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SN 1604: a Type Ia with circumstellar interaction

• Thought to be a runaway single degenerate Type Ia SN 

2

Figure 1: Kepler’s SNR at different wavelengths: a) Radio VLA (4.85 GHz)
map (Delaney and Rudnick, 2003); b) 24µm dust emission as observed by the
Spitzer MIPS instrument (Blair et al, 2007); c) optical image (Ha , [NII] and [OIII])
obtained by the Hubble Space Telescope/ACS instrument (credit: ESA/NASA, The
Hubble Heritage Team (STScI/AURA)); d) Chandra X-ray image in the iron-rich
0.7-1.0 keV band (Reynolds et al, 2007). Intensity scaling of Fig. a, b, and d are
square-root scalings, bringing out fainter details.
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Kepler: the last historic SNR without gamma-rays

• Upper-limits reported in LAT SNR catalog (3 yrs of P7 data) 
• Upper-limits reported by HESS (13 hours) 
• Paper by Xiang&Jiang (February21) but: 

– reported TS~21 (~3.8 sigma;12 yrs) 
– no study of the morphology and simple SED modeling
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response function “P8R3_SOURCE_V2” is used to match
event selection and data set. A single power-law model5 is
employed for the spectral model of the source. Within all
sources from the center of ROI of 5°, all spectral parameters
and the normalizations of two diffuse backgrounds are left free.

3. Results

3.1. Source Detection

In the analysis, a Test Statistic (TS) map of (5°× 5°) is first
created by running gttsmap in 0.7–500 GeV, and the emission
from the two diffuse backgrounds and all sources from 4FGL in
the best-fit model are subtracted as shown in the left panel of
Figure 1. A significant γ-ray emission is shown in the position of
Kepler’s SNR. Meanwhile, a lot of residual radiation around it is
found, and then 9 point sources (P1-P9) with a power-law
spectrum model at the local maxima of the TS map are added in
order to deduct them, as shown in the middle panel of Figure 1.
The relative fitting parameters from the γ-ray excesses of P1-P9
are shown in Table 4 (see the Appendix).

It is found that the high-energy radiation of the source is still
significant with TS=22.94, and its integral photon flux is
(5.21 ± 1.52)× 10−10 ph cm−2 s−1 with spectral index of 2.35 ±
0.24. The best-fit position (R.A., decl.=262.62, −21.49, with 1σ
error radius of 0°.04) from the γ-ray source calculated with
gtfindsrc according to the position of Kepler’s SNR in
SIMBAD.6 The angular separation between the best-fit position
and Kepler’s SNR of the γ-ray source is ∼0°.03. After, the
position of the point source of Kepler’s SNR is replaced by the
best-fit location of the γ-ray emission in the model file for all
following analysis. Its name is marked as SrcX.

A spatial extension test from SrcX is implemented by using
two kinds of templates including the uniform disk and the 2D
Gaussian with different values of radii and σ. In these two kinds
of templates, the values of radius and σ are set in a range of
0°.01–0°.1 with a step of 0°.01. Here, the relative fitting result with
the highest TS value for them is chosen as listed in Table 1. No
significant improvement is found by using the extended spatial
template rather than a point-source spatial template by calculating

TSext values≈0, (from TSdisk−TSpoint, e.g., Lande et al. 2012).
Hereafter, a point-source spatial template for SrcX is chosen for
the following analysis.

3.2. Spectral Analysis

The SED of SrcX in the energy band of 0.2–500 GeV is
obtained in our analysis, where the severe pollution from the
lower energy band is excluded. The energy range is divided into
five logarithmically equal bins. The binned likelihood analysis
method is used to fit each energy bin. For TS value <5.0 from
every energy bin, an upper limit with 95% confidence level is
calculated. The SED of SrcX is shown in Figure 2, and the
corresponding data are given in Table 2.
Because this object is located in the observation range of the

Cerenkov Telescope Array in the north (CTA Consortium et al.
2019), Figure 2 also shows the sensitivity of CTA.

3.3. Variability Analysis

To generate the light curve of the SrcX, the energy band of
0.2–500 GeV is selected. The full observation period is divided

Figure 1. TS maps of 0.7–500 GeV with 0°. 02 pixel size centered at the best-fit position of Kepler’s SNR. Left panel: TS map including all sources from Fermi Large
Telescope Fourth Source Catalog (Abdollahi et al. 2020) and other uncertified sources (P1-P9) in 5°. 0 × 5°. 0 region. Middle panel: TS map subtracted all objects
(including P1-P9) in addition to Kepler’s SNR in 5°. 0 × 5°. 0 region. Right panel: TS map in 0°. 5 × 0°. 5 region, where the green contours are from observation of
Chandra (Kepler’s SNR; Reynolds et al. 2007), and the cyan circles show the 1σ and 2σ error regions of the best-fit position from the work.

Figure 2. γ-ray SED of Kepler’s SNR in the energy range from 200 MeV to
500 GeV. The global best-fit result and its 1σ statistic error are plotted with the
black solid and red dashed lines, respectively. The gray shaded areas represent
the TS value from each energy bin with TS > 5.0. And the upper limits of 95%
confidence level are given for TS < 5.0.

5 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/xml:model_defs.
html#powerlaw
6 http://simbad.u-strasbg.fr/simbad/
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Xiang21

New ICRC detection



Why doing a re-analysis ?

• The TS=21 detection is ~3.8 sigma with 4 d.o.f. + impact of systematics ? 
– Analysis configuration can be optimized (Summed LL, bin size, …) 

• We revisit the same dataset with a more optimized analysis 

• Peak in the TSmap is slighlty outside of the SNR and Xiang paper 
suggests an escaping CRs interpretation 
– Is the gamma-ray emission statistically compatible with arising from 

the Kepler SNR ? (not clear in Xiang) 
• Compare TS with MWL templates (radio, IR, X) 

• Modeling in Xiang does not use the wealth of info known for Kepler 
(CSM interaction, densities, Vshock, …) 
– Propose a new SED modeling assuming CSM interaction  

• A self-consistent modeling with only 4 d.o.f. (B, Γ, We, Wp) fixing all 
other parameters to known values for Kepler
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Different analysis configuration 

• We report a TS=38.3 above 100 MeV and 34 above 700 MeV
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Table 2. Results of the fit of the LAT data between 700 MeV and

1 TeV using di↵erent analysis configurations.

Configuration Summed Spatial bin size Region size TS

number analysis (
�
) (

�
) TS

1 Yes 0.05 15 33.9

2 No 0.05 15 30.6

3 No 0.1 15 23.2

4 No 0.1 20 21.4

DecJ2000 = 264.19�,�20.01�. We then tested di↵er-202

ent spectral shapes for Kepler. During this proce-203

dure, the spectral parameters of sources located up to204

4� from the ROI center were left free during the fit,205

like those of the Galactic and isotropic di↵use emis-206

sions. We tested a simple power-law model, a logarith-207

mic parabola and a smooth broken power-law model.208

Again, the improvement between the power-law model209

and the two other models is tested using the likeli-210

hood ratio test. In our case, �TS is 2.1 for the log-211

arithmic parabola model and 3.2 for the smooth bro-212

ken power-law representation, indicating that no sig-213

nificant curvature is detected. Assuming a power-law214

representation, the best-fit model for the photon distri-215

bution yields a TS of 41.7 above 100 MeV, a spectral216

index of 2.19± 0.11stat± 0.16syst and a normalization of217

(2.94± 0.57stat ± 0.27syst) ⇥10�14 MeV�1 cm�2 s�1 at218

the pivot energy of 2947 MeV. This implies an energy219

flux above 100 MeV of (3.4 ± 0.6stat ± 0.3syst) ⇥ 10�12
220

erg cm�2 s�1 and a corresponding �-ray luminosity of221

(1.02±0.18±0.09)⇥1034 erg s�1 at a distance of 5 kpc.222

The systematic errors on the spectral analysis depend on223

our uncertainties on the Galactic di↵use emission model224

and on the e↵ective area. The former is calculated us-225

ing eight alternative di↵use emission models following226

the same procedure as in the first Fermi-LAT super-227

nova remnant catalog (Acero et al. 2016) and the latter228

is obtained by applying two scaling functions on the ef-229

fective area. We also considered the impact on the spec-230

tral parameters when changing the spatial model from231

a multi-wavelength template to the best point source232

hypothesis. These three sources of systematic uncer-233

tainties were added in quadrature.234

The Fermi -LAT spectral points shown in Figure 1c were235

obtained by dividing the 100 MeV – 1 TeV energy range236

into 5 logarithmically-spaced energy bins and perform-237

ing a maximum likelihood spectral analysis to estimate238

the photon flux in each interval, assuming a power-law239

shape with fixed photon index � = 2 for the source.240

Table 3. Fermi-LAT flux data points using the infra-red template.

Energy band E2dN/dE TS

GeV 10
�13

erg cm
�2

s
�1

0.25 (0.10-0.63) 9.11 (2.77, -2.78) (2.52, -2.32) 10.93

1.58 (0.63-3.98) 3.93 (1.25, -1.32) (1.17, -1.03) 10.83

10.00 (3.98-25.12) 3.18 (0.96, -1.11) (0.59, -0.67) 16.92

63.10 (25.12-158.49) 1.88 (1.27, -1.75) (0.48, -0.65) 4.45

398.11 (158.49-1000.00) 16.94* 0.64

Note—The flux parameter with an asterisk denotes an upper-limit.

The first (second) flux errors represent statistical (systematic) er-

rors respectively. A 95% C.L. upper limit is computed when the

TS value is lower than 1.

The normalizations of the di↵use Galactic and isotropic241

emission were left free in each energy bin as well as those242

of the sources within 4�. A 95% C.L. upper limit is com-243

puted when the TS value is lower than 1.244

We examined the reason for the significant improvement245

of the derived TS value (of 41.7) with respect to the TS246

value of 22.9 above 200 MeV reported by Xiang & Jiang247

(2021). To do so, we re-analyzed the source above 700248

MeV using a point source localized at the position re-249

ported by Xiang & Jiang (2021) with di↵erent configu-250

rations of analysis method (summed or not), spatial bin251

size and region size (Table 2). Our summed likelihood252

analysis and the finer spatial binning of 0.05� (configu-253

ration 1) explain entirely the di↵erences with respect to254

Xiang & Jiang (2021) (configuration 4). These improve-255

ments together with our lower energy threshold of 100256

MeV boost our detection to the TS value of 41.7.257

3. DISCUSSION258

We now model the �-ray emission in a multi-259

wavelength context. As many parameters relevant for260

the acceleration process are well known for Kepler, we261

aim to build a coherent model by fixing as many param-262

eters as possible as well as spectral energy cuto↵s and263

break from theoretical grounds.264

3.1. Model motivation265

Our assumption is that on the one hand, the observed266

GeV �-ray emission is mostly of hadronic nature (⇡0
267

decay) being radiated from the North-West hemisphere268

where the shock is in interaction with the dense CSM269

as traced by infra-red and optical maps. On the other270

hand, the leptonic components (synchrotron and inverse271

Compton) arise from high velocity regions mostly ob-272

Xiang config

Xiang config: 22.9 above 700 MeV
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Figure 1. a) Zoom on the Fermi-LAT TS map at the Kepler SNR position above 1 GeV. The green contours are from the

infra-red 24 µm Spitzer map. The cross and circles illustrate the best-fit position and the 68%/95% confidence contours. b)

Fermi-LAT TS map of the 15
� ⇥ 15

�
region of interest around the Kepler SNR above 100 MeV. White crosses represent the

sources from the 4FGL-DR2 catalog and green crosses the added point sources. For both TS maps, the Kepler SNR was not

added in the model. c) Spectral energy distribution of the Kepler SNR obtained using the infra-red spatial template. Blue

error bars represent the statistical uncertainty while the the red ones are the statistical and systematical uncertainties added in

quadrature.

of H.E.S.S. observations (Aharonian et al. 2008), only68

upper-limits were reported. Given the high galactic lat-69

itude (b = 6.8�) of the source, the region is not covered70

by the H.E.S.S. galactic plane survey (H. E. S. S. Col-71

laboration et al. 2018).72

Kepler is the last remaining SNR among the three73

iconic young galactic SNRs (Kepler, Tycho, Cassiopeia74

A) without any significant �-ray emission. The recent75

report by Xiang & Jiang (2021) of a ⇠ 3.8�2 detec-76

tion with Fermi -LAT in the direction of the Kepler SNR77

could open the window of �-ray studies for this young78

and historic object.79

In this study we aim to transform the status of the80

discovery from likely candidate to solid higher signifi-81

cance detection by using a more sophisticated Fermi -82

LAT analysis with approximately the same dataset (see83

Section 2). We have also investigated whether the �-84

ray detection, whose peak detection is slightly o↵ cen-85

tered from the SNR is significantly located outside or86

compatible with originating from the SNR using multi-87

wavelength spatial templates.88

We conclude in Section 3 by modeling Kepler’s multi-89

wavelength emission under the assumption that �-rays90

are emitted from the northern interacting region while91

synchrotron emission arises mostly from the fast shocks92

in the southern region.93

2. ANALYSIS94

2.1. LAT data reduction and preparation95

2 Significance associated to a Test-Statistic of 22.94 with 4 degrees
of freedom.

The Fermi -LAT is a �-ray telescope which detects96

photons by conversion into electron-positron pairs in the97

energy range between 20 MeV to higher than 500 GeV98

(a detailed description of the instrument can be found99

in Atwood et al. 2009). The following analysis was per-100

formed using 12 years of Fermi -LAT data collected pri-101

marily in survey mode (2008 August 04 – 2020 August102

03). A maximum zenith angle of 90� below 1 GeV and103

105� above 1 GeV was applied to reduce the contam-104

ination of the Earth limb, and the time intervals during105

which the satellite passed through the South Atlantic106

Anomaly were excluded. Our data were also filtered107

removing time intervals around solar flares and bright108

GRBs. The data reduction and exposure calculations109

were performed using the LAT fermitools version 1.2.23110

and fermipy (Wood et al. 2017) version 0.19.0. We per-111

formed a binned likelihood analysis and accounted for112

the e↵ect of energy dispersion (reconstructed event en-113

ergy not equal to the true energy of the incoming �-ray)114

by using edisp bins = �3. This means that the energy115

dispersion correction operates on the spectra with three116

extra bins below and above the threshold of the analy-117

sis3. Our binned analysis is performed with 10 energy118

bins per decade, spatial bins of 0.02� for the morpho-119

logical analysis and 0.05� for the spectral analysis over120

a region of 15� ⇥ 15�. We included all sources from the121

LAT 10-year Source Catalog (4FGL-DR2) up to a dis-122

tance of 15� from Kepler. Sources with a predicted123

3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Pass8 edisp usage.html

Analysis comparison
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Figure 1. a) Fermi-LAT TS map of the 15
�⇥15

�
region of interest around the Kepler SNR. White crosses represent the sources

from the 4FGL-DR2 catalog and green crosses the added point sources. b) Zoom on the TS map at the Kepler SNR position.

The green contours are from the infra-red 24 µm Spitzer map. The cross and circles illustrate the best-fit position and the

68%/95% confidence contours. For both TS maps, the Kepler SNR was not added in the model. c) Spectral energy distribution

of the Kepler SNR obtained using the infra-red spatial template. Blue error bars represent the statistical uncertainty while the

the red ones are the statistical and systematical uncertainties added in quadrature.

of H.E.S.S. observations (Aharonian et al. 2008), only68

upper-limits were reported. Given the high galactic lat-69

itude (b = 6.8�) of the source, the region is not covered70

by the H.E.S.S. galactic plane survey (H. E. S. S. Col-71

laboration et al. 2018).72

Kepler is the last remaining SNR among the three73

iconic young galactic SNRs (Kepler, Tycho, Cassiopeia74

A) without any significant �-ray emission. The recent75

report by Xiang & Jiang (2021) of a ⇠ 3.8�2 detec-76

tion with Fermi -LAT in the direction of the Kepler SNR77

could open the window of �-ray studies for this young78

and historic object.79

In this study we aim to transform the status of the80

discovery from likely candidate to solid higher signifi-81

cance detection by using a more sophisticated Fermi-82

LAT analysis with approximately the same dataset (see83

Section 2). We have also investigated whether the �-84

ray detection, whose peak detection is slightly o↵ cen-85

tered from the SNR is significantly located outside or86

compatible with originating from the SNR using multi-87

wavelength spatial templates.88

We conclude in Section 3 by modeling Kepler’s multi-89

wavelength emission under the assumption that �-rays90

are emitted from the northern interacting region while91

synchrotron emission arises mostly from the fast shocks92

in the southern region.93

2. ANALYSIS94

2.1. LAT data reduction and preparation95

2 Significance associated to a Test-Statistic of 22.94 with 4 degrees
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The Fermi -LAT is a �-ray telescope which detects96

photons by conversion into electron-positron pairs in97

the energy range between 20 MeV to higher than 50098

GeV (a detailed description of the instrument can be99

found in Atwood et al. 2009). The following analy-100

sis was performed using 12 years of Fermi-LAT data101

collected primarily in survey mode (2008 August 04102

– 2020 August 03). A maximum zenith angle of 90�103

was applied to reduce the contamination of the Earth104

limb, and the time intervals during which the satellite105

passed through the South Atlantic Anomaly were ex-106

cluded. Our data were also filtered removing time in-107

tervals around solar flares and bright GRBs. The data108

reduction and exposure calculations were performed us-109

ing the LAT fermitools version 1.2.23 and fermipy110

(Wood et al. 2017) version 0.19.0. We performed a111

binned likelihood analysis and accounted for the e↵ect112

of energy dispersion (reconstructed event energy not113

equal to the true energy of the incoming �-ray) by using114

edisp bins = �3. This means that the energy dispersion115

correction operates on the spectra with three extra bins116

below and above the threshold of the analysis3. Our117

binned analysis is performed with 10 energy bins per118

decade, spatial bins of 0.02� for the morphological anal-119

ysis and 0.05� for the spectral analysis over a region of120

15� ⇥ 15�. We included all sources from the LAT 10-121

year Source Catalog (4FGL-DR2) up to a distance of122

15� from Kepler. The summed likelihood method was123

used to simultaneously fit events with di↵erent angu-124

3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8 edisp usage.html

response function “P8R3_SOURCE_V2” is used to match
event selection and data set. A single power-law model5 is
employed for the spectral model of the source. Within all
sources from the center of ROI of 5°, all spectral parameters
and the normalizations of two diffuse backgrounds are left free.

3. Results

3.1. Source Detection

In the analysis, a Test Statistic (TS) map of (5°× 5°) is first
created by running gttsmap in 0.7–500 GeV, and the emission
from the two diffuse backgrounds and all sources from 4FGL in
the best-fit model are subtracted as shown in the left panel of
Figure 1. A significant γ-ray emission is shown in the position of
Kepler’s SNR. Meanwhile, a lot of residual radiation around it is
found, and then 9 point sources (P1-P9) with a power-law
spectrum model at the local maxima of the TS map are added in
order to deduct them, as shown in the middle panel of Figure 1.
The relative fitting parameters from the γ-ray excesses of P1-P9
are shown in Table 4 (see the Appendix).

It is found that the high-energy radiation of the source is still
significant with TS=22.94, and its integral photon flux is
(5.21 ± 1.52)× 10−10 ph cm−2 s−1 with spectral index of 2.35 ±
0.24. The best-fit position (R.A., decl.=262.62, −21.49, with 1σ
error radius of 0°.04) from the γ-ray source calculated with
gtfindsrc according to the position of Kepler’s SNR in
SIMBAD.6 The angular separation between the best-fit position
and Kepler’s SNR of the γ-ray source is ∼0°.03. After, the
position of the point source of Kepler’s SNR is replaced by the
best-fit location of the γ-ray emission in the model file for all
following analysis. Its name is marked as SrcX.

A spatial extension test from SrcX is implemented by using
two kinds of templates including the uniform disk and the 2D
Gaussian with different values of radii and σ. In these two kinds
of templates, the values of radius and σ are set in a range of
0°.01–0°.1 with a step of 0°.01. Here, the relative fitting result with
the highest TS value for them is chosen as listed in Table 1. No
significant improvement is found by using the extended spatial
template rather than a point-source spatial template by calculating

TSext values≈0, (from TSdisk−TSpoint, e.g., Lande et al. 2012).
Hereafter, a point-source spatial template for SrcX is chosen for
the following analysis.

3.2. Spectral Analysis

The SED of SrcX in the energy band of 0.2–500 GeV is
obtained in our analysis, where the severe pollution from the
lower energy band is excluded. The energy range is divided into
five logarithmically equal bins. The binned likelihood analysis
method is used to fit each energy bin. For TS value <5.0 from
every energy bin, an upper limit with 95% confidence level is
calculated. The SED of SrcX is shown in Figure 2, and the
corresponding data are given in Table 2.
Because this object is located in the observation range of the

Cerenkov Telescope Array in the north (CTA Consortium et al.
2019), Figure 2 also shows the sensitivity of CTA.

3.3. Variability Analysis

To generate the light curve of the SrcX, the energy band of
0.2–500 GeV is selected. The full observation period is divided

Figure 1. TS maps of 0.7–500 GeV with 0°. 02 pixel size centered at the best-fit position of Kepler’s SNR. Left panel: TS map including all sources from Fermi Large
Telescope Fourth Source Catalog (Abdollahi et al. 2020) and other uncertified sources (P1-P9) in 5°. 0 × 5°. 0 region. Middle panel: TS map subtracted all objects
(including P1-P9) in addition to Kepler’s SNR in 5°. 0 × 5°. 0 region. Right panel: TS map in 0°. 5 × 0°. 5 region, where the green contours are from observation of
Chandra (Kepler’s SNR; Reynolds et al. 2007), and the cyan circles show the 1σ and 2σ error regions of the best-fit position from the work.

Figure 2. γ-ray SED of Kepler’s SNR in the energy range from 200 MeV to
500 GeV. The global best-fit result and its 1σ statistic error are plotted with the
black solid and red dashed lines, respectively. The gray shaded areas represent
the TS value from each energy bin with TS > 5.0. And the upper limits of 95%
confidence level are given for TS < 5.0.

5 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/xml:model_defs.
html#powerlaw
6 http://simbad.u-strasbg.fr/simbad/
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response function “P8R3_SOURCE_V2” is used to match
event selection and data set. A single power-law model5 is
employed for the spectral model of the source. Within all
sources from the center of ROI of 5°, all spectral parameters
and the normalizations of two diffuse backgrounds are left free.
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are shown in Table 4 (see the Appendix).
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Hereafter, a point-source spatial template for SrcX is chosen for
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3.2. Spectral Analysis
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obtained in our analysis, where the severe pollution from the
lower energy band is excluded. The energy range is divided into
five logarithmically equal bins. The binned likelihood analysis
method is used to fit each energy bin. For TS value <5.0 from
every energy bin, an upper limit with 95% confidence level is
calculated. The SED of SrcX is shown in Figure 2, and the
corresponding data are given in Table 2.
Because this object is located in the observation range of the

Cerenkov Telescope Array in the north (CTA Consortium et al.
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3.3. Variability Analysis

To generate the light curve of the SrcX, the energy band of
0.2–500 GeV is selected. The full observation period is divided
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Is the emission compatible with Kepler : YES

• No significant difference between best-fit point source and MWL 
• Source not significantly extended:  TSext=0.3

9

Figure 1: Kepler’s SNR at different wavelengths: a) Radio VLA (4.85 GHz)
map (Delaney and Rudnick, 2003); b) 24µm dust emission as observed by the
Spitzer MIPS instrument (Blair et al, 2007); c) optical image (Ha , [NII] and [OIII])
obtained by the Hubble Space Telescope/ACS instrument (credit: ESA/NASA, The
Hubble Heritage Team (STScI/AURA)); d) Chandra X-ray image in the iron-rich
0.7-1.0 keV band (Reynolds et al, 2007). Intensity scaling of Fig. a, b, and d are
square-root scalings, bringing out fainter details.

4

Radio IR

Hα X-ray

MWL templates and point source give 
comparable significance

4 Acero et al.

Table 1. Results of the fit of the LAT data

between 1 GeV and 1 TeV using di↵erent spa-

tial models

Spatial model TS k �AIC

X-ray template 28.6 2 -24.6

Radio template 28.8 2 -24.8

Infra-red template 29.7 2 -25.7

Best point source (PS) 32.1 4 -24.1

Note—The second column reports the TS

values obtained for each spatial model,

while column 3 indicates the number of de-

grees of freedom k adjusted in the model.

The delta Akaike criterion is reported in the

fourth column. See Section 2.2 for more de-

tails

Table 2. Results of the fit of the LAT data between 700 MeV and

1 TeV using di↵erent analysis configurations.

Configuration Summed Spatial bin size Region size TS

number analysis (
�
) (

�
)

1 Yes 0.05 15 33.9

2 No 0.05 15 30.6

3 No 0.1 15 23.2

4 No 0.1 20 21.4

sions. We tested a simple power-law model, a logarith-219

mic parabola and a smooth broken power-law model.220

Again, the improvement between the power-law model221

and the two other models is tested using the likeli-222

hood ratio test. In our case, �TS is 2.4 for the log-223

arithmic parabola model and 3.1 for the smooth bro-224

ken power-law representation, indicating that no sig-225

nificant curvature is detected. Assuming a power-law226

representation, the best-fit model for the photon distri-227

bution yields a TS of 38.3 above 100 MeV, a spectral228

index of 2.14± 0.12stat± 0.15syst and a normalization of229

(2.71± 0.57stat ± 0.26syst) ⇥10�14 MeV�1 cm�2 s�1 at230

the pivot energy of 2947 MeV. This implies an energy231

flux above 100 MeV of (3.1 ± 0.6stat ± 0.3syst) ⇥ 10�12
232

erg cm�2 s�1 and a corresponding �-ray luminosity of233

(0.93±0.18±0.09)⇥1034 erg s�1 at a distance of 5 kpc.234

The systematic errors on the spectral analysis depend on235

our uncertainties on the Galactic di↵use emission model,236

on the e↵ective area and on the spatial shape of the237

source. The first is calculated using eight alternative238

di↵use emission models following the same procedure239

as in the first Fermi -LAT supernova remnant catalog240

(Acero et al. 2016) and the second is obtained by ap-241

plying two scaling functions on the e↵ective area. We242

also considered the impact on the spectral parameters243

when changing the spatial model from the infra-red244

template to the best point source hypothesis. These245

three sources of systematic uncertainties were added in246

quadrature.247

The Fermi -LAT spectral points shown in Figure 1c were248

obtained by dividing the 100 MeV – 1 TeV energy range249

into 5 logarithmically-spaced energy bins and perform-250

ing a maximum likelihood spectral analysis to estimate251

the photon flux in each interval, assuming a power-law252

shape with fixed photon index � = 2 for the source.253

The normalizations of the di↵use Galactic and isotropic254

emission were left free in each energy bin as well as those255

of the sources within 4�. A 95% C.L. upper limit is com-256

puted when the TS value is lower than 1.257

We examined the reason for the significant improvement258

of the derived TS value (of 38.3) with respect to the259

TS value of 22.9 above 700 MeV reported by Xiang &260

Jiang (2021). To do so, we re-analyzed the source above261

the same threshold 700 MeV using a point source local-262

ized at the position reported by Xiang & Jiang (2021).263

Their setup corresponds to configuration 4 in264

Table 2 and we find a TS value very similar265

to theirs (22.9). We tested several analyses266

with di↵erent spatial bin sizes, region sizes and267

with/without summed likelihood and the im-268

provement step by step is shown in Table 2. The269

higher TS value that we find in our analysis is270

most likely due to the summed likelihood anal-271

ysis and the finer spatial binning of 0.05� (con-272

figuration 1). These improvements together with273

our lower energy threshold of 100 MeV boost our274

detection to the TS value of 38.3.275

3. DISCUSSION276

We now model the �-ray emission in a multi-277

wavelength context. As many parameters relevant for278

the acceleration process are well known for Kepler, we279

aim to build a coherent model by fixing as many param-280

eters as possible as well as spectral energy cuto↵s and281

break from theoretical grounds.282

3.1. Model motivation283

Our assumption is that on the one hand, the observed284

GeV �-ray emission is mostly of hadronic nature (⇡0
285

decay) being radiated from the North-West hemisphere286

where the shock is in interaction with the dense CSM287



Modeling rationale

Gamma-ray stems from the NW interaction region where density is high 
(n0~8 cm-3 from optical).  Now distance well measured = 5.1 ± 0.8 kpc

10
synchrotron (X)HαIR (24 μm Spitzer)

Electron emission 
coming from fast 
shocks (Southern 
hemisphere)

Vshock ~5000 km/s 
n0~10-2 cm-3

Interaction with the 
CSM with ~8 cm-3 
Lower shock speed
~1700 km/sSynchrotron + IC

Hadronic emission



SED modeling 

• Most parameters are fixed from theory or literature 
• Vsh,e from Chandra X-ray synchrotron rims motion 
• Vsh,p from Hubble Hα motion 

• Density from Hα 

• Electrons are cooling limited => Emax,p  & Ebreak 
• Exponentially Cutoff BrokenPowerLaw with a change of 

slope after  Ebreak to Γ2=Γ1+1.  

• Proton acceleration is age limited =>Emax,p 

• With an opening angle of 45° (filling factor 15%) 
•  Local proton budget ~ 4% of E51

11
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Table 4. List of parameters obtained from the modeling of the spectral energy distribution in di↵erent scenarios.

Scenario B n0 Vsh,e Vsh,p �e,1/�e,2 Ebreak,e Emax,e �p Emax,p We Wp

µG cm
�3

km s
�1

km s
�1

TeV TeV TeV erg erg

High magnetic field 170 [8] [5000] [1700] 2.2/[3.2] [1.1] [18.4] 2.2 [21.2] 1⇥10
47

5.6⇥10
48

Intermediate magnetic field 90 [8] [5000] [1700] 2.3/[3.3] [3.9] [25.3] 2.3 [11.2] 2.8⇥10
47

5.6⇥10
48

Note—Parameters in brackets are fixed from external constraints while other parameters are adjusted to the data.

Figure 2. Spectral energy modeling in an intermediate and

high magnetic field scenario. The leptonic emission is as-

sumed to arise from the fast shocks in the southern regions

and the hadronic emission from the North-West interaction

region. For the Fermi-LAT flux points, both the statistical

errors and summed errors (

p
stat2 + syst2) are shown. See

Table 4 for the modeling parameters.

erence energy of 1 TeV indicated by line and circle shown360

in Figure 2.361

The resulting best-fit models are obtained with only362

four free parameters being the downstream magnetic363

field, a unique electron/proton spectral index and the364

associated energy budgets.365

As the spectral index and the amplitude of the mag-366

netic field are correlated in the spectral energy distri-367

bution (SED) fitting, we present two di↵erent scenarios368

for an intermediate and high magnetic field value of 90369

µG and 170 µG respectively for a corresponding index370

of 2.3 and 2.2 respectively. High magnetic field values371

(&100 µG) are compatible with the estimated values at372

the shock given the thin X-ray synchrotron filaments373

size (Bamba et al. 2005).374

In our model, the hadronic emission arises from a375

small angular region in the SNR explaining the modest376

energy budget required (5.6⇥1048 ergs). On the Spitzer377

infra-red 24 µm and the Hubble H↵ images from Sankrit378

et al. (2016), the North-West interacting region has an379

opening angle of ⇠45�. Assuming a similar angle in380

the third dimension, this spherical cap represents ⇠15%381

of the SNR surface. The local proton energy budget382

is therefore equivalent to about 4% of the local kinetic383

energy assuming an energy explosion of 1051 ergs.384

Both scenarios cannot be disentangled from the SED385

analysis alone and while the predicted flux and slope at386

1 TeV are similar in both scenarios at � ⇠ 2.5 � 2.6,387

⌫F⌫(1 TeV) = 1.3-1.6 ⇥10�13 erg cm�2 s�1, the in-388

verse Compton emission dominates above 300 GeV in389

an intermediate magnetic field case. Therefore if the IC390

emission arises from the fast moving shocks in the South391

and South-East regions, the precise location of the �-ray392

emission above 300 GeV might be able to not only con-393

strain the hadronic or leptonic nature of emission but394

also the average magnetic field in the SNR. The dis-395

tance between the dense interacting region in the North-396

West and the fast moving synchrotron filaments in the397

South is of the order of 0.05� which is at the limit of the398

source localization precision for a faint source for current399

Cherenkov telescopes. With an increased sensitivity and400

spatial resolution, the next generation Cherenkov Tele-401

scope Array (Cherenkov Telescope Array Consortium402

6 Acero et al.

Figure 2. Spectral energy modeling in an intermediate and

high magnetic field scenario. The leptonic emission is as-

sumed to arise from the fast shocks in the southern regions

and the hadronic emission from the North-West interaction

region. For the Fermi-LAT flux points, both the statistical

errors and summed errors (

p
stat2 + syst2) are shown. See

Table 4 for the modeling parameters.

proton populations. We could have used a di↵er-359

ent k0 value for the protons as their emission is360

dominantly coming from the North-West. How-361

ever this would only a↵ect the hadronic maxi-362

mum energy, an energy range in which we have363

few observational constraints.364

The radiative models from the naima packages365

Zabalza (2015) have been used with the Pythia8366

parametrization of Kafexhiu et al. (2014) for the ⇡o de-367

cay. For the IC, a far infra-red field (T=30 K, Uph=368

1 eV cm�3) was used in addition to the CMB (Porter369

et al. 2006).370

3.3. Multi-wavelength data and spectral energy371

distribution372

For the multi-wavelength data presented in Figure373

2, we used the radio data points from DeLaney et al.374

(2002), the X-ray data from the Suzaku XIS + HXD in-375

struments (covering the 3-10 keV and 15-30 keV band,376

Nagayoshi et al. 2021) and the H.E.S.S upper limits from377

Aharonian et al. (2008).378

The newly derived Fermi -LAT flux points using the379

infra-red spatial template are used (same as Figure 1c).380

At TeV energies we estimated the expected slope and381

normalization of a tangential power-law model at a ref-382

erence energy of 1 TeV indicated by line and circle shown383

in Figure 2.384

The resulting adjustedmodels are obtained with only385

four free parameters being the downstream magnetic386

field, a unique electron/proton spectral index and the387

associated energy budgets.388

As the spectral index and the amplitude of the mag-389

netic field are correlated in the spectral energy distri-390

bution (SED) fitting, we present two di↵erent scenarios391

for an intermediate and high magnetic field value of 90392

µG and 170 µG respectively for a corresponding index393

of 2.3 and 2.2 respectively. High magnetic field values394

(&100 µG) are compatible with the estimated values at395

the shock given the thin X-ray synchrotron filaments396

size (Bamba et al. 2005).397

In our model, the hadronic emission arises from a398

small angular region in the SNR explaining the modest399

energy budget required (5.6⇥1048 ergs). On the Spitzer400

infra-red 24 µm and the Hubble H↵ images from Sankrit401

et al. (2016), the North-West interacting region has an402

opening angle of ⇠45�. Assuming a similar angle in403

the third dimension, this spherical cap represents ⇠15%404

of the SNR surface. The local proton energy budget405

is therefore equivalent to about 4% of the local kinetic406

energy assuming an energy explosion of 1051 ergs.407

Both scenarios cannot be disentangled from the SED408

analysis alone and while the predicted flux from the409

SED modeling and slope at 1 TeV are similar in both410

scenarios8 at � ⇠ 2.5, ⌫F⌫(1 TeV) = 1.3 � 1.6 ⇥ 10�13
411

erg cm�2 s�1, the inverse Compton emission dominates412

above 300 GeV in an intermediate magnetic field case.413

Therefore if the IC emission arises from the fast moving414

shocks in the South and South-East regions, the precise415

location of the �-ray emission above 300 GeV might be416

able to not only constrain the hadronic or leptonic na-417

ture of emission but also the average magnetic field in418

the SNR. The distance between the dense interacting re-419

gion in the North-West and the fast moving synchrotron420

8 In the 90 µG scenario, choosing a di↵erent proton accel-
eration e�ciency would modify the predicted values.

Only 4 d.o.f.  B and Γ shape param (linked ?) 



New : ICRC 2021 HESS Kepler detection

• Very deep exposure: 152h !! 
(vs 13h before)
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Kepler’s SNR with H.E.S.S. Dmitry Prokhorov

Figure 1: H.E.S.S. gamma-ray significance map of Kepler’s SNR using an integration radius of 0.1 degree.
The positions of Kepler’s SNR and SNR G4.8+6.2 are shown with crosses.

2. Observations and results

2.1 H.E.S.S. data

H.E.S.S. is a system of five Imaging Cherenkov Telescopes, located in the Khomas Highland
of Namibia at an altitude of 1800 m. Located in the southern hemisphere it is well-suited for VHE
observations of Kepler’s SNR. In 2017-2020, the H.E.S.S. array consisted of four upgraded 12 m-
diameter telescopes placed in a square with 120 m sides and one 28 m-diameter telescope (H.E.S.S.
phase II array) in the center of the array. H.E.S.S. employs the stereoscopic imaging atmospheric
Cherenkov technique. Dedicated observations of Kepler’s SNR with H.E.S.S. were performed in
wobble mode with o�sets by 0.7� from Kepler’s SNR, allowing a simultaneous measurement of the
background in the same field of view. Observations of Kepler’s SNR were conducted during the
May-October visibility window.

A standard data quality selection procedure was used to identify observations with the satisfac-
tory hardware state of the cameras and good atmospheric conditions. The data were analyzed using
the Model Analysis [6] and the analysis configuration, which requires a minimum of 60 photo-
electrons per image and considers events with an estimated direction reconstruction uncertainty
of less than 0.1�. The results were cross-checked with the Image Pixel-wise fit for Atmospheric
Cherenkov Telescope (ImPACT) analysis [7].

The background subtraction was performed using the standard algorithms used in H.E.S.S.
- the ring background method (for sky maps) and the reflected-region background method (for
spectral measurements), see [8]. The region around another potential VHE gamma-ray source
(SNR G4.8+6.2) in the field of view was excluded from background estimation. At the nominal
position of Kepler’s SNR an excess of 178 gamma rays above the background was detected by us
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SED modeling

• A high B implies a low Inverse Compton emission. Proton emission 
dominates. 

• Emax,p ~ 20 TeV for Vsh=1700 km/s (protons interacting with dense CSM) 
• Emax,p could be 170 TeV for Vsh=5000 km/s but low target density in South
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Table 4. List of parameters obtained from the modeling of the spectral energy distribution in di↵erent scenarios. Parameters in brackets are fixed
from external constraints while other parameters are adjusted to the data.

Scenario B n0 Vsh,e Vsh,p �e,1/�e,2 Ebreak,e Emax,e �p Emax,p We Wp
µG cm�3 km s�1 km s�1 TeV TeV TeV erg erg

High magnetic field 170 [8] [5000] [1700] 2.2/[3.2] [1.1] [18.4] 2.2 [21.2] 1⇥1047 5.6⇥1048

Intermediate magnetic field 90 [8] [5000] [1700] 2.3/[3.3] [3.9] [25.3] 2.3 [11.2] 2.8⇥1047 5.6⇥1048

Fig. 2. Spectral energy modelling in an intermediate and high mag-
netic field scenario. The leptonic emission is assumed to arise from the
fast shocks in the southern regions and the hadronic emission from the
North-West interaction region. For the Fermi-LAT flux points, both the
statistical errors and summed errors (

p
stat2 + syst2) are shown. See

Table 3.2 for the modeling parameters.

is therefore equivalent to about 4% of the local kinetic energy311
assuming an energy explosion of 1051 ergs.312

These scenarios reproduce equally well the GeV to TeV flux313
points and cannot be disentangled from the SED analysis alone.314
However, we note that the inverse Compton emission dominates315
above 300 GeV in an intermediate magnetic field case while the316
hadronic emission dominates the entire �-ray band for a high317
magnetic field scenario. Therefore if the IC emission arises from318
the fast moving shocks in the southern regions, the precise lo-319
cation of the TeV �-ray emission might be able to constrain the320
hadronic or leptonic nature of the emission and indirectly the av-321
erage magnetic field in the SNR. The distance between the dense322
interacting region in the North-West and the southern rim is of323
the order of 0.05�. While this is at the limit of the H.E.S.S. tele-324

scopes source localization precision for a faint source, a compar- 325
ison of the GeV and TeV best-fit positions could shed light on 326
the nature of TeV �-ray emission. With an increased sensitivity 327
and spatial resolution, the next generation Cherenkov Telescope 328
Array (Cherenkov Telescope Array Consortium et al. 2019) will 329
locate with great accuracy the Kepler SNR �-ray emission. 330

4. Conclusion 331

By using ⇠12 years of Fermi-LAT data and a summed likeli- 332
hood analysis with the PSF event types, we were able to confirm 333
GeV �-ray emission at a >6� detection level that is spatially 334
compatible with the Kepler SNR. From the analysis of this �-ray 335
emission we draw the following conclusions: 336

• above 100 MeV, the source is detected with a TS=38.3 with 337
a power-law index of 2.14 ± 0.12stat ± 0.15syst. 338
• the source is not significantly extended with an upper limit 339

on its extension of 0.09�. 340
• the SED is modeled in a scenario with only four free parame- 341

ters (B, �e,p, We, Wp), the rest being fixed from the literature 342
and theoretical grounds. The GeV �-ray emission is inter- 343
preted as ⇡o decay from the North-West interaction region. 344
The TeV emission could be IC dominated (B < 100 µG; ex- 345
pected peak location in the South) or ⇡o decay dominated 346
(B > 100 µG; expected peak location in the North-West) and 347
a comparison of the Fermi-LAT and HESS best-fit positions 348
could disentangle the two scenarios. 349
• assuming a particle density of 8 cm�3, derived from infra- 350

red observations, and that the interaction region represents 351
15% of the SNR surface, the local fraction of kinetic energy 352
transferred to accelerated particles is of the order 4%. 353
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• Transform the candidate detection from TS=21 to TS~40 + stable to alt IEM 
• Statistically compatible with the Kepler MWL templates (not outside) 

• SED modeling assuming πo from NW interaction. Fixing as many 
parameters as possible from the literature and theory.  

• Requires a steep spectral slope of Γ=2.2-2.3. 

• Compatible with the new HESS data points 
• Depending on magnetic field, TeV dominated by: 

• ~100 µG :  IC dominated and should arise from                                              
Southern fast shocks 

• >150 µG : πo dominated and arising from                                                    
NW interaction region 

• Angular separation of 0.05° at the limit of current IACT (=>CTA)

Conclusion
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