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ABSTRACT

The Crab Nebula is a unique laboratory for studying the acceleration of electrons and positrons through their non-thermal radiation. Observations
of very-high-energy γ rays from the Crab Nebula have provided important constraints for modelling its broadband emission. We present the first
fully self-consistent analysis of the Crab Nebula’s γ-ray emission between 1 GeV and ∼100 TeV, that is, over five orders of magnitude in energy.
Using the open-source software package Gammapy, we combined 11.4 yr of data from the Fermi Large Area Telescope and 80 h of High Energy
Stereoscopic System (H.E.S.S.) data at the event level and provide a measurement of the spatial extension of the nebula and its energy spectrum.
We find evidence for a shrinking of the nebula with increasing γ-ray energy. Furthermore, we fitted several phenomenological models to the
measured data, finding that none of them can fully describe the spatial extension and the spectral energy distribution at the same time. Especially
the extension measured at TeV energies appears too large when compared to the X-ray emission. Our measurements probe the structure of the
magnetic field between the pulsar wind termination shock and the dust torus, and we conclude that the magnetic field strength decreases with
increasing distance from the pulsar. We complement our study with a careful assessment of systematic uncertainties.

Key words. Acceleration of particles – Radiation mechanisms: non-thermal – ISM: individual objects: Crab Nebula – Gamma rays: general

1. Introduction

The Crab Nebula, associated with the pulsar PSR B0531+21,
represents the archetype of a pulsar wind nebula and has been
extensively studied across all wavelengths of the electromag-
netic spectrum (e.g. Hester 2008; Buehler & Blandford 2014;
Amato & Olmi 2021). In the high-energy (HE; 100 MeV < E <
100 GeV) and very-high-energy (VHE; E > 100 GeV) wave-
bands, it stands out as one of the brightest objects in the sky. In
fact, the Crab Nebula was the first γ-ray source to be unambigu-
ously detected at very high energies from 1986–1988 with the
Whipple telescope (Weekes et al. 1989). The radiation emitted

⋆ Corresponding authors;
e-mail: contact.hess@hess-experiment.eu

by the nebula is mostly steady, although temporal variations have
been observed in some wavebands (e.g. Wilson-Hodge et al.
2011; Abdo et al. 2011). In the VHE band, no flux variability
has been observed so far, and the Crab Nebula has been used
as a standard candle for detector calibration in this regime since
its first detection (cf. Vacanti et al. 1991; Pühlhofer et al. 2003;
Aharonian et al. 2006; Albert et al. 2008; Meyer et al. 2010;
Abeysekara et al. 2017; Aharonian et al. 2021; Abe et al. 2023).

We show in Fig. 1 the spectral energy distribution (SED) of
the Crab Nebula, as measured by a large number of instruments.
The distribution exhibits two broad peaks; both are generally ac-
cepted to be caused by a population of high-energy electrons1

1 Throughout this paper, the term ‘electrons’ refers to both electrons
and positrons.
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The remainder of the paper is structured as follows. In
Sect. 2, we first present separate analyses of the H.E.S.S. and
Fermi-LAT data. The joint analysis detailed in Sect. 3 then pro-
vides a measurement of the energy spectrum and extension of
the Crab Nebula across the energy range covered by both in-
struments. In Sect. 4, we describe the fit of several phenomeno-
logical models to our combined data set. The impact of system-
atic uncertainties is discussed in Sect. 5. Finally, we conclude in
Sect. 6.

2. Data analysis

In parallel with combining the Fermi-LAT and H.E.S.S. data we
performed separate analyses using the standard analysis tools of
the respective instruments. These results are used to cross-check
the joint analysis, which we carried out with the Gammapy pack-
age (v0.18.2; Donath et al. 2023; Deil et al. 2020).

2.1. Likelihood method

The analysis is performed as a three-dimensional (longitude, lat-
itude, and energy), binned likelihood fit. The measured events
are binned into a ‘counts’ cube according to their reconstructed
energy and sky direction. The spectral and spatial models are
evaluated on a similar cube, which can have a different binning
or larger dimensions for better accuracy. The model prediction
is then forward-folded with the instrument response functions
(IRFs: effective area, point spread function (PSF), and energy
dispersion) in order to compute the number of predicted counts
for each cell of the counts cube. The likelihood L is a measure
of how well the model prediction agrees with the measurement
and can be calculated as

L(ξ) =
∏

i

P(ni|νi(ξ)) =
∏

i

ν
ni

i
(ξ)

ni!
· exp(−νi(ξ)) , (1)

with P(ni|νi(ξ)) the Poisson probability to measure ni events in
cell i given the model prediction νi for a set of parameters ξ. Be-
sides γ rays from the source under investigation, there are also
contributions to ni and νi from background processes, as will
be described in more detail in the subsequent sections concern-
ing the different instruments. By minimising the ‘Cash statistic’
(Cash 1979), defined as

C ≡ −2 lnL = 2
∑

i

(νi − ni ln(νi) + ln(ni!)) (2)

(where the term ln(ni!), being independent of the model param-
eters ξ, is usually omitted), the fit maximises the likelihood and
thus the agreement between model and data.

Because the synchrotron emission of the Crab Nebula mea-
sured in the X-ray regime is steady to within ±5% over the period
considered here (Jourdain & Roques 2020), we do not expect
variations of the flux level or spatial appearance of the IC emis-
sion. We therefore do not take into account the time of data tak-
ing in our analysis, but perform a time-independent modelling.

2.2. H.E.S.S. data analysis

H.E.S.S. is an array of five imaging atmospheric Cherenkov tele-
scopes (IACTs) located in Namibia at an altitude of 1800 m
(Aharonian et al. 2006). It is sensitive to γ rays in the energy
range from several tens of GeV to ∼100 TeV, where the exact
achievable energy threshold depends on the observing condi-
tions (in particular the zenith angle). The initial array, denoted

H.E.S.S. Phase-I, was completed in 2003 and comprises four
telescopes (CT1-4) with 108 m2 mirror area each, arranged in
a square grid. We refer to data taken with this configuration as
‘stereo’ data. In 2012, a fifth, larger telescope (CT5) with 614 m2

mirror area was added in the centre of the array, marking the be-
ginning of H.E.S.S. Phase-II. The larger mirror area of CT5 can
in favourable conditions lead to energy thresholds significantly
below 100 GeV (e.g. Abdalla et al. 2017, 2018). When anal-
ysed separately, data taken with the CT5 telescope is referred
to as ‘mono’ data (Murach et al. 2015). In 2019, the camera of
CT5 was replaced by a ‘FlashCam’ prototype camera (Bi et al.
2021; Pühlhofer et al. 2021) that has been designed for the up-
coming Cherenkov Telescope Array (CTA; Acharya et al. 2018).
H.E.S.S. data taking is conducted in observation runs that typi-
cally last 28 min.

IACTs are built to measure the Cherenkov light emitted in
γ-ray induced particle showers in the atmosphere. Based on the
recorded shower images, we reconstructed the direction and en-
ergy of the primary γ ray using the ImPACT reconstruction algo-
rithm (Parsons & Hinton 2014). The dominant background con-
sists of air showers initiated by charged cosmic rays, which we
suppress by means of a multi-variate analysis (Ohm et al. 2009).
In contrast to traditional methods that estimate the residual back-
ground from ‘OFF’ regions in the same observation run, we used
here a three-dimensional background model constructed from
archival H.E.S.S. observations (this is a prerequisite for carry-
ing out the three-dimensional likelihood analysis described at the
beginning of this section; Mohrmann et al. 2019). The IRFs are
obtained from extensive Monte-Carlo simulations, carried out
with the sim_telarray package (Bernlöhr 2008). A correction
for telescope efficiency, measured for each observation run us-
ing muons from atmospheric air showers, is applied as described
in Mitchell (2016). Results have been cross-checked with inde-
pendent calibration and reconstruction methods (de Naurois &
Rolland 2009).

We used 114 observation runs (corresponding to an observa-
tion time of ≈50 hours) of H.E.S.S. stereo (CT1-4) data taken
between Nov. 2004 and Mar. 2015. Only observations with good
data quality, excellent atmospheric conditions, zenith angles be-
low 55◦, and a maximum angle between the pointing position
and the Crab Nebula of 1◦ have been included. Compared to the
standard analysis configuration, we required a minimum of three
telescopes for the reconstruction of each event, which leads to
fewer detected events mostly at low energies but improves the
angular resolution by ∼20%, to 0.06◦ (68% PSF containment ra-
dius) at 1 TeV. At the same energy, the achieved energy resolu-
tion is 16% (standard deviation). Because the Crab Nebula cul-
minates at a relatively large zenith angle of ∼45◦ at the H.E.S.S.
site, the energy threshold of the stereo data set is comparatively
high (≈560 GeV).

Additionally, we used 65 observation runs (≈30 hours) of
mono data taken with the CT5 telescope with its new cam-
era, between Nov. 2019 and Oct. 2021. This data set has a
lower energy threshold (≈240 GeV) compared to the stereo one,
which increases the overlap with the energy range covered by
the Fermi LAT (see next section). Because the reconstruction of
events uses information from only one telescope in this case, the
performance in terms of angular resolution (0.13◦) and energy
resolution (29%) is worse compared to the stereo data set. A
summary of the H.E.S.S. data sets can be found in Table 1.

The region of interest (ROI) for the H.E.S.S. data analysis is
defined as a region of 5◦×5◦ around the position of the Crab Neb-
ula, in Galactic coordinates. Because the extension of the Crab
Nebula is at the limit of detectability for H.E.S.S., we chose a
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Table 4. Fit quality with and without including systematic uncertainties.

w/o systematics w/ systematics
Data set χ2 (sys. error) Ndof χ2 (sys. error)
H.E.S.S. stereo (flux points) 45.5 (none) 35 33.6 (3%)
H.E.S.S. mono (flux points) 36.7 (none) 13 12.1 (4%)
Fermi-LAT (flux points) 41.7 (none) 26 27.7 (10%)
Synchrotron (flux points) 235.0 (5%) 194 152.7 (7%)
Fermi-LAT + H.E.S.S. (extension) 121.5 (none) 6 8.9 (see text)
Synchrotron (extension) 60.3 (n.a.) 13 13.0 (8′′)

Notes. The χ2 values are calculated for the respective data set and the variable B-field model. For each data set, we conservatively estimate
the number of degrees of freedom (Ndof) as the number of data points minus one. The magnitude of the systematic uncertainties (specified in
parentheses) are chosen such that a good fit quality is obtained, that is, χ2 ∼ Ndof , and thus do not represent estimates of the actual systematic
uncertainty of each data set. The first section of the table summarises the flux measurements, where the systematic uncertainty is specified as a
relative error on the flux level. The extension uncertainty, given in the second section of the table, is increased by a constant error for each data
set (see main text for details). We note that we still add a systematic uncertainty of 5% to the synchrotron flux points for the ‘w/o systematics‘
case, as the χ2-value would otherwise increase to > 106, due to the small statistical uncertainties of some of the points. Similarly, the extension
measurements in the synchrotron regime already contain systematic uncertainties, which are however not easily separable and thus not stated
explicitly here (see Dirson & Horns 2023 for details).

used the positive error if a point falls below the model prediction
and vice versa. In the synchrotron range, the systematic error is
also added as a percentage of the measured flux in quadrature
to the statistical errors (as in the fitting process, see Sect. 4).
For the synchrotron extension measurements, the assumed sys-
tematic error is a constant angle. Finally, in the IC regime, we
used the systematic errors of the extensions previously cited in
the single-instrument analyses. That is, at energies for which
the Fermi-LAT data dominate we added an error of +0.54

−0.48
′ (cf.

Sect. 2.3) and at energies for which the H.E.S.S. data dominate
we added an error of +0.21

−0.24
′ (cf. Sect. 2.2). Again, all of the sys-

tematic uncertainties have been added in quadrature to the statis-
tical ones.

Table 4 summarises the χ2 values for the variable B-field
model with and without the added systematic uncertainties, to-
gether with the estimated number of degrees of freedom (Ndof).
For the case of a single data set to which a model has been fit-
ted, Ndof is equal to the number of data points minus the number
of model parameters (when neglecting correlations between the
parameters). We note that in the present case, with the models
being fitted to multiple data sets at once, it is not straightforward
to properly state the exact Ndof for each of the individual sets.
The reason for this is that the models have not been adjusted to
any of the individual sets alone, but to their combination. The
high degree of correlation between some of the model param-
eters presents an additional complication. In Table 4, we there-
fore provide as a very conservative estimate of Ndof the num-
ber of points in the data set minus one (taking into account one
overall scale factor that remains even if all model parameters
are perfectly correlated). We find that without added systematic
uncertainties, the χ2 values are all well above Ndof , indicating
an unsatisfactory model description or the presence of system-
atic uncertainties. For the H.E.S.S. stereo and mono flux points,
an additional systematic flux uncertainty of 3% and 4%, respec-
tively, leads to an acceptable fit quality. This flux uncertainty
would correspond to an uncertainty on the energy scale of the
instrument of 1.2% and 1.6%, respectively. For the Fermi-LAT
data set, a systematic flux uncertainty of 10% is required, corre-
sponding to a 5% uncertainty on the energy scale. We stress that
these values are not generally valid estimates for the energy scale
uncertainty of H.E.S.S. and Fermi-LAT, but only the level of
systematic scaling required to achieve an acceptable goodness-
of-fit in our analysis. The variations are, however, well within

the typically adopted systematic uncertainties of the two instru-
ments9. The χ2 value of the synchrotron flux points depends sen-
sitively on the assumed systematic error because of the relatively
small statistical uncertainties on some of the points. We find that
adding a 7% flux uncertainty leads to a χ2 value well below Ndof ,
while 5% is not sufficient. Compatible best-fit parameters are ob-
tained with either assumed systematic error.

Regarding the extension of the nebula, it is evident that with-
out consideration of systematic uncertainties, the predicted ex-
tension in both the IC and synchrotron regime is strongly at
odds with the measurements. For the Fermi-LAT and H.E.S.S.
data sets, taking into account the previously estimated system-
atic uncertainties leads to a marginally acceptable fit quality.
The assumed error bars of the synchroton data points, on the
other hand, already contain systematic uncertainties (see Dirson
& Horns 2023). Nevertheless, an additional uncertainty of 8′′,
which is approximately twice as large as the uncertainty used in
the fit (∼4′′ on average), would be required to achieve χ2 ≈ Ndof .
This illustrates again the previously discussed inability of the
model to simultaneously describe the SED and the extension
measurements. The simplifying assumptions of the model al-
ready discussed in the preceding Sect. 4.3.3, as for example ra-
dial symmetry and a simple power law describing the electron
distribution size evolution with energy, may not be justified.

6. Conclusion

In this work, we present a joint Fermi-LAT and H.E.S.S. analy-
sis of the Crab Nebula, carried out with the open-source analysis
package Gammapy. Below, we first summarise our findings re-
garding the technical part of our work – related to the joint fit of
the Fermi-LAT and H.E.S.S. data – before we discuss the impli-
cations of our analysis on emission models of the Crab Nebula.

First, we have demonstrated that applying the open-source
analysis package Gammapy to Fermi-LAT and H.E.S.S. data, we
are able to obtain results that are consistent with the tradition-
ally used analysis chains. Specifically, for Fermi-LAT, we show
that we can almost exactly reproduce results obtained with the
Fermipy package after some minor adjustments in the data re-
duction procedure. In the context of this work, Gammapy has the

9 See e.g. Aharonian et al. (2006) for H.E.S.S. and https://fermi.gsfc.
nasa.gov/ssc/data/analysis/LAT_caveats.html for Fermi-LAT.
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advantage that it enables a combination of the Fermi-LAT data
with that of H.E.S.S., and it offers the possibility to include cus-
tomised physical models in the analysis. For H.E.S.S., on the
other hand, Gammapy allows us to apply the three-dimensional
likelihood analysis method, that is, to model the spectrum and
morphology of the Crab Nebula simultaneously under full con-
sideration of the Poisson event statistics. A key ingredient for
this is a three-dimensional model for the residual hadronic back-
ground. We find consistent results with more traditional methods
that estimate this residual background from the analysed obser-
vations themselves. Second, by combining the Fermi-LAT and
H.E.S.S. data in a joint-likelihood analysis, we provide a fully
consistent spectro-morphological analysis of the Crab Nebula
over five decades in energy. We confirm previously found in-
dications for an extension of the nebula in the IC regime that
decreases with increasing energy – a result that agrees well with
theoretical expectations. We discuss the possibility of taking into
account possible systematic effects (e.g. different energy scales
between instruments) in the form of nuisance parameters in the
likelihood fit. Finally, to be able to fit physical emission models
to our data that are consistent with other MWL observations, we
demonstrate that it is possible to take into account MWL con-
straints through the addition of penalty terms to the fit statistic.

This has enabled us to consistently model the synchrotron
and IC part of the emission from the Crab Nebula. Specifically,
we have confronted three phenomenological models for the non-
thermal emission of the Crab Nebula with our measurements: a
constant B-field model based on Meyer et al. (2010), a variable
B-field model based on Dirson & Horns (2023), and the K&C
model by Kennel & Coroniti (1984a). We note that these mod-
els are open-source and publicly available10. All models predict
the γ-ray emission not only as a function of energy, but also as a
function of the distance from the centre of the nebula. Hence, by
projecting the symmetric model on the sky, we were able to fit a
three-dimensional model of the Crab Nebula emission directly to
the measured event data from Fermi-LAT and H.E.S.S.. We con-
clude that, within the range of the estimated systematic uncer-
tainties, none of the models are able to describe the full SED to-
gether with the extension of the nebula at different energies. We
firmly rule out the constant B-field model, as it completely fails
to describe the decreasing extension with energy and the spec-
trum at the same time. The K&C model describes the SED and
the extension of the synchrotron nebula well, but under-predicts
the size of the IC nebula. Furthermore, it requires a spectral hard-
ening in the electron spectrum to fit the X-ray data, and the best-
fit value of the magnetisation σ is at odds with the position of
the shock and the expansion velocity of the nebula. Finally, the
variable B-field model achieves the best agreement with the data.
This indicates that the magnetic field strength in the nebula de-
creases with increasing distance from the pulsar. However, com-
pared to the model prediction, the new H.E.S.S. measurements
of the extension presented here are in tension with the exten-
sion measurements in the X-ray domain. As a consequence, the
variable B-field model does not achieve the same fit quality as
in Dirson & Horns (2023). In summary, even though we find
strong evidence that the extension of the IC emission decreases
with energy, it still appears too large compared to the distribution
of the synchrotron photons, which are supposedly produced by
the same electrons. This could suggest more complicated spatial
profiles of the electron distribution and the magnetic field as pre-
dicted, for example, in non-ideal MHD calculations (e.g. Porth

10 See https://github.com/me-manu/crabmeyerpy for the implementa-
tion we have used.

et al. 2014; Luo et al. 2020). Additionally, a non-spherical ge-
ometry (such as a toroidal or flattened profile) will also change
the seed photon density, which could lead to a better agreement
between the model predictions and data.

As a final note, we remark that the IC spectrum above
∼30 TeV is not well constrained by the data used in this work.
Hence, differences between the models occur predominantly in
this regime. In future, including data from instruments optimised
for the highest energies, such as LHAASO, could help in placing
further constraints on the models and in determining the shape
of the magnetic field in more detail. Moreover, data from the up-
coming Cherenkov Telescope Array (CTA; Acharya et al. 2018;
Hofmann & Zanin 2023) with its unprecedented angular resolu-
tion will allow us to measure the extension of the Crab Nebula
in the IC regime with higher precision.
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Appendix B: Physical emission models for the Crab

Nebula

We model the broadband electromagnetic emission of the Crab
Nebula through a radially symmetric steady-state model of the
electron distribution, inspired by the constant B-field model in-
troduced by Meyer et al. (2010), which has been extended to a
spatially variable B-field model in Dirson & Horns (2023). An
alternative description is the radially symmetric MHD flow so-
lution obtained by Kennel & Coroniti (1984a). For comparison
with the data, we need to calculate the predicted emission as a
function of energy and angular separation between the line of
sight and the nebular centre (this is equal to the two-dimensional
sky position in the radially symmetric case). The basic ingredi-
ents to do so are the radial profile of the magnetic field, B(r),
and the electron distribution, nel(γ, r) ≡ dNel/dγdV , that is, the
number of electrons per unit volume and Lorentz factor γ as a
function of the distance to the nebula centre.

Given B(r) and nel, we calculate the spectral volume emis-
sivity j

sync
ν (ν, r) ≡ dE/dtdVdνdΩ for the synchrotron emission

of a (pitch-angle averaged) chaotic magnetic field through (Blu-
menthal & Gould 1970; Aharonian et al. 2010)

j
sync
ν (ν, r) =

1
4π

√
3e3B(r)
mec2

∞
∫

1

dγnel(γ, r) G

(

ν

νc

)

, (B.1)

where νc = 3eBγ2/4πmec is the critical frequency and G(x) is
given by

G(x) =
x

20

[(

8 + 3x2
)

(

K1/3(x/2)
)2
+

xK2/3(x/2)
(

2K1/3(x/2) − 3xK2/3(x/2)
)]

, (B.2)

with Kξ the modified Bessel function of kind ξ. Throughout this
paper, we use units of erg s−1Hz−1 cm−3 sr−1 for jν.

For the dust emission, we follow Dirson & Horns (2023),
who model the emission as a mixture of two dust populations at
different temperatures Ti and total masses Mi, i = 1, 2. The two
populations are contained in a shell with inner and outer radii
rdust, in and rdust, out, respectively, with respect to the pulsar po-
sition (which is equal to the centre of the nebula in our model).
The density of dust within the shell is assumed to be constant.
Assuming the two populations predominantly consist of amor-
phous carbon dust grains, the emissivity is given by

jdust
ν (ν, r) =

3κabs
[

Θ(r − rdust, in) − Θ(r − rdust, out)
]

4π(r3
dust, out − r3

dust, in)

∑

i=1,2

MiBν(Ti) ,

(B.3)

where Θ(r) is the Heavyside step function, and Bν(T ) is the
intensity of the black body emission at temperature T . The
wavelength-dependent absorption coefficient is given by

κabs = 2.15 × 10−4 cm2g−1

(

λ

µm

)−1.3

. (B.4)

Both the synchrotron and dust emission together with the
CMB act as seed photon fields for IC scattering of the electrons
producing the synchrotron emission. The seed photon density,
nt

seed, t = (sync, dust), as a function of photon energy ǫ = hν is
calculated through the integral (Atoyan & Aharonian 1996)

nt
seed(ǫ, r) =

r0

2hc

4π
ǫ

1
∫

rs/r0

dy
y

x
ln

x + y

|x − y| j
t
ν(ν, r0y) , (B.5)

in units of photons eV−1 cm−3 and where x = r/r0 and y = r′/r0,
with r0 the radius of the nebula and rs = 0.13 pc (Weisskopf
et al. 2012) the shock radius until which no emission is as-
sumed.11 The seed photon density for CMB photons is simply
nCMB

seed = (4π/(hc))Bν(TCMB)/(hν). We do not consider any addi-
tional photon fields such as optical line emission from the fila-
ments (e.g. Meyer et al. 2010) or interstellar radiation fields, as
these fields will give a subdominant contribution compared to
the optical synchtrotron and infrared dust emission, respectively.

The IC emissivity for up-scattered photons at frequency ν is
then calculated using the integral over the IC kernel fIC, which
includes Klein-Nishina effects, and the seed photon density (Blu-
menthal & Gould 1970),

jICν (ν, r) =
3σThc

4
hν

4π

∞
∫

1

dγ
nel(γ, r)
γ2

×
∞

∫

0

dǫ fIC(ν, ǫ, γ)
∑

t

nt
seed(ǫ, r)

ǫ
, (B.6)

with the usual expression for the full IC kernel,

fIC(ν, ǫ, γ) = 2q ln q + (1 + 2q)(1 − q) +
1
2

(Γǫq)2

1 + Γǫq
(1 − q) , (B.7)

where Γǫ = 4ǫγ/(mc2) and q = hν/(Γǫ(γmc2−hν)). The Thomp-
son limit corresponds to Γǫ ≪ 1 and IC scattering only occurs
for 1/(4γ2) 6 q 6 1.

The integrals are evaluated numerically and the code, fully
written in python, is available online12. The IC emissivity of the
synchrotron emission involves four integrals for each frequency
ν and radius r, see Eqs. (B.1), (B.5), and (B.6). In order to speed
up the calculations, we make heavy use of numerical routines
of numpy, scipy, and numba (Harris et al. 2020; Virtanen et al.
2020; Lam et al. 2015) and use multi-dimensional spline inter-
polations for j

sync
ν and n

sync
seed .

The specific luminosity for component t = (sync, dust, IC)
is found from the integration over radius,

Lt
ν =

∮

dΩ

∫

dV jtν(ν, r) = (4π)2

r0
∫

rs

drr2 jtν(ν, r) , (B.8)

where the two factors of 4π come from the volume and solid
angle integrations, respectively. For the analysis of H.E.S.S. and
Fermi-LAT data, we are also interested in the spatial profile of
the emission for which we have to calculate the specific intensity
Iν as a function of the angular distance θ from the centre of the
nebula. The intensity is given as an integral over the line of sight
(LOS) s (s = 0 is the position on the LOS which is closest to the
centre of the nebula) through the nebula in which jtν is non-zero,

It
ν(θ) = 2

smax
∫

smin

ds jtν(ν, r(s)) . (B.9)

11 One should note that the actual size of the nebula is unknown as the
outer shock is not observed (e.g. Hester 2008). The size of the observed
synchrotron nebula is a free parameter in our fit (see below) and r0 acts
as an arbitrary upper integration bound that should be large enough to
accommodate the different nebula sizes probed in the fit. Here, we set
it to 3.6 pc, which is twice the value assumed by Atoyan & Aharonian
(1996) for the visible nebula size.
12 https://github.com/me-manu/crabmeyerpy
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where B(x, a, b) is the boxcar function, B(x, a, b) = Θ(x − a) −
Θ(x−b). The energy dependence of the spatial extension is mod-
elled through a simple power law

ρw(γ) = ρw,0

[

(

γ

9 · 105

)2
]−αw

. (B.17)

For the free parameters γr,max, γw,min, and γw,max we do not use
abrupt cutoffs as those would lead to discontinuities on the nu-
merical integration grid. Instead we use super-exponential cut-
offs which are not motivated physically but help the smoothness
of the likelihood landscape. For simplicity, the super-exponential
indices are fixed to βmin = 2.8 (this is the best-fit value obtained
by Meyer et al. 2010) and βmax = 2.

For the magnetic field profile, we follow Dirson & Horns
(2023) and choose

B(r) = B0

(

r

rs

)−α
, (B.18)

with α > 0. The case of α = 0 corresponds to the constant B-field
model studied, for example, in Meyer et al. (2010).

Appendix B.2: MHD flow model

This model follows the solution to the steady-state MHD equa-
tions under the assumption of spherical symmetry and describes
the flow of the electron plasma from the shock to the nebula’s
boundary. The MHD flow and the magnetic field are determined
by the magnetisation σ at the shock, which is given by the ratio
of the electromagnetic and particle energy flux,

σ =
B2

s

4πnusγmec2
, (B.19)

where Bs is the magnetic field, n the particle density, and us =
√

γ2 − 1 the relativistic four speed (all quantities are at the shock
radius).

The (injected) electron spectrum is another free parameter in
the model. As in the previous model, we use two distinct elec-
tron populations, with the radio electrons modelled in the same
way as in Section B.1. On the other hand, the spatial and spec-
tral distribution for the wind electrons are the result of solving
the MHD equations for some electron population injected at the
termination shock. While Kennel & Coroniti (1984a) considered
a power law type injection, this was generalised by Atoyan &
Aharonian (1996) to a more complex shape, which we also as-
sume here with an additional break in the spectrum:

ns(γ) = n0,w exp













−
(

γw,min

γ

)βmin












exp













−
(

γ

γw,max

)βmax












×
[(

1 +
γ

γw,min

)sw,1

(1 − Θ(γ − γw,2))

+

(

1 + γ/γw,min
)sw,3

(

1 + γw,2/γw,min
)sw,3−sw,1

Θ(γ − γw,2))

]

. (B.20)

Similar to the wind electron spectrum for the static models, βmin
and βmax are fixed to 2.8 and 2.0, respectively. From the MHD
flow solution, the energy of electrons at some distance z = r/rs

from the shock can be related to the electron Lorentz factor at
injection, γ′,

γ(z) =
γ′

(vz2)1/3 + γ′/γmax
, (B.21)

where v(z) = u(z)/us is the four-velocity of the electrons (see
Eqs. (A7a) - (A7d) in Kennel & Coroniti 1984b) which depends
on the magnetisation σ, and γmax is the maximum γ factor at dis-
tance z, see, for example, Eq. (6) in Atoyan & Aharonian (1996)
(which also depends on vz2). The wind electron spectrum is then
found to be

nwind(γ, z) = (vz2)−4/3

(

γ′

γ(z)

)2

ns(γ
′) . (B.22)

For small values of the magnetisation, the magnetic field in
the MHD solution at the shock is given by

Bs =

√

Lspin−down

cr2
s

σ

1 + σ
, (B.23)

where Lspin−down is the spin-down luminosity of the pulsar.
Downstream of the shock, the magnetic field in the nebula
evolves as

B(z) = Bs

3(1 − 4σ)z
vz2

. (B.24)
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Appendix C: Best-fit parameters of physical models

We present the best-fit parameters for all considered models in
Table C.1. The best-fit values were found using the ‘simplex’
method of the sherpa fitting backend of Gammapy. The Nelder-
Mead algorithm converged into slightly lower minima than the
‘migrad’ method from the minuit backend. As we found the esti-
mation of uncertainties on the fit parameters to not work reliably
– presumably due to the complexity of the model and the large
number of parameters – we specify only the best-fit values here.
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Table C.1. Best-fit parameter values of the physical models. Parameters that are not free in the fit are indicated by ‘(fixed)’ after their value.

Parameter variable B-field model constant B-field model Kennel & Coroniti
ln(nr,0) 117.170 117.69 118.766
ln(γr,min) 3.09 (fixed) 3.09 (fixed) 3.09 (fixed)
ln(γr,max) 11.599 12.35 12.625
sr −1.5439 −1.649 −1.7419
ρr [′′] 88.3 80.40 88.64
ln(nw,0) 76.822 76.8315 −27.625
ln(γw,min) 12.841 12.69 12.8366
ln(γw,1) 15.26 14.24 —
ln(γw,2) 19.197 19.35379 17.96
ln(γw,max) 22.115 22.371 22.251
βmin 2.8 (fixed) 2.8 (fixed) 2.8 (fixed)
βmax 2 (fixed) 2 (fixed) 2 (fixed)
sw,1 −3.117 −2.75 —
sw,2 −3.3928 −3.1764 −2.8695
sw,3 −3.782 −3.5118 −2.316
ρw,0 [′′] 98.14 78.94 —
αw 0.12544 0.11973 —
B0 [µG] 256.4 126.39 —
rs [′′] 13.4 (fixed) 13.4 (fixed) 13.4 (fixed)
α −0.4691 — —
σ — — 0.021396
ln(Lspin−down[erg/s]) — — 88.716
rdust,in [pc] 0.55 (fixed) 0.55 (fixed) 0.55 (fixed)
rdust,out [pc] 1.53 (fixed) 1.53 (fixed) 1.53 (fixed)
log10(M1/M⊙) −4.4 (fixed) −4.4 (fixed) −4.4 (fixed)
log10(M2/M⊙) −1.2 (fixed) −1.2 (fixed) −1.2 (fixed)
T1 [K] 149 (fixed) 149 (fixed) 149 (fixed)
T2 [K] 39 (fixed) 39 (fixed) 39 (fixed)

Notes. For an explanation of the parameters, see Appendix B.
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