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HESS J1818-154, a new composite supernova remnant discovered
in TeV gamma rays and X-rays
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ABSTRACT

Composite supernova remnants (SNRs) constitute a small subclass of the remnants of massive stellar explosions where non-thermal
radiation is observed from both the expanding shell-like shock front and from a pulsar wind nebula (PWN) located inside of the
SNR. These systems represent a unique evolutionary phase of SNRs where observations in the radio, X-ray, and y-ray regimes
allow the study of the co-evolution of both these energetic phenomena. In this article, we report results from observations of the
shell-type SNR G 15.4+0.1 performed with the High Energy Stereoscopic System (H.E.S.S.) and XMM-Newton. A compact TeV
y-ray source, HESS J1818—154, located in the center and contained within the shell of G 15.4+0.1 is detected by H.E.S.S. and
featurs a spectrum best represented by a power-law model with a spectral index of —2.3 + 0.3, * 0.2, and an integral flux of
F(>0.42TeV)=(0.9 + 0.3 + 0.2y) X 1072 cm™2s~!. Furthermore, a recent observation with XMM-Newton reveals extended X-ray
emission strongly peaked in the center of G15.4+0.1. The X-ray source shows indications of an energy-dependent morphology
featuring a compact core at energies above 4keV and more extended emission that fills the entire region within the SNR at lower
energies. Together, the X-ray and VHE y-ray emission provide strong evidence of a PWN located inside the shell of G 15.4+0.1 and
this SNR can therefore be classified as a composite based on these observations. The radio, X-ray, and y-ray emission from the PWN
is compatible with a one-zone leptonic model that requires a low average magnetic field inside the emission region. An unambiguous
counterpart to the putative pulsar, which is thought to power the PWN, has been detected neither in radio nor in X-ray observations
of G15.4+0.1.
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1. Introduction

In the aftermath of supernova explosions, a rich variety of highly
energetic non-thermal processes can be observed. At the shock
front of the expanding supernova remnant shell where the ejecta
from the explosion interacts with the surrounding interstellar
matter, charged particles can be accelerated up to energies of
TeV, and possibly PeV, through the standard diffusive shock
mechanism (DSA) (for a review, see Baring 1997) and can
give rise to intense broad-band electromagnetic radiation. The
non-thermal radiation is produced either by energetic hadrons
through production and subsequent decay of neutral pions, or by
leptons that radiate through synchrotron and inverse Compton
(IC) emission.

The supernova explosion can also leave behind a rapidly
rotating neutron star that constitutes a second major source of
non-thermal emission. This can take the form of pulsed emis-
sion from the pulsar’s magnetosphere and/or of an extended pul-
sar wind nebula (PWN) powered by a relativistic particle out-
flow from the central engine (for a comprehensive review see
Gaensler & Slane 2006).

The particle wind from the pulsar is decelerated by the inertia
of the higher density outer medium, and a termination shock is
formed. In the wind, particles are advected outward toward the
termination shock, following the frozen-in magnetic field lines
in an orderly flow, resulting in a (synchrotron) under-luminous
feature close to the pulsar. At the shock front, the particles are
isotropized and accelerated, and subsequently produce both syn-
chrotron and IC radiation when gyrating in the nebular magnetic
field in the downstream flow.

Typical broad-band spectral energy distributions (SEDs) of
PWNe appear to be dominated by leptonic processes and show
two broad peaks. The first one extends from radio to X-ray ener-
gies arising from synchrotron radiation, whereas the second one
is peaked in the y-ray regime that arises from IC up-scattering of
ambient low-energy photon fields.

X-ray observations of PWNe with high angular resolution
instruments, such as XMM-Newton, are particularly useful since
they may differentiate between the extended synchrotron emis-
sion from the PWN, seen downstream of the termination shock,
and the magnetospheric non-thermal emission from the pulsar
itself (for a review of recent results obtained in X-rays, see
Uchiyama 2012). By comparing the properties of these two
components, one can learn about the physical processes respon-
sible for the efficient particle acceleration mechanism energizing
PWNe. Very-high-energy (VHE, E > 100 GeV) y-ray observa-
tions of PWNe are complementary to X-ray observations since
they trace particles with a longer lifetime, through an emission
mechanism largely independent of the nebular magnetic field,
unlike the synchrotron X-ray emission.

X-ray and VHE y-ray observations have established two
classes of PWNe based on their observational properties. In
young systems, such as the Crab nebula, the pulsar is still close
to its birthplace at the center of the SNR and surrounded by an
X-ray and a VHE y-ray nebula, and the latter is normally un-
resolved owing to its small size and the relatively poor angu-
lar resolution of the ground-based instruments. In middle aged
systems, such as HESS J1303-631 (Abramowski et al. 2012)
or HESS J1825—137 (Aharonian et al. 2006c¢), the IC nebula is
found to be significantly extended and offset from the pulsar, in
contrast to the much smaller and still pulsar-centered X-ray neb-
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ulae. This difference in size is generally attributed to the much
shorter cooling timescale of the highest energy lepton popula-
tion that produces X-ray synchrotron radiation, compared to the
lower energy leptons giving rise to the IC component. Addi-
tionally, for these older systems, the interaction between the ex-
panding PWN and the reverse shock of the SNR likely leads to
a compression of the PWN followed by a re-expansion phase.
If the SNR evolves into an inhomogeneous interstellar medium
(ISM), the impact of the reverse shock on the PWN evolution
may vary within the nebula, which may lead to the asymmet-
ric and offset emission regions that are particularly visible in the
IC regime. For a detailed study of evolved PWNe in SNRs, see
Blondin et al. (2001).

A rare subtype of SNRs/PWNe include so-called composite
SNRs (Helfand & Becker 1987), which show distinct evidence
of both a PWN and a SNR shell (like G0.9+0.1 and G21.5-0.9,
see e.g., Aharonian et al. 2005; Matheson & Safi-Harb 2005).
These systems are excellent laboratories for investigating the
co-evolution of PWNe and SNRs and, particularly, the poten-
tial interaction between the two. To explore the general nature
of particle acceleration, transport, and energy-loss mechanisms
in such environments, it is necessary to increase the number of
well-studied systems in various stages of evolution. For this pur-
pose, detailed multiwavelength studies have to be performed to
define the properties and environment of the SNR, as well as to
probe the full extent of the non-thermal spectral energy distribu-
tion of the PWN.

The SNR G 15.4+0.1 is a poorly studied object that was ini-
tially discovered in a 90 cm survey of the inner Galaxy con-
ducted by the Very Large Array (VLA) (Brogan et al. 2006). The
SNR was reported to have a shell-like morphology with a size of
about 14’ x 15" and an average spectral index @ = —0.6 + 0.2,
indicating that the radio emission is dominated by non-thermal
synchrotron emission from the shell. A recent study by Castel-
letti et al. (2013) places the SNR at a distance of (4.8 = 1.0) kpc
and discovered a molecular cloud coincident with the SNR. For
the reasons outlined above, this source is a potential emitter of
both X-rays and VHE y rays. Interestingly, this SNR is slightly
larger than the H.E.S.S. point-spread-function (PSF; ~6"), which
allows a morphological comparison of the VHE y-ray emission
with the size of the SNR shell.

In this paper the nature of the newly detected VHE y-ray
source HESS J1818—154 coincident with SNR G 15.4+0.1 is in-
vestigated, based on results obtained with H.E.S.S., as well as
from a recent X-ray observation performed with XMM-Newton.
The morphology and spectral energy distribution are discussed
in the context of a composite SNR scenario.

2. H.E.S.S. observations and results
2.1. The H.E.S.S. Telescope Array

The High Energy Stereoscopic System (H.E.S.S. Aharonian
et al. 2006a) is an array of imaging atmospheric Cherenkov tele-
scopes for VHE y-ray astronomy that detects Cherenkov light
emitted from y-ray- induced air showers. H.E.S.S. is comprised
of four identical 12 m diameter telescopes in a square of 120 m
and is located on the southern hemisphere in the Khomas high-
land of Namibia (latitude 23°16’17”S) at a height of 1800 m
above sea level. Employing a stereoscopic technique for de-
tecting air showers, an angular resolution better than 0.1°, and
an energy resolution of 15% are achieved, coupled with a high
background rejection power. Its unprecedented sensitivity to y
rays permits H.E.S.S. to detect a point source with a flux of
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1% of the Crab nebula at a significance of 5o in about 25h of
observations. In 2012, the H.E.S.S. observatory was extended
with a fifth ~28 m diameter telescope at the center of the array -
H.E.S.S. II, which will improve the sensitivity of the instrument,
particularly in the energy regime above a few tens of GeV.

2.2. Data and analysis methods

The region around G 15.4+0.1 was observed with H.E.S.S. be-
tween 2004 and 2011; the dataset consists primarily of observa-
tions from the H.E.S.S. Galactic Plane Survey (Aharonian et al.
2006b) and offset observations of nearby sources. The dataset
in this region has a live time of ~120h after standard H.E.S.S.
quality selection (Aharonian et al. 2006a), although the effective
live time is considerably lower (~80h) because of the large av-
erage offset of the pointings from the target (1.9°). The data was
taken in a series of runs with typical durations of 28 min at a
mean zenith angle of 23°.

The data set was analyzed using the Hillas second moment
method (Hillas 1985) for distinguishing between y-ray- and
hadron-induced extensive air showers (EAS). Hard cuts (Aharo-
nian et al. 2006a) were used, where at least 200 photoelectrons
are required in each recorded EAS image. These cuts provide
improved angular resolution! which is crucial for this particu-
lar analysis, as well as an increased average energy threshold
of 420GeV. To generate 2D images, the adaptive ring back-
ground method (Carrigan et al. 2013) was used, which is a sim-
ilar method to the traditional ring background method (Berge
et al. 2007) but with the modification that the ring is allowed to
grow according to the requirements in the field-of-view (FoV),
and is therefore suitable when analyzing crowded regions. A
minimal inner radius of 0.6° and a ring thickness of 0.3° were
used. The size of the on-region was 0.1°. For the spectral
analysis, the background was estimated using the reflected re-
gion method (Berge et al. 2007), where the background is de-
rived from circular off-source regions with the same angular size
(0.15°) and camera offset as the on-source region, located at the
best-fit position of the source in question®. This technique there-
fore minimizes systematic errors that might be introduced from
an incomplete knowledge of the radial acceptance. The statis-
tical significances for both the images and the spectral analysis
were derived from the number of off-source (background) and
on-source events, following the likelihood ratio procedure in Li
& Ma (1983). All presented H.E.S.S. results have been cross-
checked with an alternative analysis chain using an independent
calibration and y-ray/hadron separation method (de Naurois &
Rolland 2009), which give results that are consistent within sta-
tistical errors.

2.3. Results

Figure 1 shows a map of the acceptance-corrected and smoothed
y-ray excess in the region around the SNR G 15.4+0.1. A source
of y rays from the direction of the SNR is clearly visible and
detected with a significance of 8.2 o. Fitting the data with a 2D
Gaussian model convolved with the PSF of the instrument results
in a best-fit position of the source of a = 18P18™m48 + 351, and
6 = —15°28"1" £43” 3 (1 ~ 15.41°,b ~ 0.16°), and the source

stat

is thus assigned the identifier HESS J1818—154. In addition to

! The 68% containment radius of the PSF is 0.076°.

2 The size of the on-source region was selected to have a source con-
tainment of roughly 90%.

3 All coordinates in this work are given in J2000.0 format.
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Fig. 1. The VHE y-ray excess around the SNR G 15.4+0.1. The

image has been corrected for the varying exposure across the FoV and
has been smoothed with a 2D Gaussian with a width of 0.06°. The
H.E.S.S. PSF for this analysis is shown in the bottom left inset. The
color scale is chosen such that the blue-red transition occurs at roughly
4-0 significance. The best-fit centroid of the y-ray excess is indicated
by a cross, the size of which corresponds to the sum of both statistical
and systematic uncertainties. The green contours show the intensity
(at 0.0175, 0.035 and 0.0525 Jy beam™") of the radio emission from the
SNR shell, based on 90-cm VLA observations (Brogan et al. 2006).

the statistical uncertainty of this fit, there is also a systematic
uncertainty due to the pointing precision of the telescope array
of about 20” (Gillessen et al. 2005). The morphology of the
TeV emission is compatible with its originating in a point-like
source. The 99% confidence upper limit on the Gaussian width
of the source is 0.072°. No significant ellipticity of the source
was found.

A spectral analysis was performed and yielded 117 excess y-
ray counts in the spectral extraction region. The resulting differ-
ential spectrum is shown in Fig. 2 and is well fitted in the energy
range 0.42 TeV - 12.0 TeV by a power law,

AN E ~2.320.3400£0. 2555
—— = (0.9 £ 024 + 0.24) X 10713 | —
iE ( tat ys) ( Edec)

cm 25! Tev! (1)

where Eq4.c = 1.9TeV is the decorrelation energy. This corre-
sponds to an integral flux F(>0.42 TeV) = (0.9 £ 0.3 + 0.24y5) X
1072 em2s7,

2.4. Origin of the TeV emission

Since the size of the shell of G 15.4+0.1 in radio is comparable
to the size of the H.E.S.S. PSF, it is not obvious whether the ob-
served TeV emission originates in the shell of the SNR, in an
unknown source located inside the shell, or from a combination
of both. Indeed, simulations show that a pure shell-type emis-
sion from G 15.4+0.1 convolved with the H.E.S.S. PSF results
in a center-dominated source. A simulation study was therefore
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Fig. 2.  The differential VHE 7y-ray spectrum of HESS J1818—154.

The error bars represent 1o statistical errors. The result of a power-law
fit to the spectral data points is also shown, together with the 1 o error
band. The residuals between the power-law fit and the datapoints are
shown in the bottom plot.

performed to investigate whether a shell-like origin of the TeV
emission can be excluded based on the observed extension of
HESS J1818—154.

TeV emission was simulated from two source components:
a point-like and a shell-like source, the former positioned at the
center of the latter. The morphology of the shell-type source was
obtained by fitting a 2D projection of an elliptical 3D model of a
thin shell to the SNR G 15.4+0.1, as seen in 90 cm radio data (see
Sect. 4), and yielded a size of roughly 12’x18’. The simulations
were done using the same exposure and background maps as in
the real observations of HESS J1818—154, and the total simu-
lated flux was set to match the observed flux. The relative con-
tribution of the shell component to the total flux was varied from
10% to 100% in steps of 10%. For each set, 500 observations
were simulated, and the width of the combined emission was
derived for each simulation by fitting a 2D Gaussian model. The
mean and standard deviation for each distribution of the fitted
Gaussian width were then derived and are plotted in Fig. 3. This
can be compared to the best-fit extension of HESS J1818—154
(0.03°) which is indicated. This extension is not statistically sig-
nificant but is nonetheless used in this particular study since it
results in a more conservative result. From the observed differ-
ences in size, a scenario where a pure uniform shell-type emis-
sion is reconstructed with the Gaussian size of HESS J1818—-154
can be excluded at a significance of 6.4 0. Furthermore, a shell-
type contribution above 45% is excluded at 3 0. Models of non-
uniform TeV shell emission have not been investigated, but con-
sidering that the H.E.S.S. source is located roughly at the cen-
ter of the SNR, such scenarios could probably be rejected with
higher confidence than above.
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Fig. 3. The reconstructed Gaussian size for the combined TeV emis-
sion from a point-like and a shell-type source (blue datapoints). The
x-axis indicates the relative contribution from the shell component to
the total flux. The red line indicates the non-significant, best-fit exten-
sion of HESS J1818—-154.

3. XMM-Newton data analysis and results

To explore a PWN scenario for the newly detected compact VHE
y-ray source HESS J1818—-154 , the H.E.S.S. collaboration suc-
cessfully proposed to observe the region with XMM-Newton to
search for point-like and diffuse X-ray counterparts. In this
section, the analysis of the European Photon Imaging Camera
(EPIC) MOS (Turner et al. 2001) and PN (Striider et al. 2001)
data from this observation (ObsID: 0691390101, PI: P. Hofver-
berg) is presented. The data were analyzed with the XMM-
Newton Science Analysis System (SAS) version 12.0.1, sup-
ported by tools from the FTOOLS package and XSPEC version
12.5.0 (Arnaud 1996) for spectral modeling. Some tools from
the CIAO 4.4 software package were used for image processing

This observation was affected by some intervals of strong
background flaring activity. To clean the data, a good time-
interval (GTI) screening was employed, based on the full FoV
7-15 keV light curve provided by the standard processing chain.
Using thresholds of 8 cts/s for PN and 3 cts/s for MOS, the re-
sulting net (total) exposures are 23 ks (30ks) for PN and 30ks
(32ks) for MOS. For all spectra and images, good single and
multiple events were selected: (FLAG==0), PATTERN<4 (PN),
and PATTERN<12 (MOS).

3.1. Point-like X-ray sources

To detect X-ray point sources, the SAS standard maximum-
likelihood technique for source detection was used in several en-
ergy bands: 0.2-0.5keV, 0.5-1.0keV, 1.0-2.0keV, 2.0-4.5 keV,
4.5-10.0keV, and 0.5-10.0keV. After merging the source lists
from the three cameras and the individual energy bands, 75
unique point sources were detected in this observation. The
observed flux of the faintest detected point source in the list is
~4x107'* erg ecm™2 57! (0.5-10.0keV, assuming a power-law
spectrum with photon index —2), which is considered to be close
to the actual detection limit considering the large sample size of
75 sources.

Because the focus of this work is to search for potential coun-
terparts to HESS J1818—154, only the five point sources that
are within a region corresponding to the location and potential
size of HESSJ1818—154 are discussed below. These sources
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Fig. 4. Exposure-corrected and color-coded EPIC-PN counts im-

age of the region around HESSJ1818-154. The energy bands are
0.5-2.0keV (red), 2.0-4.5keV (green), and 4.5-10.0keV (blue). Over-
plotted are the 90 cm radio contours of G 15.4+0.1 (blue). The five de-
tected point sources compatible with the position and possible extent of
HESS J1818-154 are marked by numbered circles (cyan). The dashed
line (white, labeled “1") shows the region used for the spectral analysis
of the background.

are labeled in Fig. 4, which shows an exposure-corrected and
color-coded image created from EPIC-PN counts maps (see fig-
ure caption for details of the energy bands). Fortunately, the
count statistics for all of these sources were sufficient to per-
form a spectral analysis. To extract source counts, a circular
region was used with the 99% containment radius of the PSF at
the respective detector area, centered on the position given by
the source detection algorithm. For each source, the background
spectrum was extracted from a nearby source-free region on the
same detector CCD. Spectra from the three EPIC cameras were
fitted in parallel. To account for thermal and non-thermal emis-
sion, two spectral models were tested to reproduce the spectrum
from each source, namely an absorbed power law and an ab-
sorbed black-body model. Table 1 summarizes the results for
the five point sources. In each of these cases, one of the models
was clearly preferred by a statistical significance of at least 3 o,
and we only show the results for the preferred model. For some
sources the fit only provided upper limits for the column density
Ny.

The results from the spectral analysis were used to classify
the point sources to determine their most likely origin. Source
1 is by far the brightest source of the sample, and it features an
intrinsically hard spectrum that is strongly absorbed. The de-
rived value for Ny is a factor of ~5 more than the total Galac-
tic value toward this direction (1.85x10%2 cm™2, see Dickey &
Lockman 1990). Therefore, this source is most likely of extra-
galactic origin so was classified as “hard extragalactic (HEXT)".
In contrast, sources 2 and 4 exhibit only very low absorption and
have soft thermal spectra with temperatures of 0.1-0.2 keV. Such
spectra are typical of stars featuring coronal activity and/or bi-
nary interaction, which can occur during a wide variety of their
evolutionary stages (for a recent survey with XMM-Newton, see
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Nebot Gomez-Moran et al. 2013). Therefore, these two sources
were classified as “STAR". The two remaining sources show
intrinsically hard spectra, but their upper limits on the column
density are either at the level of or below the total Galactic value,
which might suggest a Galactic origin, such as cataclysmic vari-
ables, X-ray binaries, or pulsars. Sources 3 and 5 are thus clas-
sified as “hard galactic (HGAL)".

A search for periodicities in the signal of the five point
sources was performed by analyzing the fast Fourier transform
(FFT) power spectra derived from light curves in three energy
bands: 0.5-2.0keV, 2.0-10.0keV, and 0.5-10.0keV. However,
no significant peaks were visible above the background noise.
The frame times for the full-frame modes used in this XMM-
EPIC observation are 2.6 s for MOS and 73.4 ms for PN, respec-
tively, and thus there is no sensitivity for periodicities below a
few times these values.

3.2. Diffuse X-ray emission

The second part of the XMM-Newton data analysis was dedicated
to the search for diffuse X-ray emission spatially coincident with
the VHE y-ray source HESS J1818—-154, which is located in the
center of the SNR G 15.4+0.1. The procedure presented here is
very similar to previous studies of diffuse X-ray emission from
unidentified VHE y-ray sources, such as HESS J1626—490 (Eger
et al. 2011) and HESS J1747-248 (Eger et al. 2010).

In a first step, events around all detected X-ray point sources
were removed from the EPIC event lists to facilitate analysis
of only diffuse emission. For each source, a circular exclu-
sion region was defined, centered on the position given by the
SAS source detection algorithm, with a radius equivalent to the
99% containment radius of the PSF at the respective position in
the focal plane. To estimate the non-X-ray background (NXB)
caused by readout noise, charged particles passing the detector,
etc., filter-wheel-closed datasets were used that are provided by
the XMM-Newton background working group (Carter & Read
2007). The same GTI-filtering criteria as for the source observa-
tion were also applied to the NXB datasets.

3.2.1. Maps of diffuse X-ray emission

To create maps of diffuse X-ray emission, images of X-ray
counts were extracted in the two energy bands 1.0-4.0keV and
4.0-8.0keV. These bands were chosen to avoid the strong astro-
physical background at energies below ~1keV and a large part
of the NXB that is dominant above 8-9keV. The holes in the
maps resulting from the removal of point sources were refilled
using the CIAO tool dmfilth where the Poisson count statistics
from annular regions around each source are used to create fake
event distributions inside the excluded regions. Maps extracted
from the NXB dataset in the same energy bands were subtracted
from the source maps. To account for differences in exposure
and in the mean level of the background count rate, the NXB
maps were rescaled based on the ratio of high-energy events
(10-12keV) between source and NXB data before subtraction
(a method discussed in detail by Majerowicz et al. 2002). Fi-
nally, the NXB-subtracted maps were smoothed using a Gaus-
sian kernel with a size of 0.01° and divided by the exposure maps
smoothed in the same manner. In a last step the maps from all
three EPIC instruments were added for a combined image.
These maps should only contain a large-scale astrophysical
background component stemming from thermal emission of hot
gas in the Galactic plane and potential excess emission con-
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Table 1. X-ray point sources in the direction of HESS J1818—-154

No. R.A. Dec. Name Counts)  Ny® I or kT @ FY p-value® Class®
(XMMU) (102 cm™2) (-/keV) 107 ergecm 257!

1 18 17m445 -15°27/3377 J181744-152733.7 1832 1 13(7) Ir=-1 8:8;‘ 524+39 0.95 HEXT

2 1817746 -15°24'1879 J181746-152418.9 494 0197021 kT =0.14*0% 18503 088  STAR

3 18"17m48% -15°25’57"0 J181748-152557.0 128 <19 = —1.9;8:2 1.1 +0.6 0.39 HGAL

4 18"17m55% -15°25'5970 J181755-152559.0 350 <0.23 kT = 0.211’8:83 1.3+04 0.59 STAR

5 18218m07° -15°29’5570 J181807-152955.0 152 <0.95 Ir= —2.5;8:5 1.1+0.7 0.85 HGAL

All quoted uncertainties correspond to the 1o confidence interval; The energy range of the fit is 0.5-10.0keV; "Number of
excess counts summed over all three EPIC cameras; ®hydrogen column density. The “<"-sign indicates 99% confidence upper
limits; ¥power-law photon index (I) or black-body temperature (kT'), depending on which model yielded the better fit; ¥ Observed
(absorbed) energy flux (0.5-10.0keV) derived from the best-fit model; ©fit probability; ©assigned source class (see text): hard
extragalactic (HEXT), hard galactic (HGAL), soft galactic (STAR);

nected to the SNR and/or the putative PWN in its center. The
level of the diffuse astrophysical component present in these
maps was estimated by the mean (map) and standard deviation
(o aB) of pixel intensities from regions outside the SNR shell, us-
ing an exclusion region centered on the SNR (R.A.: 18"18™03¢,
Dec.: —15°27’58"”) with a radius of 8:5. The lower thresh-
old (white) of the maps’ color scales was set to map + O aB
to significantly suppress the contribution from the astrophysi-
cal background. Figure 5 shows the resulting maps for both en-
ergy bands. As suggested by these images, there is clear excess
above the astrophysical background component centered inside
the SNR radio shell. Furthermore, this excess emission appears
to be more compact at higher energies. Unfortunately, owing
to the low surface brightness in the outer regions of the diffuse
emission, its true extent is hard to quantify with the available
data.

3.2.2. Spectra of the diffuse excess emission

The large extent and relatively low surface brightness of the
diffuse excess emission makes a spectral analysis challenging,
particularly concerning accurate estimation of the various back-
ground components. To subtract the instrumental background
components, spectra extracted from the NXB dataset were used,
again rescaled to match the observed count rate at high energies
(see previous section). Owing to the energy-dependent change
of the effective area with off-axis angle, one cannot simply sub-
tract the astrophysical background using a spectrum from a re-
gion located at a very different area in the focal plane. Instead,
one either has to correct the background spectrum for this effect
(see, e.g., Arnaud et al. 2001) or model the background indepen-
dently (as done by Kaneda et al. 1997). In this work the latter
approach was used. Spectra were extracted from three regions:

1. an elliptical region outside of the radio shell and the diffuse
excess to model the astrophysical background (the Back-
ground region, shown in Fig. 4);

2. an elliptical region encompassing the whole X-ray excess
emission (the Full region, shown in Fig. 5);

3. a circular region inside the SNR covering the core of en-
hanced X-ray emission (the Core region, shown in Fig. 5)

As for the maps of diffuse X-ray emission, all detected
point sources were also removed from the event lists for the

spectral analysis. The energy-dependent effective area (ARF)
and energy response (RMF) files were calculated by averag-
ing over all non-excluded pixels in the respective extraction re-
gion, assuming a flat flux distribution. The diffuse Galactic
background spectrum was fitted with a two-temperature, non-
equilibrium ionization model (2T-NEI), which is known to de-
scribe the Galactic diffuse spectrum very well (for studies per-
formed with ASCA and Chandra, see Kaneda et al. 1997; Ebi-
sawa et al. 2005). All model parameters except for the flux nor-
malizations of the two thermal components were kept fixed at
the best-fit values from (Ebisawa et al. 2005, Table 8). The spec-
trum from the Background region is described very well by this
model (y? / ndf = 1.2) with a total observed surface brightness of
(4.36 +£0.14) x 1077 ergecm ™2 s~! sr7! (0.7-10.0keV). The spec-
tra from the full and the core regions were modeled by the sum
of the best-fit 2T-NEI model (rescaled to account for the dif-
ferent extraction areas) and an absorbed power-law component
to model the diffuse excess emission. Limited statistics meant
that the column density of the absorbed power law was fixed
at the total Galactic value in the direction of HESS J1818—-154
(1.85%10% cm™? Dickey & Lockman 1990). Again, spectra
from all three EPIC cameras were fit in parallel.

Table 2 shows the parameters of the extraction regions, as
well as the best-fit results of the power-law component for the
Full and the Core regions. The quoted errors also take the un-
certainties of the background model fit into account, which are,
however, very small compared to the statistical uncertainties of
the excess emission. As suggested by the different sizes of the
emission in the two energy bands, the spectrum from the Core
region has a harder spectrum than the Full region. However, this
difference in photon index is only marginally significant, mostly
due to large uncertainties of the spectral parameters from the
Full region arising from its large size and low surface brightness
resulting in a lower signal-to-noise ratio. It is worth mention-
ing that, given the large statistical uncertainties on the spectrum
for the Full region, a thermal model is able to describe the data
equally well. However, in both cases the model parameters are
equally poorly constrained, and therefore the thermal results do
not provide much additional information.
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Smoothed (Gaussian kernel with 0.01° sigma), exposure-corrected images of diffuse X-ray emission in two energy bands (as indicated
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of G15.4+0.1 are overplotted (blue). The dashed lines indicate the regions used for spectral analysis. The cross (orange) indicates the best-fit

position of HESS J1818—-154.

Table 2. Extraction regions and spectral fitting results for the diffuse X-ray emission

Reg. RA. Dec. size  area® re Flux (0.5-10.0keV)® 2/ ndf®
(1072 degz) (10713 erg cm2s7h)

Full  18"17"59° —-15°292" 67,58 2.6 38726 7.0+3.1 0.89

Core 18"7756° —15°27'14” 277 045 22705 3208 11

All quoted uncertainties correspond to the 1o confidence interval; "dimensions of the extraction region: semi-major and minor
axes for the Full region and radius for the Core region; Peffective extraction area on the detector (PN), taking excluded point
sources, bad pixels/columns, and chip borders into account; (3)ph0t0n index of the power-law model; @unabsorbed integral flux;

®value of y? divided by the number of degrees of freedom

4. Radio observations of G 15.4+0.1

Archival radio data from MAGPIS (White et al. 2005) were used
to search for a counterpart to HESS J1818—154 and the newly
discovered diffuse X-ray source. VLA observations of the re-
gion around G 15.4+0.1 are available at both 20 cm and 90 cm
wavelengths, where the PSF (here, half-power beam-width) of
the observations are 6.2” X 5.4” and 24" x 18”, respectively.
These data are sensitive to structures < 50’ (90cm) and < 18’
(20 cm). In both observations, the SNR has a clear shell structure
and appears largely void of emission from the central regions
(see Fig. 1). Therefore, since there is no obvious radio counter-
part to the X-ray and TeV source, an upper limit on the flux den-
sity from a region corresponding to the Core region (as defined
in Sect. 3) was derived. An upper limit on the flux density from
the Full region was obtained by scaling the result from the Core
region with the ratio of the area between the two regions. This
procedure minimizes the contamination of the emission from the
shell, while still being conservative, since the most luminous part
of the X-ray source is contained inside the Core region. The im-
ages were first convolved for a common beam size of 25" x 25",
and point sources* were removed by masking areas 1.5 times the
beam size. The RMS noise was then derived from each (con-

4 From SIMBAD, http://simbad.u-strasbg.fr/simbad
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volved) image and was found to be 099 = 20mJybeam™' and
o = 4mlJybeam™!, respectively. After integrating within the
Core and the Full regions, the 3 o flux upper limits given in Ta-
ble 3 were obtained. Uncertainties in the flux density include
contributions from i) image noise, ii) calibration, and iii) wrong
zero levels, as suggested by Klein et al. (2003).

Region Flux (90 cm)  Flux (20 cm)
dy) dy)
Full <4.8 <9.6
Core <0.9 <1.8

Table 3. The 3 o flux upper limits from the Core and the Full regions,
respectively.

5. Discussion

5.1. A PWN inside G 15.4+0.1 detected in X-rays and VHE y
rays

The observed X-ray emission exhibits a relatively luminous core
component completely contained within the boundaries of the
radio shell of G 15.4+0.1. It is well fit by a hard spectrum power
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law, which is a clear indication of non-thermal radiation. Sur-
rounding the core component and roughly centered on it, a dif-
fuse X-ray component is observed that fades with distance from
the core component. The diffuse emission completely fills the
inside of the SNR and partly overlaps with the weaker regions
of the radio shell. However, there is no overlap with the north-
ern part of the SNR where the radio emission is strongest. It
is therefore very likely that the observed X-ray emission stems
from a previously unknown PWN, in which a centrally located
pulsar is driving a wind of relativistic leptons that radiates in
X-rays via synchrotron mechanism. The discovery of a mor-
phologically compatible TeV counterpart strengthens this case
further, since TeV vy rays can be produced by the same popula-
tion of leptons through IC scattering on (predominately) cosmic
microwave background (CMB) photons. The X-ray and VHE
y-ray observations of G 15.4+0.1, presented in this paper, there-
fore show evidence of a PWN located inside the shell of the SNR
and thus establish this object as a composite SNR.

X-ray PWNe are generally brighter towards the pulsar thanks
to the cooling of the electrons as they propagate outward from
the acceleration site. This is also true for G 15.4+0.1, with the
difference that the core appears more like a distinct, well-defined
region superposed on a much fainter diffuse background. An-
other possibility is then that the Core region represents the termi-
nation shock of the pulsar and that its somewhat elongated mor-
phology, observed at high energies, is caused by an anisotropic
outflow from the pulsar. However, the extension of the termi-
nation shock in PWNe is normally in the range of 0.03-0.3 pc
(de Jager & Djannati-Atai 2009), which even for a small dis-
tance to G 15.4+0.1 of 1 kpc, translates to <1’ and would thus
appear point like to XMM-Newton, unlike what is observed in the
high-energy X-ray image. The compact feature seen in X-rays is
therefore most likely dominated by synchrotron emission from
the PWN.

Another possibility is then that the X-ray emission from the
Core region is in fact the complete PWN, while the diffuse emis-
sion is simply thermal emission from the shell. However, the
lack of emission from the bright parts of the radio shell makes
it unlikely that this is a dominant part of the emission. It is
therefore assumed in the following that the complete observed
X-ray emission originates in the cooled wind of the PWN with
the caveats noted that part of the emission can come from the
pulsar, the termination shock, and from thermal emission from
shock-heated material.

Since the extension of the PWN in X-rays and VHE vy rays
is comparable, the broad-band emission can be assumed to orig-
inate in a single population of particles. A one-zone model can
therefore be used to model the emission in the context of a PWN
scenario. A purely static leptonic model was considered here,
where the PWN hosts a population of leptons with a power-
law spectrum and an exponential cutoff, inside a region with a
uniformly distributed magnetic field. The synchrotron and IC
emission from this lepton population were then calculated, only
taking IC scattering on CMB photons into account.

Figure 6 shows the broad-band spectral energy distribution
(SED) of the newly discovered PWN, together with the best-fit
one-zone model to the radio, X-ray, and y-ray data overlaid®.
The radio and X-ray flux points were derived from the Full re-
gion. The free parameters of the model are the total energy in
relativistic leptons, the spectral index and exponential cutoff en-
ergy of the lepton population, and the average magnetic field.

5 The de-absorbed X-ray data points depend on the parameters of the
absorption model.
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Fig. 6. The spectral energy distribution of the PWN inside G 15.4+0.1
from radio to VHE 7y rays. The best-fit X-ray spectrum is shown with
the 1 o error band of the fit. Only statistical errors are shown. Overlaid
on the datapoints is the best-fit one-zone leptonic model of the PWN.

The 68 % confidence intervals for the fitted model parameters are
given in Table 4. Although the model is very simple, it describes
the data well with reasonable physical properties and predicts a
low average magnetic field inside the PWN. To better constrain
the total energy in the system and the spectral index of the lep-
ton distribution, a detection of the PWN in the radio regime is
necessary. A model with a low energy cutoff in the parent lepton
distribution, which is expected in the PWN paradigm (see e.g.
Wang et al. 2006), has not been considered here.

Parameter Value
Magnetic field (uG) 1.5-4.8
Spectral index (%’ ~ E’P) <2.6
Exp. cutoff (TeV) 10-80
Total energy (erg) <3x10%

Table 4. The 68 % confidence intervals for the parameters of the one-
zone model in Fig. 6. One-sided limits are given for the spectral index
and total energy since their y* contours are highly non-parabolic for
lower values than the best-fit value. The total energy is given for a
distance of 4.8 kpc.

5.2. A hadronic scenatrio for the TeV emission?

Castelletti et al. (2013) has recently reported the discovery of a
molecular cloud in spatial coincidence with the northern part of
the SNR shell. The molecular cloud, about 5" in size, consists
of two bright clumps with masses and densities on the order of
103 M,, and 10° cm™3, respectively. From the agreement of the
kinematical distances between the SNR and the cloud and from
tentative evidence showing that the northern cloud is being dis-
rupted by a strong shock, it was argued that the SNRs interact
with the molecular cloud. The authors furthermore show that
the observed TeV flux (Hofverberg et al. 2011) can be produced
by the decay of n° mesons created in the interaction between
accelerated protons/nuclei and the molecular cloud, assuming a
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conversion of a few percent of the supernova explosion energy
into relativistic protons.

The molecular cloud extends well outside the shell of the
northern boundary of the SNR, and it is therefore clear that the
TeV emission cannot originate in the complete cloud. The south-
ern clump is closer to the center of the SNR, hence also to the
TeV source, and it cannot be ruled out with high confidence that
they overlap. A hadronic origin of the TeV emission is therefore
possible, although the lack of emission from the direction of the
northern part of the cloud disfavors this scenario.

Also in a hadronic scenario as proposed above, a certain
amount of X-ray emission is expected from bremsstrahlung and
synchrotron emission from secondary electrons (Gabici et al.
2009). This can, however, not explain the observed X-ray emis-
sion observed from G 15.4+0.1 since there is a clear separation
between the molecular cloud and the X-ray emission region.

A scenario with a common origin of the X-ray and TeV emis-
sion from a PWN located inside the shell of G 15.4+0.1 is there-
fore preferred.

5.3. Age and evolution of the SNR G 15.4+0.1 and its PWN

Little is known about the age of the SNR G 15.4+0.1 and its
putative pulsar. Castelletti et al. (2013) placed the SNR at a
distance of (4.8 + 1.0)kpc. At this distance, the angular size
of the shell of G 15.4+0.1 (12'%x18") corresponds to a physical
size of (17x15) pc. From the average physical size of the SNR
and assumptions on the ambient medium density and the super-
nova explosion energy, the Sedov-Taylor model of SNR evolu-
tion from Blondin et al. (1998) can be used to derive a rough es-
timate of the age of the SNR. Since the ambient density around
G 15.4+0.1 is unknown, a value of 1 cm™ was adopted, which is
valid for a large number of SNRs in the galactic plane. A typical
supernova explosion energy of 103! erg was assumed. The model
then predicts an age of about 2500 years, placing this SNR in the
Sedov phase.

A scenario with a rather young, unevolved system is also
supported by the morphology of the SNR and the PWN as seen
in radio, X-ray, and TeV energies, assuming the latter is indeed
the high-energy counterpart of the PWN. With a X-ray and TeV
PWN centered inside the SNR shell, and a roughly symmetric
diffuse X-ray component surrounding the inner core, it is un-
likely that the reverse shock, which normally hits the expanding
PWN after ~2000 yrs (van der Swaluw et al. 2001), has had time
yet to significantly alter the system.

The age of the putative pulsar can be estimated using the
relationship between the y-ray to X-ray flux ratio and the char-
acteristic age of the pulsar proposed by Mattana et al. (2009)
(and further developed by Kargaltsev et al. 2013). This yields
a characteristic age of the pulsar of 17kyr. Interestingly, this
suggests an evolved system, in contradiction to the above esti-
mations. However, there are several examples of sources where
the true age is significantly less than the characteristic age of
the pulsar where the discrepancy is attributed to a fairly constant
pulsar spin-down (Roberts et al. 2003; Renaud et al. 2010).

5.4. Non-detection of a pulsar

Both the hard galactic (HGAL, see Table 1) X-ray point sources
qualify as potential candidate pulsars powering the observed
PWN. However, both these sources are located at significant off-
sets from the peak of the diffuse X-ray emission, which is gener-
ally expected to be close to the location of the pulsar, particularly
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in younger systems. It therefore seems unlikely that these corre-
spond to the pulsar powering this synchrotron nebula.

The non-thermal X-ray emission from a PWN is usually a
factor of ~10 greater than the X-ray emission from its pulsar (Li
et al. 2008). The expected X-ray flux from the putative pulsar
associated to HESS J1818-154 should therefore be on the or-
der of (107% = 10713) ergem™2 57! (0.5-10.0 ke V), which is con-
siderably higher than the point-source sensitivity of the current
XMM-Newton observation. A non-detection of a pulsar candi-
date in this observation would therefore be surprising. However,
there are some cases where predominantly thermal X-ray radia-
tion has been detected from pulsars powering young PWNe with
black-body temperatures of ~0.1keV (see, e.g., Hessels et al.
2004). If this was the case for HESS J1818—154, such a source
might be challenging to detect, given the high expected absorp-
tion column density due to the SNRs large distance.

The VLA observations of G 15.4+0.1 show no signs of a pul-
sar either, but in this case it is not surprising given the sensitiv-
ity of the observations. A typical young radio pulsar located
at 4.8 kpc with an assumed luminosity of Lyg e ~2.4 mly - kpc?
(like the median for low-luminosity young rotation powered pul-
sars as estimated by Camilo et al. 2006) would have a flux den-
sity of Sppem ~ 0.1 mJy, considerably lower than the sensitivity
of current VLA data. Furthermore, beaming effects could also
make the pulsar virtually undetectable in radio.

6. Conclusions

A new VHE vy-ray source, HESS J1818—154, has been discov-
ered toward the direction of the SNR G 15.4+0.1 with a flux
above 0.42TeV of (0.9 + 0.3y % 0.245) X 1072 cm™2s7!. The
centroid of the source is at, or near, the center of the SNR, and a
pure shell-type origin of the emission can be ruled out with high
confidence from the observed size of the source. The VHE v-
ray emission therefore likely originates in a previously unknown
source located inside the shell of G 15.4+0.1.

Follow-up observations of HESSJ1818—-154 with XMM-
Newton have revealed a diffuse source of X-rays coincident
with the TeV emission. The X-ray emission exhibits a two-
component morphology with a hard-spectrum core component
surrounded by a fainter halo that fills the SNR cavity com-
pletely. The energy flux of the total diffuse X-ray emission is
(7.0 = 3.1)x10713 erg cm™ s7! (0.5-10.0keV). The observed
VHE y-ray emission is morphologically compatible with the ex-
tended X-ray source.

The morphological and spectral characteristics of the X-ray
emission provide strong evidence of a PWN located inside the
shell of G 15.4+0.1. The detection of a morphologically com-
patible TeV counterpart to the X-ray PWN further strengthens
this scenario. These observations therefore classify this object
as a composite SNR. Only a handful of such sources have been
detected at TeV energies, and G 15.4+0.1 is the first case where
the composite nature has been discovered first and classified on
the basis of VHE y-ray observations. A one-zone leptonic model
describes the broad-band emission well, predicting a low aver-
age magnetic field inside the PWN. Two hard-spectrum point
sources discovered in the XMM-Newton observation qualify as
potential candidate pulsars powering the observed PWN. How-
ever, neither of them constitutes a strong candidate since they
are both offset relative to the peak X-ray emission. No pulsar
candidates have been discovered in archival radio observations
of the SNR.

Castelletti et al. (2013) recently discovered a molecular
cloud in spatial coincidence with the northern part of the SNR
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shell and then suggested a hadronic origin of the TeV emission.
Although this scenario cannot be excluded, the so far tentative
evidence for an interaction between the MC and the shell, the
poor morphological match between the MC and the TeV source,
and the need to invoke an additional mechanism to explain the
X-ray emission makes a hadronic scenario unlikely.

Future deep radio observations are promising to confirm that
a powerful pulsar is located at the center G 15.4+0.1. Also,
searches for a counterpart to the X-ray synchrotron nebula in
radio would allow the injection spectrum of the underlying lep-
ton population to be better constrained. Furthermore, extending
the VHE y-ray coverage into lower energies would probably fa-
cilitate the detection of the IC peak, which is another crucial
component for further constraining the parameters of the lepton
population. Thus, future observations with H.E.S.S.II and CTA
are highly desirable.
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