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PWN evolution of HESS J1825-137

A&A proofs: manuscript no. HESSJ1825_EdB1

5. Changing Extent - Implications for Particle

Transport440

Given the known energy dependent morphology of the nebula,
it is instructive to attempt to quantify this change in extent more
rigorously. To this end, we apply the extent measuring approach
outlined in section 4.4 to radial profiles of the nebula emis-
sion extracted from independent energy bands. Due to the high445
brightness and long exposure on the nebula, it is possible to split
the data into 9 statistically significant energy bands, for both
analyses A and B, with the energy boundary doubling after each
range. The long exposure of analysis A enables a measurement
at energies above 32 TeV to be included, whereas for the smaller450
exposure analysis B including CT5, this was found not to be
significant and the highest energy band is kept at E > 16 TeV.
Nevertheless, the lower energy threshold of analysis B, provided
by CT5, enables the lowest energy band to be split into 125 < E
< 250 GeV and E < 125 GeV, whereas for analysis A the lowest455
energy band is set at E < 250 GeV.

We make extent measurements in each energy range as listed
in table 3, interpreting the extent-energy relation in terms of par-
ticle transport mechanisms within an energy range where trans-
port mechanisms could plausibly dominate this dependence.460

If energy dependent di↵usion is the dominating transport
mechanism and no cooling losses occur (which may be assumed
for young PWNe), then the nebula would be expected to increase
in size with energy if all particles were injected at a single in-
stance in time. However, where cooling losses play a role, the465
nebula would become more compact towards higher energies.
Advective transport mechanisms can be expected to dominate
the evolution in the inner regions of the nebula, where the ram
pressure of the particle wind still exceeds that of the surround-
ing interstellar medium (ISM). A maximum extent of the nebula470
may be expected to occur at the �-ray energy corresponding to
the energy at which the cooling time of the parent particle popu-
lation becomes equal to the age of the nebula.

This variation, plotted in figure 7, may be described by a sim-
ple power law relation within the transport dominated regime.475
The energies at which the lower and upper bounds of this regime
should occur were determined as follows.

The lower bound on the fitted range was determined from the
timescale for cooling losses due to inverse Compton scattering,
⌧IC , which is given by (in cgs units):

⌧IC =
3
4 m2

e

�T c"Ee
, (2)

where " is the ambient energy density, including contributions
from the CMB, dust and ambient starlight, m2

e the electron mass
in units of MeV/c2, �T the Thomson cross-section and c the480
speed of light. Rearranging for the electron energy Ee in TeV,
and setting the cooling timescale equal to the characteristic age
of the pulsar,3 i.e. the plausible time over which electrons have
cooled, an electron energy of ⇠ 11 erg (or ⇠ 7 TeV) is obtained.
Electrons with energies Ee > 7 TeV are mostly traced by pho-485
tons with energies E� > 700 GeV, due to the average energy
distribution of Inverse Compton scattered photons (Blumenthal
& Gould 1970). Hence a value of 700 GeV is taken for the lower
bound.

The upper bound on the fit range can be estimated as cor-
responding to the transition from the Thomson into the Klein-
Nishina regime. Within the Thomson regime, the average en-
ergy of scattered photons scales with the square of the electron
3 taken as 21 kyr assuming a braking index of n = 3
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Fig. 7. Variation of radial extent with energy. Shaded regions indicate
compatible transport scenarios, under the assumption of steady-state
flow with constant density. The vertical dotted lines indicate the lower
bound of the fit (at ⇠ 700 GeV) and a plausible location for the transi-
tion into the Klein-Nishina regime at ⇠ 20 TeV.

energy, yet in the Klein-Nishina regime the electron loses a sig-
nificant proportion of its energy on each scattering interaction
(Blumenthal & Gould 1970). The parameter � determines the
transition into the Inverse Compton scattering regime as:

� =
4ECMBEe

(mec2)2 , (3)

where ECMB ⇡ 2.7kT is the energy of the CMB photons. The 490
Thomson regime is relevant where � ⌧ 1, whilst � � 1 corre-
sponds to the Klein-Nishina regime. The transition is therefore
determined to take place at � = 1, which corresponds to an elec-
tron energy of Ee ⇡ 100 TeV, or E� ⇡ 10 TeV for scattering
o↵ CMB photons. However, as Klein-Nishina e↵ects first begin 495
to dominate for � � 1, and the exact transition point varies for
di↵erent ambient photon fields, the maximum energy appropri-
ate for the linear fit in figure 7 was set to be comfortably beyond
this transition, at ⇠ 30 TeV. This energy for the upper bound was
also chosen to be less than the energy of the final H.E.S.S. data 500
point, given the comparatively large uncertainty associated with
the highest energies and the lack of a corresponding data point
from analysis B.

A linear fit to the data is made as shown in figure 7 be-
tween these two bounds, a lower bound at 700 GeV (deter- 505
mined by Inverse Compton cooling losses) and an upper bound
at 30 TeV (set approximately by the transition into the Klein-
Nishina regime). The regions of the extent against energy plot
that would be compatible with di↵usion or advection are indi-
cated in figure 7 by shaded areas. Both scenarios are discussed 510
in the following sections.

5.1. Diffusion

Di↵usive processes may be expected to dominate the particle
transport once the pressure within the nebula has reduced to that
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HESS J1825-137: “with a size >100 pc is the largest PWN currently known.”

Pulsar PSR J1826-1334:
• Characteristic age = 21 kyr
• Period = 101 ms
• Distance = 4kpc

H.E.S.S. results at TeV energies

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

TeV energy dependent morphology
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Figure 15. Left: Spectral energy distributions of the pulsar wind nebula HESS J1825�137 by combining data from this analysis
(black stars and dashed butterfly), 2FHL catalog (blue diamonds and line), a previous Fermi-LAT publication (green line,
Grondin et al. 2011) and TeV data (red triangles and line, Aharonian et al. 2006b). Middle and right: Background-subtracted
TS maps of HESS J1825�137 using the same conventions of Figure 3 and above-quoted reference for the TeV contours shown
in green. The white circle and cross indicate the disk extension and centroid fit in this work for FGES J1825.2�1359. Middle :
the extent of the disk obtained in the former Fermi-LAT publication is marked with a yellow circle.

Figure 16. Left: Spectral energy distributions of the pulsar wind nebula HESS J1857+026 with data points from this
analysis (black line and stars, and dashed butterfly), 2FHL catalog (blue diamonds and line), previous Fermi-LAT publication
(green triangles and line, Rousseau et al. 2012) and TeV data (red triangles and line for HESS JJ1857+026 and pink line for
HESS J1858+020, Aharonian et al. 2008a). Middle and right: Background-subtracted TS maps of HESS J1857+026 and
HESS J1858+020 using the same conventions of Figure 3 and above-quoted references for the TeV contours shown in green. A
white circle and cross indicate the disk extension and centroid fit in this work.

molecular cloud located to the west of the SNR
because it is too far from the centroid of the �-
ray emission. The spectrum derived in this new
analysis, presented in Figure 20 (left) is consistent
with the former one and can be reasonably fit in
both leptonic and hadronic models. It should be
noted that the spectrum and morphology derived
here are in perfect agreement with those published
recently by Li et al. (2016).

• HESS J1507�622 (FGES J1507.6-6228):

Most �-ray sources in the inner Galaxy H.E.S.S.
survey tend to cluster within 1� in latitude around
the Galactic plane. HESS J1507�622 instead is
unique, since it is located at a latitude of ⇠3.5�

and does not have any obvious counterpart in

other multi-walength data. Up to now, the na-
ture of this slightly extended source (with a Gaus-
sian width of 0.15� ± 0.02�) is still unidentified.
HESS J1507�622 was detected in the Fermi -LAT
energy range as a point source (Domainko & Ohm
2012) with a rather flat spectrum from the GeV
to the TeV regime. Our new analysis confirms the
former spectrum and shows for the first time a
significant extension in the GeV regime, in agree-
ment with the TeV size (see Figure 21). These re-
sults challenge an extragalactic origin due to the
large energetics needed to power the source and
the very extended nature of the emission in such
a scenario. For a Galactic origin, the compactness
of the source suggests a distance to the object of

Previous LAT analysis 

Grondin et. al. (2011):
- 20 months
- 1 – 100 GeV energy band
- Spatial Model: Gaussian (0.56 deg) 

2FHL (and similarly in 3FHL): 
- 80 months
- 50 GeV – 1 TeV energy band
- Spatial Model: 2D Gaussian (0.75 deg)

FGES (2017):
- 6 years
- 10 GeV – 1 TeV energy band
- Spatial Model: 2D Gaussian (0.79 deg)

We are interested in performing a new extension and spectral analysis of HESS J1825-137
using 10 years of LAT data in the energy range between 1 GeV and 1 TeV.

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Ackermann et al. (2017)
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Source model from FGES paper

The initial spatial and spectral models used for
the analysis are taken from the FGES paper
(Ackermann et al. 2018):

Spatial Model: 2DGaussian
• Sigma = 0.79°
• RA = 276.296°
• DEC = -13.992°
Spectrum Type: LogParabola

Background-subtracted TS maps of HESS J1825−137.
Contour:  H.E.S.S. in green, FGES in white.

Diffuse models:
- standard LAT diffuse emission model:  Acero et al. 

2016
- optimized model for the Galactic plane: Fermi GC 

excess study (Malyshev 2017)
Model for the other Fermi-LAT extend sources:
- Extended_archive_v18
Catalog:
- latest version of FL8Y list (preliminary 4FGL)

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Ackermann et. al. (2017)
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Analysis

We performed the analysis using a recent version of Fermipy (0.17.4) and the 
Fermi Science Tools version 11-07-00.

General analysis procedure (on the entire enrgy range 1 GeV - 1 TeV):
• Optimization – Fit
• Spectral analysis (free bkg, free sources in 2° radius)
• Localization (free bkg, free sources in 2° radius)
• Extension analysis (free bkg)
• Spectral analysis (using the template from the energy-resolved morphology)

Energy-resolved morphological study
Extension analysis in 5 energy bins (4 bins in 1-100 GeV, 1 bin in 100 GeV – 1TeV)
• In input it is given the model derived in the general analysis
• The localization is refitted in each energy bin (free bkg)
• Extension analysis (free bkg, fixed center)

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT



7

General results - Comparison

The Fermi extension is given as the 68% containment radius from the center of the PWN.

Position: 
RA:  275.𝟗𝟕 ±0.03°
DEC: -13.70±0.04°
Extension (R_68%): 

1.35±0.09°
(TS_ext=992)

Excess map between 
3 GeV and 1 TeV

(Gauss smooth 0.1 deg)

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT
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SED

We use TS<10 as
threshold for the
upper limits on the
flux points.

10�12

10�11

10�10

E
2

dN
/d

E
[e

rg
cm

�
2

s�
1
]

Broken PL

LogParabola

Fermi-LAT (this work)

H.E.S.S. (2019)

10�3 10�2 10�1 100 101 102

�0.5

0.0

0.5

R
es

id
ua

l

Energy [TeV]

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary



9

Energy dependent extension

Preliminary

PreliminaryPreliminary

Preliminary
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Extension / Radial profile (HESS method)

Radial profile method:
radial distance at which the emission drops to 1/e relative to the maximum starting from 
the PSR position (only in one hemisphere due to the asymmetry of the PWN). 

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary Preliminary
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Energy dependent morphology
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NAIMA SED Modelling

Naima SED modelling: single zone model (Zabalza 2015):
- IC from leptonic population
- Radiation fields parameter from Popescu (2017) 
- From X-ray observations the max B-field is 4 muG

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary
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Combined spectra and extension modelling 

• Summation of 20 zones treated as
expanding shells in space (initially
spherically symmetric)

• Evolution in time until the system age is
reached

• Burst like injection in each shell
• PSR characteristic age assumed to be the

age of the nebula system

Multi-zone modelling - GAMERA package (Hahn 2016):

PSR spin-down luminosity:

PSR spin period:

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary
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Combined spectra and extension modelling 

Multi-zone modelling 
(GAMERA package, Hahn 2016).

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary
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PWN System evolution

The PWN-center position 
seems to move in the 
same direction as the PSR 
proper motion.

Black: PSR current pos.
Blue: est. initial PSR pos. for
a characteristic age of 21 kyr
Red: est. initial PSR pos. for a
characteristic age of 60 kyr

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary30-100 GeV excess map
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Conclusion

• We have analyzed 10 years of Fermi-LAT data between 1 GeV and 1 TeV performing
a morphology and spectral analysis

• We have performed for the first time a study of the energy dependent morphology
of the PWN HESS J1825-137 in the GeV regime

• We model the SED and the combined SED - morphology evolution using the NAIMA
and GAMERA modelling packages.

• The paper will be submitted soon to A&A (stay tuned!)

Thank you very much for your attention!

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT

Preliminary
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Backup Slides
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Data Selection Values

IRFs P8R2_SOURCE_v6

Time Interval 10 years

Energy Range 1 GeV – 1 TeV

Energy Bins 6 per dec (only for spectra)

Zenith angle 105°

Pixel Size 0.1°

ROI dimension 15°

RA (ROI center) 276.296

DEC (ROI center) -13.992

Data selection

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT
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5. Changing Extent - Implications for Particle

Transport440

Given the known energy dependent morphology of the nebula,
it is instructive to attempt to quantify this change in extent more
rigorously. To this end, we apply the extent measuring approach
outlined in section 4.4 to radial profiles of the nebula emis-
sion extracted from independent energy bands. Due to the high445
brightness and long exposure on the nebula, it is possible to split
the data into 9 statistically significant energy bands, for both
analyses A and B, with the energy boundary doubling after each
range. The long exposure of analysis A enables a measurement
at energies above 32 TeV to be included, whereas for the smaller450
exposure analysis B including CT5, this was found not to be
significant and the highest energy band is kept at E > 16 TeV.
Nevertheless, the lower energy threshold of analysis B, provided
by CT5, enables the lowest energy band to be split into 125 < E
< 250 GeV and E < 125 GeV, whereas for analysis A the lowest455
energy band is set at E < 250 GeV.

We make extent measurements in each energy range as listed
in table 3, interpreting the extent-energy relation in terms of par-
ticle transport mechanisms within an energy range where trans-
port mechanisms could plausibly dominate this dependence.460

If energy dependent di↵usion is the dominating transport
mechanism and no cooling losses occur (which may be assumed
for young PWNe), then the nebula would be expected to increase
in size with energy if all particles were injected at a single in-
stance in time. However, where cooling losses play a role, the465
nebula would become more compact towards higher energies.
Advective transport mechanisms can be expected to dominate
the evolution in the inner regions of the nebula, where the ram
pressure of the particle wind still exceeds that of the surround-
ing interstellar medium (ISM). A maximum extent of the nebula470
may be expected to occur at the �-ray energy corresponding to
the energy at which the cooling time of the parent particle popu-
lation becomes equal to the age of the nebula.

This variation, plotted in figure 7, may be described by a sim-
ple power law relation within the transport dominated regime.475
The energies at which the lower and upper bounds of this regime
should occur were determined as follows.

The lower bound on the fitted range was determined from the
timescale for cooling losses due to inverse Compton scattering,
⌧IC , which is given by (in cgs units):

⌧IC =
3
4 m2

e

�T c"Ee
, (2)

where " is the ambient energy density, including contributions
from the CMB, dust and ambient starlight, m2

e the electron mass
in units of MeV/c2, �T the Thomson cross-section and c the480
speed of light. Rearranging for the electron energy Ee in TeV,
and setting the cooling timescale equal to the characteristic age
of the pulsar,3 i.e. the plausible time over which electrons have
cooled, an electron energy of ⇠ 11 erg (or ⇠ 7 TeV) is obtained.
Electrons with energies Ee > 7 TeV are mostly traced by pho-485
tons with energies E� > 700 GeV, due to the average energy
distribution of Inverse Compton scattered photons (Blumenthal
& Gould 1970). Hence a value of 700 GeV is taken for the lower
bound.

The upper bound on the fit range can be estimated as cor-
responding to the transition from the Thomson into the Klein-
Nishina regime. Within the Thomson regime, the average en-
ergy of scattered photons scales with the square of the electron
3 taken as 21 kyr assuming a braking index of n = 3
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Fig. 7. Variation of radial extent with energy. Shaded regions indicate
compatible transport scenarios, under the assumption of steady-state
flow with constant density. The vertical dotted lines indicate the lower
bound of the fit (at ⇠ 700 GeV) and a plausible location for the transi-
tion into the Klein-Nishina regime at ⇠ 20 TeV.

energy, yet in the Klein-Nishina regime the electron loses a sig-
nificant proportion of its energy on each scattering interaction
(Blumenthal & Gould 1970). The parameter � determines the
transition into the Inverse Compton scattering regime as:

� =
4ECMBEe

(mec2)2 , (3)

where ECMB ⇡ 2.7kT is the energy of the CMB photons. The 490
Thomson regime is relevant where � ⌧ 1, whilst � � 1 corre-
sponds to the Klein-Nishina regime. The transition is therefore
determined to take place at � = 1, which corresponds to an elec-
tron energy of Ee ⇡ 100 TeV, or E� ⇡ 10 TeV for scattering
o↵ CMB photons. However, as Klein-Nishina e↵ects first begin 495
to dominate for � � 1, and the exact transition point varies for
di↵erent ambient photon fields, the maximum energy appropri-
ate for the linear fit in figure 7 was set to be comfortably beyond
this transition, at ⇠ 30 TeV. This energy for the upper bound was
also chosen to be less than the energy of the final H.E.S.S. data 500
point, given the comparatively large uncertainty associated with
the highest energies and the lack of a corresponding data point
from analysis B.

A linear fit to the data is made as shown in figure 7 be-
tween these two bounds, a lower bound at 700 GeV (deter- 505
mined by Inverse Compton cooling losses) and an upper bound
at 30 TeV (set approximately by the transition into the Klein-
Nishina regime). The regions of the extent against energy plot
that would be compatible with di↵usion or advection are indi-
cated in figure 7 by shaded areas. Both scenarios are discussed 510
in the following sections.

5.1. Diffusion

Di↵usive processes may be expected to dominate the particle
transport once the pressure within the nebula has reduced to that
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Comparison Fermi and H.E.S.S. extension

2DGaussian

𝑓 𝑥, 𝑦 =
1

2𝜋𝜎- 𝑒
/0

1231
-41

68% containment radius:  

∫6
78 𝑓 𝑟 𝑑𝑟 = 𝛼 (𝛼 = 68% 𝑖𝑛 𝑜𝑢𝑟 𝑐𝑎𝑠𝑒)

𝑹𝜶 = 𝝈 −𝟐 𝐥𝐨𝐠(𝟏 − 𝜶) , 𝝈 = 𝑹𝜶

/𝟐 𝒍𝒐𝒈 𝟏/𝜶

Conversion Fermipy->HESS ext. : 𝑹𝟏/𝒆 = 𝟐
𝑹𝜶

−𝟐 𝒍𝒐𝒈 𝟏 − 𝜶
= 0.93𝑹𝟔𝟖%

H.E.S.S. extension (radial distance at which the emission drop to 1/e relative to the 
maximum starting from the PSR position). 

Using our Gaussian approx.: 𝑓 𝑟 = \
-]41

𝑒/
^1

1_1, 𝑅\/a so that 𝑓(𝑅\/a) = \
a
𝑓bc0

𝑹𝟏/𝒆 = 𝟐 𝝈

The Fermipy extension is given as the 68% containment radius (radius at which the integral 
of the normalized 2DGaussian is equal to 0.68):

+ offset?

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT
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Khangulyan et al. (2018)

Study the variation of PWN extension to
constrain the particle transport mechanisms
accounting for its anomalously large size.

Two possible particle
transport mechanisms:
• Advection
• Diffusion

Combining this analysis with
recent H.E.S.S. results enables a
more complete picture of the
nebula to emerge.

Goal of the analysis

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT
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SED
We use 10 TS as
threshold for the
upper limits on the
flux points.
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HESS J1825-137: Spatial modelling

• Form a spatial distribution of 20 
zones (shells) 

• 2D projection (angular space) 
• Simple case:

concentric logarithmically spaced
shells

Principe et. al. (in preparation)

Principe G. – ICRC 2019 - HESS J1825 with Fermi-LAT
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