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Abstract. Pulsar wind nebulae (PWNe) are a significant source of very-high-energy gamma
rays in the Milky Way. These fascinating objects arise from the interaction between the
powerful winds emanating from a central, rapidly rotating pulsar and the expanding debris
field left behind by a supernova remnant. This study aims to explain the high-energy emissions
from three significant compact regions around the Vela pulsar wind nebula through leptonic
spectral energy distribution (SED) emissions across multiple wavelengths. We analyze the
SED of photons using 15 years of Fermi-LAT data in the 100 MeV to 1 TeV range and combine
these data with other observations, such as those from Suzaku (X-ray) and H.E.S.S. (very-
high-energy gamma-ray). We then model leptonic SED emissions to produce non-thermal
radiation, including synchrotron radiation and inverse Compton scattering, to find the best
fit with the observed multi-wavelength spectra. By analyzing the multi-wavelength emission
from the Vela pulsar wind nebula, we constrain the properties of relativistic particles, magnetic
fields, and interstellar radiation fields that contribute to this observed radiation.

1 Introduction

1.1 Pulsars and Pulsar wind nebulae

Pulsar wind nebulae (PWNe) are captivating cosmic creations. These vast nebulae, sculpted by the
energetic winds of rapidly spinning pulsars interacting with their surroundings, radiate across the elec-
tromagnetic spectrum [12] [14][19]. The diversity in their light distribution and overall shapes hints at
the complex interplay between particle motion and various cooling mechanisms within them.

A prime example lies within the Vela supernova remnant (SNR), a mere 290 pc away. This SNR
harbors a captivating resident, the young pulsar PSR B0833-45 [10]. This 11,000-year-old object, boasts
a characteristic age and spins down at an impressive rate, releasing a luminosity of 7 x 1036 erg s~!
[17]. The SNR itself is renowned for its non-thermal emission regions, like the radio-bright Vela X. PSR
B0833-45, a close-by adolescent pulsar with a rapid 89-millisecond rotation period [16], has been exten-
sively studied across the spectrum, from radio and gamma-ray [20] to optical and X-ray wavelengths,
including additional gamma-ray bands [13]. Interestingly, this powerhouse releases a tremendous amount
of spin-down energy, with its peak electromagnetic emission concentrated in the GeV gamma-ray band.
Understanding the light emitted by such objects is crucial. Two key mechanisms are at play: synchrotron
radiation and inverse Compton scattering. By analyzing the combined X-ray and gamma-ray emissions
alongside models that incorporate these processes, astronomers can glean valuable insights into the be-
havior of particles within PWNe (e.g., [9][7][4]). This allows for the validation of complex simulations
and furthers our understanding of these remarkable objects.
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2 Observations and Regions of Interest

2.1 Gamma-Ray Data from Fermi-LAT

The Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope (FGST) revolutionized
gamma-ray astronomy [8]. It detects gamma rays via pair-conversion into electron-positron pairs within
its high-resolution converter tracker, enabling precise directional measurements [8]. The LAT also fea-
tures a CsI(T1) crystal calorimeter for energy determination and an anti-coincidence detector for efficient
background rejection [1]. Compared to previous instruments, LAT boasts significant improvements: a
larger effective area (reaching ~ 8000 cm? on-axis above 1 GeV), a wider field of view (FOV; ~2.4 sr),
and superior angular resolution (~ 0.6° for 68% containment at 1 GeV for events converting in the front
section of the tracker) [8]. For a detailed description of the instrument and data processing techniques
[2].

For this specific analysis, we leveraged 15 years of data collected by the Fermi-LAT, spanning from
August 4, 2008 to March 28, 2024. To ensure the highest-quality data, we exclusively included gamma
rays classified as ”Diffuse class events” (indicating the most stringent background rejection). Addition-
ally, we excluded events with a zenith angle larger than 90° relative to the detector axis to minimize
potential contamination by Earth-albedo photons. The instrument response functions (IRFs) employed
in this analysis are the PBR3 V3, that incorporate corrections for pile-up and accidental coincidence effects
arising within the detector subsystems. Furthermore, we utilized the gll iem v07 model for the galactic
diffuse emission and the iso P8R3 SOURCE V3 v1 model for the isotropic diffuse emission. Our source
identification is based on the latest Fermi-LAT 12-year Source Catalog (4FGL-DR3), which incorporates
12 years of survey data across the 50 MeV — 1 TeV energy range [3].

2.2  Regions of Interest

We define three spectral extraction regions (pointing regions 0, 1, and 2) for Fermi-LAT data analysis
(Figure 1), corresponding to the pointing positions used by Suzaku and H.E.S.S. observations. These
square regions, each with a side length of 7.50”, are centered at 128.81°, Dec = —45.286° (pointing 0), RA
= 128.7666°, Dec = —45.4581°(pointing 1), and RA = 128.6368°, Dec = —45.8007° [1]. This approach
facilitates a multi-wavelength SED analysis using data from Fermi-LAT, Suzaku, and H.E.S.S.
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Figure 1: Spectral analysis regions for the Vela X pulsar wind nebula in Fermi-LAT data. The top,
middle, and bottom panels correspond to pointing regions 0, 1, and 2, respectively [1].

3 Spectral Analysis
The Fermi-LAT spectrum was constructed by binning the 100 MeV to 1 TeV energy range into seven
logarithmically spaced energy intervals. A maximum likelihood analysis was then performed on each bin
to derive the spectrum [21], assuming a power-law shape for the spectral energy distribution (SED) of
the Vela X source. N g
v -«

where djé” is the photon flux from Fermi-LAT | Ej is the referent energy which we set Ey = 1000 MeV,
A is amplitude, « is the power law index.

We employed a consistent spatial model for all three regions: a radial disk with a characteristic width
of 0.125° (details in Table 1), as described in Section 2.2. This model represents the extended gamma-
ray emission observed by the Fermi-LAT. Assuming this spatial morphology, the Fermi-LAT detects the
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gamma-ray source with a high significance of 14 in the broad 100 MeV to 1 TeV energy range. The
resulting spectrum, normalized to the entire phase interval for consistency, is presented in Figure 2.

We employed a maximum likelihood analysis to fit a power-law spectral model to the data within the
100 MeV to 1 TeV energy range. The Test Statistic (TS) values for each region are presented in Table 1.
This approach, offering greater reliability than a direct fit to the individual spectral points in Figure 2,
demonstrates that the data (Table 1) is well-characterized by a power law for pointing regions 0, 1, and
2, with respective spectral indices of —2.74 4+ 0.259, —2.77 +0.11, and —2.48 4+ 0.00291, respectively.
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Figure 2: Spectral Energy Distribution (SED) for three distinct regions within the Vela complex. The
Fermi-LAT data points represent the binned photon flux in seven logarithmic energy bins from 100 MeV
to 1 TeV, obtained using a maximum likelihood analysis. Error bars indicate the associated uncertainties.

Table 1: Best-fit parameters for the photon SED of the Vela PWN of Fermi-LAT observation in the three
regions

Pointing || Spatial model || Spectrum type «@ TS
0 Radial Disk Power law —2.74 + 0.259 218.75
1 Radial Disk Power law —2.77+0.11 40.41
2 Radial Disk Power law —2.48 +0.00291 0.08

4 Synchrotron Radiation and Inverse Compton Scattering as an Explanation of Photon
Spectrum of Vela X PWN

We will use non-thermal radiation mechanisms, i.e., synchrotron and inverse Compton (IC) emission,

to explain multi-wavelength observations of Vela X from the Suzaku spectrum in X-ray, the H.E.S.S.

spectrum in gamma-ray, and the Fermi-LAT gamma-ray spectrum analyzed in this work. We assume a

leptonic energy distribution with an exponential cutoff:

dN. E. _, Ee s
where N, is the electron density number, E. is the lepton energy, A is amplitude, « is the power law
index, Ejy is reference energy this work Eg = 1 TeV, E. is the cutoff energy, and f is the cutoff exponent.

We use the naima Python package to calculate SED models and find the best-fit with observed
multiwavelength data. [22]. This package leverages established formalisms to compute the different
emission components: synchrotron radiation is calculated based on the method described in [6], while IC
emission utilizes the formalisms presented in [15] and [5]. For the synchrotron emission:

QSyn = / nePsyn(Va v B)d,% (3)
0

with Py, (v, v, B) represents the power emitted by a single relativistic electron via synchrotron radiation.
This expression can be written as

V3 B E,

Pyyn(v,7,B) = gml‘ﬂ(*)’ (4)
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and
3eB~?

2mec

F(o) = [ Kops(rydrEe =500 (5)
0

where E. is the critical frequency, K53 denotes the modified Bessel function of order 5/3. For the

emission of IC scattering:

Qics = / NePics (U, 'V)d'% (6)
0

with P;.s(v, ) represents the differential scattered photon spectrum per electron, which can be expressed
as

3ore [Fn
Pica(v,7) = ‘f;; /0 L@ T, (7)
Here, v; denotes the frequency of the scattered photon. The target photon fields contributing to the
scattering include the cosmic microwave background (CMB), galactic far-infrared (FIR) background,
and near-infrared (NIR) and optical fields from stars and synchrotron emission. The function f(g,T),
incorporating the Klein-Nishina cross-section, is expressed as
expressed as

F(a.T) = 2aing + (1 4+ a)((1 +20) + A8 0
7 2(1+Tq) ’
with
0= Fm el = b e )

Te(ymec? — hv)

g

-2

™
g
m
g
m
5

3
g
§

E2dN/dE [ergs~c
E2dN/dE [ergs
E2dN/dE [ergst

T ST T | i

1076 1074 1072 10° 10? 10¢ 10° 10° 1076 1074 1072 100 102 10* 108 108 1076 1074 1072 100 102 104 108 108
Energy [MeV] Energy [MeV] Energy [MeV]

Figure 3: Multi-wavelength best-fit spectral energy distributions (SEDs) for the three pointing regions.
Suzaku XIS X-ray measurements are shown in green. H.E.S.S. gamma-ray measurements are shown in
purple [1]. Fermi-LAT gamma-ray measurements (this work) are shown in red, with the upper limit
indicated by the red line.

Table 2: Best-fit parameters for the leptonic energy distribution of the Vela PWN of the three regions
using multi-wavelength SEDs

Pointing || Population of lepton || W.(> 1TeV)(10*erg) e E. (MeV) B B(uG)
0 1 0 14752 |1 23758 10t || 2.0703 | 7.0714

2 0.421 15483 1 9.2t 107 || 14783 || 7.0t

1 1 0 L7505 |l 3.8 x 10t || 29703 || 7.2709

2 1.246 21192 11 9.6%243 5107 || 3.1703 || 7.2409

2 1 2.150 2.310-2 3.4708 0.0570 01 || 3.87%¢

2 0 1.3%53 8.1737 1.0*51 || 3.8%07
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Table 3: Properties of the target photon fields

Pointing || NIR temperature || NIR energy density || FIR temperature || FIR energy density
(K) (eV em™3) (K) (eV em™3)
0 2954%%22 0'29;()8682; 124;%2 0.63%80;;
1 2707759 0.17505 9675, 1.27 503
2 2728511 1.0T0-08 63761 0.3702

dna/dE (1 /(eV cm™)
dng/dE (1 /(eV cm™)

Figure 4: Combined leptonic energy distributions

To find the most compatible model parameters for our SED data, we utilized the naima package [22]
alongside the Markov Chain Monte Carlo (MCMC) implemented in emcee [11]. While naima estimates
these parameters and their probability distributions based on a chi-square analysis assuming Gaussian
and uncorrelated uncertainties.

Our results are presented in Figure 3 and Table 2. Figure 3 compares the best-fit leptonic model
(including model uncertainties) to the measured SEDs. This figure demonstrates that the leptonic models
can reproduce the observed X-ray and gamma-ray SEDs for reasonable model parameters. Table 2 lists
the best-fit parameters for two leptonic populations, following the approach of [18]. These parameters are
presented alongside the median values and upper/lower uncertainties for the magnetic field within the
Vela PWN. The properties of the target photons used for inverse Compton (IC) calculations are provided
in Table 3.

We also present the combined leptonic energy distributions and additional leptonic energy distribu-
tions in Figure 4, which produced the best-fitting parameters detailed in Table 2 for the energy range
from 1 MeV to 1 TeV.

The analysis reveals that synchrotron radiation and inverse Compton (IC) scattering models provide
a good fit for pointing regions 0 and 1, effectively matching the observed data from Suzaku XIS in X-ray
wavelengths and H.E.S.S. in gamma-ray wavelengths. Despite this, deviations are observed in some data
points from the Fermi-LAT observations, indicating discrepancies with the model predictions. Conversely,
in pointing region 2, the synchrotron and IC scattering models demonstrate robust performance, accu-
rately describing the observed spectra across multiple wavelengths. However, the Fermi-LAT data for
this region does not align well with the model predictions, suggesting potential limitations in the current
model framework.

5 Summary
This study presents a comprehensive analysis of the Vela X pulsar wind nebula (PWN) using multi-
wavelength data from the Fermi-LAT (gamma-ray), Suzaku (X-ray), and H.E.S.S. (gamma-ray) instru-
ments. We divided the nebula into three distinct regions to enable a detailed spectral investigation. A
power-law distribution was consistently found across the gamma-ray spectra for all three regions, sug-
gesting a common particle acceleration mechanism responsible for the observed non-thermal emission.
To interpret the multi-wavelength data spanning X-ray and gamma-ray bands, we employed a sophis-
ticated leptonic model. This model posits that high-energy electrons within the nebula emit radiation
through synchrotron processes in the X-ray band and inverse Compton scattering in the gamma-ray
band. Our findings suggest that a two-population distribution of these high-energy electrons provides
the best fit for the observational data. This approach allowed us to derive the parameters of the nebula,
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including the strength of its magnetic field, the characteristics of the ambient photon distribution, and
the properties of the electron populations themselves.

The derived best-fit parameters offer valuable insights into the physical conditions and processes
occurring within the Vela X nebula. Specifically, they shed light on the energy distribution of the
electrons and the interaction between these particles and the nebular environment.

Looking forward, future research will aim to refine this leptonic model further. This will involve
incorporating systematic uncertainties to improve the robustness of our conclusions. In addition, we
plan to utilize data from upcoming observational missions, which will provide higher resolution and
more comprehensive coverage of the nebula. These efforts will enhance our understanding of the complex
dynamics and emission mechanisms at play in the Vela X pulsar wind nebula, contributing to the broader
field of high-energy astrophysics.
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