ECPL in Table 2). The parameter Ecut is shown instead of the fitted 
parameter A = 1/Ecut. The integral fluxes above 1 TeV (F(>1 TeV)) and in the fitted range from 0.3 TeV to 30TeV (F(0.3-30TeV)) are also 
shown. For the H.E.S.S. spectrum, these two fluxes represent —113% and ~64%, respectively, of the flux of the Crab nebula in the same energy 
ranges. The quoted errors represent 1 r  statistical and systematic uncertainties.

the low-energy part of the spectrum (E < 1 TeV), as shown by 
the smaller statistical uncertainty in the F (0 .3 -30  TeV) quantity, 
in contrast to the same uncertainty for the F(>1 TeV) quantity.

3.3. Spatially resolved spectroscopy

The increased data set on RX J0852.0-4622 and the size of the 
SNR allow for the first time a spatially resolved spectroscopy,
i.e., the derivation of spectra for subregions. For this purpose, 
we defined different subregions of RX J0852.0-4622 follow
ing its y-ray morphology and the location of the PWN around 
PSRJ0855-4644 and the southern enhancement. As shown in 
Fig. 4 (top left), we divided the SNR into a central part (re
gion 0) and six regions (1-6) in the annulus covering the shell 
to test for spectral variations across the SNR. An additional re
gion encompasses the 5 r  significance contour around the bright 
NW rim (cf. Fig. 4 , top center). Three circular regions around 
the position of PSR J0855-4644 (regions A, B, and C in Fig. 4 , 
top center) are used to estimate a possible PWN flux. Region A 
supposes a point-like source centered at the pulsar position. Re
gion B encompasses the 7 r  contour around the pulsar excluding 
the elongation to the south. Region C roughly encompasses the 
5 r  contour around the pulsar. Region D (cf. Fig. 4, top center) 
is adapted to a hypothetical point-like source for the southern 
enhancement observed in the skymap and the azimuthal profile 
(cf. Fig. 2) . In addition, the regions B' = B \  A (i.e., region B, 
excluding region A) and C ' = C \  B \  D (i.e., region C, excluding 
regions B and D) are used to search for a softening of the spec
trum of the possible TeV PWN around PSR J0855-4644 (shaded 
areas in Fig. 4 , top right). The specific parameters for all regions 
used are defined in Table A.1.

Spectral analyses similar to those presented in Sect. 3.2 were 
performed for each of the regions. The event statistics of all anal
yses are presented in Table 1. All analyzed regions show a clear 
signal with significances between 7.'7 r  and 29 .0 r. The spectral 
parameters of a power law with exponential cutoff fitted to the 
data of each analyzed region in the energy range from 0.3 TeV 
to 30 TeV are shown in Table 5. The significance of the cutoff is 
listed in the rightmost column.

The central part of the SNR (region 0) and the shell toward 
the bright NW rim show a preference for a cutoff in the spectrum 
(test significance greater than 3 r) ; for the enhancement toward 
PSRJ0855-4644 the significance of the cutoff is only 1 .8 r for 
the point-like region (region A) but it grows with the size of the 
integration region (regions B and C). As for spectral variations

across the RX J0852.0-4622 region, the shape of the spectrum 
of the NW rim is compatible with the spectrum of the whole 
SNR. This spectrum is also compatible with the spectra of the 
rest of the SNR at the 2 r  level when comparing to either re
gions C or 0, which largely cover the rest of the SNR emission. 
The spectra of the regions 0 to 6 do not show a clear deviation 
from the spectrum of the whole SNR ( r  — 1.8, A — 0.15 TeV-1), 
as shown by the overlapping error contours in Fig. 4 (bottom 
left); the variations of the spectral index r  are smaller than ± 2 r . 
Although region 2 seems to deviate from regions 1, 4, and 6, the 
effect is not significant, and indeed the weighted average of (T, 
A) for regions 0 to 6 still yields a X  probability of 4.8% (residual 
significance of 2 .0 r), which shows that all regions are compati
ble with a single (T, A) pair. The profile-likelihood method was 
applied to quantify the hypothesis that any of the seven regions 
0 to 6 has a spectral index that differs by more than ±A r from 
the spectral index calculated from the remaining six regions. De
pending on the region, the upper limits on AT calculated at the 
95% confidence level are in the range of 0.25 to 0.40, which 
shows that the available statistics are not sufficient for a sensitive 
search for spectral variations. Similar values are found when us
ing combinations of the regions from the top center and top right 
of Fig. 4 . Also, spectral variations on angular scales comparable 
to or below the angular resolution of H.E.S.S. are not excluded. 
The spectra of the regions A and C also do not show a devia
tion from the spectra of either the whole SNR or the NW rim, as 
shown by the contour plot of Fig. 4 (bottom center). Region B 
shows some evidence of a harder spectrum with a larger cutoff 
energy compared to the NW rim (or the whole SNR); the sig
nificance for the cutoff in region B is not very high (only 2 .7 r) 
and the deviation of index and cutoff energy is at the level of 
3 .5 r  pretrials (2 .6 r  post-trials5) . Figure 4 (bottom right) shows 
that the spectral index of the possible TeV PWN remains basi
cally constant when moving farther away from PSR J0855-4644 
(region A to B ' to C '): no significant change in the spectral pa
rameters is observed across the mentioned regions. This plot also 
shows that the spectrum of region D is compatible with that of 
the NW rim. In addition, the spectrum of region B' , although it 
comprises a smaller exposure than that of region B, still shows 
marginal evidence for a difference with respect to the spectrum 
of the NW rim. The significance of the effect is 3 .1 r  pretrials 
(2 .1 r  post-trials). Nevertheless, the weighted average of (r , A)

5 The post-trial significance takes into account that —20 regions were
tested in the search for spectral variations.
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Fig. 4. Top figures represent skymaps (smoothed exposure-corrected excess map from Fig. 1 for the top left and center pads, significance contour 
map for the right pad) together with various regions used for the study of the spatially resolved spectroscopy of the RX J0852.0-4622 region. Top 
left: regions 0 for the central part of the SNR and 1-6 for the shell are shown in white. Center: regions A, B, and C around PSR J0855-4644, 
region D around the southern enhancement in the azimuthal profile, and the region used for the NW rim are shown in white. The H.E.S.S. 
significance contours at 5, 7, and 9a are shown in black with increasing line width for increasing significance. The position of PSR J0855-4644 
is denoted by the green star. Top right: regions B' (dark gray shaded area) and C' (light gray shaded area) around PSR J0855-4644 are shown. 
The H.E.S.S. significance contours at 3, 5, 7, and 9a  are shown in black with increasing line width for increasing significance. The position of 
PSR J0855-4644 is denoted by the black star. Bottom figures represent the error contour plots of A = 1/Ecut vs. r  for the spectra of the regions in 
the excess maps assuming a power law with exponential cutoff model. For each region, the fitted value is indicated with a triangle, while the ellipse 
indicates the contour of the 3a confidence level statistical uncertainty. Dashed lines are used for the regions where the cutoff significance is below 
3a. Bottom left: spectra of the regions 0 to 6 are represented. Bottom center: spectra of the regions A, B, and C are represented. In addition, the 
contours of the analysis of the whole SNR and NW rim are shown. Since the spectra of regions A-C are correlated because the regions overlap, 
the corresponding contours are not meant to be compared to each other, but to the contours of the NW rim. Bottom right: spectra of the regions A, 
B ', C ', and D are represented. In addition, the contours of the analysis of the whole SNR and the NW rim are shown.

for regions A, B ', C ', D, and the NW rim still yields a x 2 proba
bility of 6.6% (residual significance of 1.8a).

4. Discussion

In the following, we consider the implications of the new
H.E.S.S. results on the understanding of the very high-energy 
y-ray emission from RX J0852.0-4622. The multiwavelength 
(MWL) data used in this section consist of

-  Parkes radio data points from Duncan & Green (2000);
-  ASCA X-ray spectral fit from Aharonian et al. (2007);
-  Fermi-LAT GeV y-ray points from Tanaka et al. (2011);
-  H.E.S.S. TeV y-ray points from this work (cf. Fig. 3 and 

Table A.2).

The H.E.S.S. spectrum is not corrected for possible emission 
from a putative TeV PWN around PSR J0855-4644 (discussed

in Sect. 4.3) since the expected flux contribution is smaller than 
the systematic error on the flux normalization.

4.1. Spectral variations

The spatially resolved spectroscopy analysis of 
RX J0852.0-4622 described in Sect. 3.3 does not show a 
significant variation of the spectral shape across the remnant. 
The regions that contain the PWN (cf. Fig. 4 ; discussed in 
Sect. 4.3) show some evidence for spectral variations but the 
effect is still below 3a. This lack of apparent spectral variations 
suggests that the parent particle population is essentially the 
same across the remnant; this in turn points to similar properties 
of the SNR shock and hence to similar properties of the medium 
in which the shock was formed and is expanding. The invari
ability of the y-ray spectral shape across the remnant enables a 
simple treatment of the MWL emission from RX J0852.0-4622, 
using one particle population for the entire SNR emission. This
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Table 5. Spectral parameters for the spatially resolved spectroscopy of RX J0852.0-4622 assuming a power law with exponential cutoff model 
(ECPL in Table 2).

Region r E cut F (>1 TeV) F(0.3-30TeV ) Sign
[10-12 cm-2 s-1 TeV-1] [TeV] [10-12 cm-2 s-1] [10-12 cm-2 s-1]

whole SNR 32.2 ± 1.5(±7.1) 1.81 ± 0.08(±0.20) 6.7 ± 1.2(±1.2) 23.4 ± 0.7(±4.9) 84.1 ± 4.3(±21.7) 7 .7a
NW rim 12.4 ± 0.7(±3.1) 1.88 ± 0.10(±0.20) 7.5 ± 1.8(±1.5) 8.9 ± 0.4(±2.2) 33.7 ± 2.0(±8.4) 5 .6a
0 8.9 ± 0.6(±2.2) 1.85 ± 0.11(±0.20) 8.1 ± 2.6(±1.6) 6.7 ± 0.3(±1.7) 24.1 ± 1.6(±6.0) 4 .5 a
1 3.5 ± 0.4(±0.9) 2.08 ± 0.19(±0.20) 8.9 ± 5.6(±1.8) 2.34 ± 0.20(±0.59) 10.5 ± 1.1(±2.6) 2. 1 a
2 2.4 ± 0.3(±0.6) 1.55 ± 0.18(±0.20) 6.5 ± 2.3(±1.3) 2.12 ± 0.16(±0.53) 5.9 ± 0.7(±1.5) 3 .9a
3 4.0 ± 0.3(±1.0) 1.99 ± 0.12(±0.20) 15.8 ± 7.7(±3.2) 3.19 ± 0.19(±0.80) 12.1 ± 1.0(±3.0) 2 .3a
4 3.8 ± 0.4(±1.0) 1.99 ± 0.16(±0.20) 8.6 ± 4.0(±1.7) 2.64 ± 0.20(±0.66) 10.9 ± 1.1(±2.7) 2 .7a
5 4.4 ± 0.4(±1.1) 1.62 ± 0.15(±0.20) 4.4 ± 1.2(±0.9) 2.99 ± 0.17(±0.75) 9.9 ± 0.8(±2.5) 5 .5a
6 5.2 ± 0.5(±1.3) 1.68 ± 0.16(±0.20) 4.4 ± 1.2(±0.9) 3.43 ± 0.22(±0.86) 12.0 ± 1.1(±3.0) 4 .9 a
A 0.64 ± 0.10(±0.16) 1.69 ± 0.22(±0.20) 12.1 ± 7.6(±2.4) 0.62 ± 0.07(±0.15) 1.8 ± 0.3(±0.4) 1.8a
B 2.34 ± 0.19(±0.59) 1.77 ± 0.13(±0.20) 14.0 ± 5.8(±2.8) 2.18 ± 0.14(±0.55) 6.6 ± 0.7(±1.7) 2 .7a
C 10.0 ± 0.5(±2.5) 1.92 ± 0.07(±0.20) 13.2 ± 3.4(±2.6) 8.2 ± 0.3(±2.1) 29.5 ± 1.6(±7.4) 4 .5 a
D 0.81 ± 0.12(±0.20) 2.02 ± 0.25(±0.20) 11.2 ± 9.3(±2.2) 0.59 ± 0.07(±0.15) 2.4 ± 0.4(±0.6) 1 . 4 a
B' 1.88 ± 0.18(±0.47) 1.78 ± 0.15(±0.20) 13.9 ± 6.9(±2.8) 1.73 ± 0.13(±0.43) 5.4 ± 0.6(±1.3) 2 .3a
C' 6.7 ± 0.4(±1.7) 1.91 ± 0.09(±0.20) 12.2 ± 3.8(±2.4) 5.4 ± 0.3(±1.4) 19.6 ± 1.4(±4.9) 3 .8a

Notes. The regions are defined in Table A.1 and illustrated in Figs. 1 and 4 for the whole SNR and the rest of the regions, respectively. The 
parameter set of each region was derived for the corresponding spectral analysis listed in Table 1. All parameter sets were derived for spectra in the 
energy range from 0.3 TeV to 30 TeV and assuming a reference energy for the fit E0 of 1 TeV; F(>1 TeV) and F(0.3-30 TeV) represent the integral 
fluxes above 1 TeV and in the fitted range from 0.3 TeV to 30 TeV, respectively. The last column lists the equivalent significance in Gaussian 
standard deviations a  of the preference of a power law with exponential cutoff model with respect to a simple power law model, according to the 
likelihood ratio test. The quoted errors represent 1a statistical (systematic in parentheses) uncertainties.

modeling obtains the average properties of the SNR and its 
surrounding medium.

4.2. Parent particle population

The increased exposure and careful study of the systematic ef
fects strongly improved the quality of the spectrum of the whole 
SNR, thereby resulting in a smooth connection to the spec
trum in the GeV band and in the determination of a clear cut
off (cf. Sect. 3.2). The smooth connection to the Fermi-LAT 
spectrum enables the study of the combined GeV-TeV spectrum, 
which in turn provides an opportunity to extract directly from 
the observational data the present-time parent particle popula
tion that is responsible for the y-ray emission in leptonic and 
hadronic scenarios. The advantage of this approach is that the 
spectral shape of the present-time parent particle population can 
be obtained without assumptions made on the SNR evolution, its 
hydrodynamics, properties of the local magnetic field, and en
ergy losses that accelerated particles undergo. In this procedure 
we fit the Fermi-LAT and H.E.S.S. data points and their respec
tive statistical errors (cf. Fig. 5, left) with the emission from par
ent electron or proton populations following a power law with 
an exponential cutoff

N (E) _ N°, p,e 
Np,e(E) _ ( T

E
TeV

\ “Pp,e
exp

E
E cut, p,e

(1)

where N0, p,e is the normalization at 1 TeV, pp,e is the spectral 
index, E cut, p,e is the cutoff energy, and d  is the distance to the 
SNR. The subscripts p (for protons) and e (for electrons) de
note the hadronic and leptonic scenarios, respectively. In order 
to evaluate the systematic uncertainty of our results, we also fit 
the model when we systematically shifted the Fermi-LAT and 
H.E.S.S. points in an analogous way to the simultaneous Fermi- 
LAT-H.E.S.S. spectral fit in Sect. 3.2. The distance of 750pc is

adopted in these calculations. Uncertainties on the distance esti
mate only impact flux normalization, and hence the estimate of 
the total energy in particles, but these uncertainties do not influ
ence the spectral shape, i.e., the spectral index and cutoff energy. 
The spectral index is determined by the smooth connection of the 
Fermi-LAT and H.E.S.S. spectra, while the cutoff energy of the 
accelerated particles is constrained by the cutoff in the H.E.S.S. 
y-ray spectrum. The derivation of the present-time parent par
ticle population is very important for further modeling of the 
source. Hadronic and leptonic scenarios can be tested based on 
the attainability of the present-time particle population consider
ing the physical properties of the sNr  and its ambient medium.

4.2.1. Leptonic scenario

In the leptonic scenario, we assume that the GeV-TeV y-ray 
emission from RX J0852.0-4622 is dominated by the IC emis
sion from relativistic electrons scattered on ambient radiation 
fields. Besides the cosmic microwave background (CMB), lo
cal infrared (IR) and optical radiation fields might also con
tribute to the IC emission. However, it is often very difficult to 
estimate the spectrum of the local radiation fields owing to the 
poor knowledge of the environment. According to the interstel
lar radiation field model by Porter et al. (2006) the contribution 
of IR and optical radiation fields should be negligible because 
of the large distance between SNR RX J0852.0-4622 and the 
Galactic center (~9kpc). Stars detected in the field of view of 
RX J0852.0-4622 are not powerful enough to provide a strong 
radiation field and, moreover, the high uncertainty on the deter
mination of the distance to these stars makes it difficult to judge 
whether the stars are located in the proximity of the remnant or 
not (Iyudin e ta l. 2010). Therefore, we decided to adopt CMB 
as the only radiation field responsible for the IC scattering of 
relativistic electrons. The y-ray emission is calculated according
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E [TeV]

Fig. 5. Left: spectral energy distribution of SNR RX J0852.0-4622 in the GeV-TeV band. Filled squares reflect the emission detected by Fermi- 
LAT, while filled circles show the H.E.S.S. data. Error bars reflect statistical errors. The lines represent fits of the leptonic (dashed red) and hadronic 
(solid blue) y-ray emission models to the data. Right: broadband spectral energy distribution of SNR RX J0852.0-4622 in the leptonic scenario. 
The MWL data are indicated as follows: radio data are denoted with filled blue triangles, X-ray are indicated with cyan bowties, GeV y-rays are 
indicated with filled squares, TeV y-rays are denoted with filled circles. The error bars of the Fermi-LAT and H.E.S.S. data points reflect statistical 
errors only. The filled blue bowtie represents the 90% confidence level statistical uncertainty band on the X-ray data; the open bowtie represents 
systematic uncertainties. Red lines represent the emission from the electron population as obtained from the fit of the GeV-TeV data (cf. left figure) 
and gray lines represent the emission from a modified electron population where all parameters were decreased by 0 .6 r  of the quadratically added 
statistical and systematic uncertainties. Dashed lines correspond to IC emission and dotted lines correspond to synchrotron radiation.

to Blumenthal & Gould (1970). The leptonic model (red dashed 
line in Fig. 5, left) provides a good fit to the Fermi-LAT-H.E.S.S. 
data w ith ^ 2 /NDF = 13.8/13 (x2 probability 0.39). The best-fit 
parameters are shown in Table 6 . The integration of the elec
tron spectrum above 100 GeV yields a total energy in electrons 
We = (4.1 ± 0.3stat ± 1.7syst) 1047 erg.

A magnetic field strength of 7 juG is needed to explain the 
observed X-ray flux by synchrotron emission from the obtained 
electron population (red dotted line in Fig. 5, right). The mod
eled synchrotron spectrum does not reproduce well the slope of 
the observed X-ray spectrum within its statistical uncertainty, but 
both agree within the systematics of the X-ray spectrum. The 
same synchrotron emission overpredicts the radio flux. However, 
a decrease in the values of all parameters by 0 .6 r  of the quadrat- 
ically added statistical and systematic uncertainties allows us to 
accommodate the radio data within our leptonic model (gray dot
ted line in Fig. 5, right).

For such a low magnetic field, synchrotron cooling effects 
are negligible and do not have a significant impact on the 
energy spectrum of the electron population. Indeed, follow
ing Blumenthal & Gould (1970) and adopting an SNR age of 
3000 yr, the break energy above which the synchrotron losses 
become important is

E  ‘  90 ( 5 ¾ 1 ( 7 ¾  ) ! je V -

which is considerably higher than the obtained electron cut
off energy. This result suggests that the electron spectrum of 
RX J0852.0-4622 may be limited by the age of the SNR (see, 
e.g., Reynolds 1998) rather than by radiative losses or that the 
SNR is considerably younger than 3000 yr. A typical accelera
tion time for the electrons to reach the energy of 27 TeV in the 
magnetic field of 7 uG  for the shock compression ratio of 4 is 
(Parizot et al. 2006)

tacc = 1 3 n ( J f V ) ( 7 ¾ )  ( 3000km s - 1 ) kyr-

Table 6. Best parameter sets of the fit of the parent particle distribu
tion of Eq. (1) in the leptonic (subscript e for electrons) and hadronic 
(subscript p for protons) scenarios using solely the y-ray data.

Scenario Parameter Value
No, e [102 TeV-1 cm-2] 7.8 ± 0.6(±3.1)

Leptonic Pe 2.33 ± 0.03(±0.33)
E cut, e [TeV] 27 ± 1(± 12)
We [1047 erg] 4.1 ± 0.3(±1.7)
IV  [n ] -1
4nd2 [n ] [104 TeV-1 cm-2] 7.8 ± 0.3(±2.0)

Hadronic Pp 1.83 ± 0.02(±0.11)
E cut, p [TeV] 55 ± 6(± 13)
Wp [n]- 1 [1049 erg] 7.1 ± 0.3(±1.9)

Notes. N0, e,p represents the differential particle number at 1 TeV, p e,p 
the spectral index, Ecut, e,p the cutoff energy, d the distance to the SNR 
(using 750 pc), n the density of the ambient medium (in cm-3), and Wep 
the total energy in accelerated particles above 100 GeV for electrons in 
the leptonic model and above 1 GeV for protons in the hadronic model. 
The quoted errors represent 1 r  statistical (systematic in parentheses) 
uncertainties.

where Vs is the shock velocity and n expresses the deviation 
of the diffusion coefficient from Bohm diffusion. However, the 
magnetic field could have been higher in the past, in which case 
synchrotron losses can still play a major role.

The obtained value of the magnetic field strength is in very 
good agreement with the values obtained in other leptonic mod
els available in the literature (see, e.g., L eee ta l. 2013). This 
value represents the average magnetic field across the remnant 
and does not exclude the existence of regions with higher or 
lower magnetic fields; it is, however, in conflict with the sig
nificantly amplified magnetic fields derived for the filamentary 
structures in the NW rim under the hypothesis that the filament 
width is limited by synchrotron cooling. Nevertheless, the good 
agreement in the morphology of the X-ray and y-ray emissions,
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as shown by the contours of Fig. 1 and the azimuthal profiles of 
Fig. 2, still supports a leptonic nature of the y-ray emission.

4.2.2. Hadronie scenario

In the hadronic scenario, we assume that the GeV-TeV y-ray 
emission from RX J0852.0-4622 is dominated by y-rays pro
duced in hadronic interactions. The y-ray emission is calculated 
according to Kelner et al. (2006). The hadronic model (solid blue 
line in Fig. 5, left) fits the Fermi-LAT-H.E.S.S. data very well 
with X /N D F  = 6.0/13 (y2 probability 0.95). The best-fit pa
rameters are shown in Table 6 . The integration of the proton 
spectrum above 1 GeV yields a total energy in protons Wp =

r t  - 1
(7.1 ± 0.3stat ± 1.9syst) 1049 [ X X j  erg, where n is the density 
of the ambient medium.

The lack of thermal X-rays suggests a density of the ambi
ent medium that is significantly lower than 1 cm-3 (Slane et al. 
2001). This, in turn, would require an unrealistically high es
timate of the energy transferred to protons, comparable to or 
even higher than the total energy of -1 0 51 erg provided by the 
SN explosion. This problem, however, can be solved if the 
SNR is expanding in a very inhomogeneous clumpy environ
ment with compact dense clouds as shown for RX J1713.7-3946 
(Inoue et al. 2012; Gabici & Aharonian 2014). In this case the 
shock does not penetrate deep enough inside the clouds to heat 
up the gas and generate thermal X-rays, but at the same time rel- 
ativistic protons can penetrate inside to interact with the cloud 
material and produce y-ray emission. Indeed, RX J0852.0-4622 
exhibits a good correspondence between the TeV y-ray emis
sion and the column density of interstellar medium proton dis
tribution (see, e.g., Fukui 2013), which suggests a hadronic ori
gin of at least a portion of the observed y-ray emission. How
ever, modeling such a scenario is beyond the scope of this 
paper.

The proton spectral index obtained in the GeV-TeV fit (1.83 ±
0.02stat ± 0.11syst) is slightly harder than the value of 2.0 ex
pected in the diffusive shock acceleration for strong shocks 
with compression ratio of 4. However, from most of the SNRs 
detected at gamma-ray energies, an even steeper spectrum of 
protons is inferred (see, e.g., Caprioli 2011). The hard pro
ton spectrum (index 1.8) implied by the fit of the GeV-TeV 
emission from RX J0852.0-4622 requires further theoretical 
investigation.

4.3. Pulsar wind nebula around P SR J0 8 5 5 -4 6 4 4

The pulsar population studies by H.E.S.S. Collaboration 
(2018b), and references therein, show that wind nebulae of 
energetic pulsars are very likely to be detectable in y-rays 
at TeV energies. Since PSRJ0855-4644 falls into this cat
egory, it is likely that some of the emission attributed to 
RX J0852.0-4622 could come from a possible TeV PWN as
sociated with PSR J0855-4644. The H.E.S.S. point spread func
tion does not allow for a separation of the emissions due to the 
PWN and SNR. Nevertheless, the flux measurements in the re
gions A -C  from Table 5 can be interpreted as flux upper limits on 
a possible TeV PWN associated with PSR J0855-4644 for dif
ferent size assumptions of the PWN. Different sizes of the puta
tive TeV PWN were assumed owing to the lack of knowledge of 
its potential size at TeV energies. For pulsars older than -1 0 k y r 
the size of the TeV PWN can be up to 100-1000 times larger 
than the size of the X-ray PWN (Kargaltsev & Pavlov 2010) ow
ing to particle propagation up to large distances from the pulsar

through diffusion/advection processes and/or proper motion of 
the pulsar itself. In this context, the relatively small size of 
the X-ray PWN associated with PSR J0855-4644 (150arcsec, 
slightly smaller than the marker used to mark the pulsar posi
tion in the skymaps, i.e., in Fig. 1, right) compared to the ex
tension of RX J0852.0-4622 may be the reason for the smaller 
enhancement seen in the azimuthal profile (cf. Fig. 2) in X-rays 
compared to y-rays toward the direction of PSR J0855-4644.

Region B is the only region with spectral parameters devi
ating more than 3 a  (3 .5a pretrials, 2 .6 a  post-trials) from the 
spectrum of the NW rim, which might be suggestive of a PWN 
contribution to the flux in this region. The insignificant devia
tion of the spectra of the regions A and C from the rest of the 
remnant can be naturally explained by the sizes of these two re
gions. On the one hand, the small size of region A results in low 
statistics and hence high uncertainties in the spectral parame
ters. On the other hand, with its much larger size, region C com
prises a significant part of the SNR interior and other parts of the 
shell, leading to the domination of the emission from the SNR 
over the emission from the PWN. Therefore, the deviation of the 
spectrum of region B from the spectrum of the rest of the SNR 
not only points to the contribution from the PWN but also con
strains the size of the putative PWN. Moreover, the y-ray spec
trum of region B deviates from the spectrum of the rest of the 
SNR in the same way as the X-ray spectrum of the PWN dif
fers from the spectrum of the SNR, which further supports the 
hypothesis of significant contribution of the PWN emission to 
the y-ray flux in region B. The X-ray spectrum of the PWN is 
significantly harder than the spectrum of the SNR (Acero et al.
2013), which agrees well with an indication of increase of the 
cutoff energy of the y-ray spectrum of region B with respect to 
the rest of the remnant. However, the significance of the increase 
of the cutoff energy in region B as well as of the existence of 
the cutoff feature is low. Setting the observed flux from region B 
as an upper limit on the flux from the PWN one can estimate 
the upper limit on the efficiency of the conversion of the pulsar 
spin-down luminosity to the y-ray emission. The upper limit on 
the TeV efficiency defined as the ratio of the 1 -  10 TeV PWN 
luminosity to the spin-down power is 0.75 x  10-3, using for the 
distance to the pulsar the upper limit of 900 pc from Acero et al. 
(2013). This value of the y-ray efficiency is compatible with that 
of other PWNe detected at TeV energies (H.E.S.S. Collaboration 
2018b).

The y-ray emission from the PWN might provide a sub
stantial contribution to the overall flux from RX J0852.0-4622. 
Adopting the size of region B as a potential size of the puta
tive TeV PWN, this contribution can be as large as -8 %  of 
the total y-ray flux from the SNR, considering the flux level 
measured for region B. However, the y-ray emission from the 
remnant also contributes to the flux from region B and hence 
only a fraction of the y-ray emission detected in that region is 
from the PWN. The azimuthal profile (cf. Fig. 2) exhibits ap
proximately double the flux at the position coincident with the 
X-ray PWN compared to the regions around it. Therefore, a 
more plausible prediction for the fraction of the y-ray emis
sion from the PWN in the overall flux from RX J0852.0-4622 
is about 4%. This was not taken into account in the model
ing of the SNR presented above, assuming that all the detected 
y-ray flux is coming from RX J0852.0-4622. However, if the 
contribution of the PWN is indeed only around 4% of the over
all flux, it would be well covered by the systematic errors esti
mated for the GeV and TeV data. Even an 8% contribution would 
be covered by the 25% systematic error assigned to the overall 
flux.
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5. Conclusions

The analysis of an enlarged H.E.S.S. data set, using approxi
mately double the observation time compared to previous publi
cations, comes to the following conclusions:

1. A revised flux measurement makes RX J0852.0-4622 the 
brightest steady source in the sky above 1 TeV with 
F (> 1 TeV) = (23.4 ± 0.7stat ± 4.9syst) x  10-12 cm-2 s-1; this 
flux is ~13% larger than the flux of the Crab nebula in the 
same energy range.

2. The energy spectrum of RX J0852.0-4622 is clearly curved 
and has an exponential cutoff at E cut = (6.7 ± 1.2stat ±
1.2syst)TeV. The determination of the cutoff helps to char
acterize the parent particle population better.

3. The new TeV spectrum connects well with the Fermi-LAT 
measurement at GeV energies without the need for a spectral 
break as in previous publications. This smooth connection 
of the GeV and TeV spectra together with the well-defined 
cutoff allows us to determine directly the characteristics of 
the parent particle population in both leptonic and hadronic 
scenarios.

4. The study of the spatially resolved spectroscopy reveals no 
clear spectral variation across the SNR, suggesting that the 
parent particle population can be assumed to be the same 
throughout the remnant, which in turn indicates that the con
ditions for particle acceleration, i.e., properties of the SNR 
shock and ambient medium, are similar everywhere.

5. The enhancement detected toward PSR J0855-4644 sug
gests that some of the emission might come from a possi
ble TeV PWN associated with the pulsar. The contribution is 
estimated to be less than 8%.

Deeper H.E.S.S. observations of RX J0852.0-4622 thus provide 
a significant improvement of statistics revealing the existence of 
a cutoff in the TeV spectrum, which in turn considerably im
proves the characterization of the parent particle population and 
allows, for the first time, the estimation of the uncertainties of its 
parameters. Both leptonic and hadronic models remain plausible 
as both models provide a good fit of the data. Larger statistics at 
high energies (i.e., above 10 TeV), which provide a better char
acterization of the spectral cutoff, could give more insight into 
the nature of the parent particle population for this object. Such 
data could be obtained with even deeper H.E.S.S. observations 
and ultimately from the future CTA (Actis et al. 2011) observa
tory. In addition, larger statistics and better angular resolution 
should help in the search for clear spectral variations across the 
RX J0852.0-4622 region, such as a softening of the spectrum, 
when moving away from PSRJ0855-4644. Moreover, smaller 
errors on the spectral parameters would also allow the establish
ment of spectral differences between region B and the NW rim. 
All this would help to separate the contributions from the PWN 
and SNR.
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Appendix A: Region definitions and spectral points

Table A.1. Region definitions used for the analysis of RX J0852.0-4622.

A&A612, A7 (2018)

Region RA Dec R1 R2 01 02 Area
[deg] [deg] [deg] [deg] [deg] [deg] [deg2]

whole SNR 133.00 -46.37 0.0 1.0 0 360 3.14
NW rim 133.10 -46.30 0.6 1.0 220 40 1.01
0 133.00 -46.37 0.0 0.6 0 360 1.13
1 133.00 -46.37 0.6 1.0 0 60 0.335
2 133.00 -46.37 0.6 1.0 60 120 0.335
3 133.00 -46.37 0.6 1.0 120 180 0.335
4 133.00 -46.37 0.6 1.0 180 240 0.335
5 133.00 -46.37 0.6 1.0 240 300 0.335
6 133.00 -46.37 0.6 1.0 300 360 0.335
A (point-like) 133.90 -46.74 0.0 V0.0125 0 360 0.0393
B 133.85 -46.65 0.0 0.3 0 360 0.283
C 133.50 -46.75 0.0 0.6 0 360 1.13
D (point-like) 133.25 -47.15 0.0 V0.0125 0 360 0.0393
B' B' = B \  A 0.243
C' C' = C \  B \  D 0.809

Notes. The regions are specified with the following parameters of an annular region: the center coordinates in (RA, Dec, J2000), the inner and 
outer radii (R1 and R2, respectively) and the starting and ending polar angles (01 and 02, respectively). The polar angles are defined in a similar 
way as the azimuthal angles in Fig. 2: starting at the 12 o’clock position (the north) and increasing counterclockwise. The complex regions B' and 
C' are defined in terms of simple regions. In addition, the area of the sky covered by the corresponding region is also given.

Table A.2. H.E.S.S. flux points for the spectrum of RX J0852.0-4622.

E [TeV] d $ /d E  [cm-2 s-1 TeV-1] Excess Sign

0.407 (1.23+ 0 '28statV - 0 -28stat
± 0 4 2sys 10- 10 329 4.4t

0.571 (8 3 2 ¾
± 2.23sys 10- 11 1240 11t

0.826 ± 0.95sys 10- 11 1230 13t

1.21 V1-85* ! 4” ! ± °.41sys 10- 11 1030 14t

1.78 (9 < S :a:
± 1.90sys 10- 12 880 15t

2.60 (4.05* 3 1 “ “( - 0 • 31stat ± 0 .85sys 10- 12 666 13t

3.80 (1 . 50+ 0-15stat ± 0 .33sys 10- 12 391 10t

5.55
( -0.15stat
(5.69+0-65stat ± 1.31sys 10- 13 216 8.9t

8.13
( -0.65stat
(2.37+“ 3stat( ^ ^ s ta t

± ° .53sys 10- 13 136 7.4t

11.9 (6.47+ 154stat( -151stat
± 1.41sys 10- 14 59 4.3t

17.3 (l 35+0•69stat( 1.3J-Qg8stat ± 0 .33sys 10- 14 20 2.0t

25.0 (3.33+2•34s!at-2.69stat ± 1.20sys 10- 15 8 1.2t

Notes. The table shows the energy E, the differential flux d®/dE with 1t  sta 
of the point in number of Gaussian standard deviations t .

istical and systematic uncertainties, the excess and the significance
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