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Abstract

In this paper, we analyze the spectral energy distributions of 17 powerful (with a spin-down luminosity greater than
10¥ ergs™!) young (with an age less than 15,000yr) pulsar wind nebulae (PWNe) using a simple time-
independent one-zone emission model. Our aim is to investigate correlations between model parameters and the
ages of the corresponding PWNe, thereby revealing the evolution of high-energy electron distributions within
PWNe. Our findings are as follows: (1) The electron distributions in PWNe can be characterized by a double
power-law with a super-exponential cutoff. (2) As PWNe evolve, the high-energy end of the electron distribution
spectrum becomes harder with the index decreasing from approximately 3.5 to 2.5, while the low-energy end
spectrum index remains constant near 1.5. (3) There is no apparent correlation between the break energy or cutoff
energy and the age of PWNe. (4) The average magnetic field within PWNe decreases with age, leading to a
positive correlation between the energy loss timescale of electrons at the break energy or the high-energy cutoff,
and the age of the PWN. (5) The total electron energy within PWNe remains constant near 2 X 108 erg, while the
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total magnetic energy decreases with age.
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1. Introduction

Pulsar wind nebulae (PWNe) are dynamic and energetic
structures in the cosmos driven by the rotational energy
released from pulsars. These nebulae consist of bubbles filled
with magnetized relativistic particles, primarily electrons and
positrons, which interact with the surrounding medium to emit
a wide range of electromagnetic radiation from radio waves to
TeV gamma-rays (e.g., Alsabti & Murdin 2017; Amato 2024).
Particle acceleration occurs at the termination shock within the
PWN (Kennel & Coroniti 1984), creating a complex system
where particle transport and radiation processes shape their
observed properties. PWNe are considered as potential sources
of high-energy electrons and positrons of cosmic rays (e.g.,
Fiori et al. 2022). The observational results from the Large
High Altitude Air Shower Observatory (LHAASO) provide
strong evidence for the particle acceleration capability of
PWNe. The high-energy gamma-ray photons above 1PeV
detected from Crab Nebula not only confirm that PWNe are
efficient particle accelerators in the Galaxy, but also make it to
be the first officially recognized PeV-scale leptonic sources
(The Lhaaso Collaboration et al 2021). Moreover, most of the
very-high-energy gamma-ray sources observed by LHAASO
are associated with pulsars (Cao et al. 2024).

Theoretical models, including pure leptonic scenarios, have
been proposed to explain the observed multiband nonthermal
photon spectra emitted by PWNe (e.g., Kennel & Coroniti 1984;
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de Jager et al. 2008; Zhang et al. 2008; Gelfand et al. 2009; Fang
& Zhang 2010; Tanaka & Takahara 2010; Bucciantini et al.
2011; Martin et al. 2012; Torres et al. 2014; Zhu et al.
2018, 2021, 2023). These models often involve two distinct
particle populations that are accelerated within the PWN, such as
the pulsar wind termination shock (Rees & Gunn 1974; Kennel
& Coroniti 1984) or the nebula’s equatorial region (e.g., Atoyan
& Aharonian 1996; Lyutikov et al. 2019). While synchrotron
radiation is believed to generate radio to X-ray photons, and the
GeV to TeV gamma-rays are typically produced through inverse
Compton scattering (ICS) processes involving ultrarelativistic
electrons and positrons. Additionally, a possible hadronic origin
for gamma-ray emission has been suggested (Atoyan &
Aharonian 1996; Bednarek & Protheroe 1997; Amato et al.
2003; Bednarek & Bartosik 2003), highlighting the complexity
of particle interactions within PWNe.

Overall, PWNe serve as important astrophysical laboratories
for studying the dynamics of relativistic particles, magnetic
fields, and shock physics in extreme environments. By
analyzing the broadband spectral energy distributions (SEDs)
and evolution of PWNe, We can deepen the understanding of
cosmic ray production and propagation mechanisms. Unlike
the currently prevailing time-dependent models accounting of
the nebula evolution and electron losses (e.g., Torres et al.
2014; Zhu et al. 2018), here we used the simplest phenomen-
ological model (time-independent one-zone model) to fit the
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multiband spectra of 16 PWNe. Attempting to reveal the
evolution of electrons in PWNe through the correlation
between model parameters and age. In Section 2, we briefly
describe our selected sample sources and models. Section 3
shows the results of the spectral fitting and their implications.
Summary and discussion are drawn in Section 4.

2. Sample and Model
2.1. Sample

In the supernova remnant source catalog® containing 383
sources (Ferrand & Safi-Harb 2012, up-to-date database), there
are 111 sources potentially housing PWNe or displaying PWNe
characteristics. Eagle (2022) suggests the detection of at least
125 PWNe from radio to TeV bands, primarily through radio or
X-ray surveys (Kargaltsev et al. 2013). Notably, around 70
PWNe were discerned via observations with the Chandra
telescope (Kargaltsev & Pavlov 2008). In recent years, the
number of pulsars discovered in the gamma-ray band has also
increased. The fourth Fermi Large Area Telescope (LAT)
catalog (4FGL-DR4) contains 19 sources, including 11
confirmed and eight associated PWNe (Abdollahi et al.
2022). A further 36 PWNe are documented in the TeV source
catalog specialized in TeV Astronomy.” H.E.S.S. Collaboration
et al. (2018) reported 14 identified PWNe and 10 candidate
PWNe. However, only a handful of PWNe possess compre-
hensive multi-band data, spanning radio, X-ray, GeV and TeV
ranges. Our goal is to study the evolution of electron
distributions in PWNe by using a time-independent one-zone
model to fit multi-band data of PWNe. To well constrain the
electron distributions and magnetic fields in PWNe, the data
with at least three wavelengths are required for each source in
the sample. Considering the sources in Torres et al. (2014) and
Zhu et al. (2018), we obtain a supplementary sample
comprising 17 PWNe. It is obvious that Crab Nebula possesses
a complete spectrum covering all wave bands from radio to
PeV. We note that PWNe such as 3C 58, HESS J1813-178,
MSH 15-52 and VER J2227+4608 contain complete data
across the radio, X-ray, GeV and TeV bands. However, many
PWNe only have flux upper limits in the radio band, for
example, HESS J1640-465, HESS J1356-645, HESS J1418-
609, HESS J1420-607, HESS J1427-608, and HESS J1303-
637. Five PWNe have spectroscopic data in radio, X-ray and
TeV bands but have not been obtained by the Fermi satellite,
namely Kes 75, G54.14-0.3, G25.1-0.9, G0.9+4-0.1, and N157B.
Notably, G25.1-0.9 also has infrared band data. Furthermore,
even though CTA 1 only has energy upper limit data in the
radio band, its X-ray and TeV band data make it a strong
candidate for parameter constraint studies.

4 SNRcat is the online high-energy catalog of supernova remnants (SNRs),

http: //snrcat.physics.umanitoba.ca.
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2.2. Model Description and Spectral Fitting Strategy

The model we considered here is the simplest one-zone time-
independent leptonic model, which considers the present
distribution of leptons. With the results of fitting the SEDs of
17 PWNe, we can reveal the evolution of leptons in these
nebulae by correlating the physical parameters of the model
with PWNe’s age. The distribution function of leptons is
assumed to be a broken power law form:

(E/Ep)~ if E< Ey
(Ev/Eo)> “(E/Eo)"* if E > Ey,
(D

f(E) =A x e(E/EJS{

where E, is the fiducial energy, and we choose it to be
Eo=1TeV; E, is the break energy, and o and «a, are low- and
high-energy spectral indices, respectively. E. is the high-energy
cutoff of the leptons, and the index of exponential cutoff (3 is
set at 2.0 in consideration of the electron energy losses
(Zirakashvili & Aharonian 2007). A is the normalization of the
particle distribution, which can be determined by the total
energy content of leptons above 1GeV, denoted as W,. We
defined E.;, = 100 MeV and E.,x = 50PeV to ensure that
the electrons remain relativistic and capable of efficiently
producing synchrotron emission with the mean magnetic field
B as a variable, allowing for the fitting of nonthermal radio to
X-ray data. Additionally, these electrons are able to generate
gamma-ray emission through ICS with ambient low-energy
background photons such as the cosmic microwave back-
ground radiation (CMB), diffuse Galactic infrared background,
or starlight. Note that whenever necessary, self-synchrotron
Compton scattering is introduced, such as for Crab Nebula. It
should be noted that the background photon field varies for
each PWN apart from CMB component, and such values are
adopted from Zhu et al. (2018) for most PWNe, except for
HESS J1640-465, VER J2227+4608 and HESS J1427-608. The
information of the background photon field of these two PWNe
comes from Xin et al. (2018), Ge et al. (2021) and Guo et al.
(2017). The distance, characteristic age and spin-down power
of the pulsar of PWN, as well as the age of the PWN, can be
obtained from the related literature. In this model, there are six
free parameters: o, an, E;, E., W, for the electron distribution,
and the magnetic field B for synchrotron radiation. The naima
package by Zabalza (2015) is utilized for computing non-
thermal radiation from relativistic electron populations and
fitting the observed spectra with Markov Chain Monte Carlo
algorithm.

3. The Results

Figures 1-17 illustrate the best-fit SEDs with the one-
dimensional (1D) posterior probability distribution and two-
dimensional confidence contours of parameters for 17 PWNe.
The thick black line represents the total SED, while the green
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Figure 1. The best-fit to the spectral energy distribution (SED) and the posterior probability distribution and two-dimensional (2D) confidence contours of parameters
for G21.5—0.9. The green thick solid line represents synchrotron radiation, and the green dashed, red dotted—dashed, and purple dotted lines are for Inverse-Compton
scatterings off CMB, FIR and NIR, respectively. The yellow thick solid line represents synchrotron self-Compton radiation. The total SED is displayed by the black
thick solid line. The IR background with Tgr = 35.0 K and Ugg = 1.4 eV cm > and Tnir = 3500.0 K and Ung = 5.0 eV cm >, are used. The radio band data are
from Salter et al. (1989), the IR band data from Gallant & Tuffs (1998, 1999), the X-ray band data from Nynka et al. (2014), the TeV y-ray band data from Aliu
et al. (2013).
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Figure 2. The same as Figure 1 but for Crab Nebula. The energy densities and temperatures of FIR and NIR are Tgr = 70.0 K and Ugg = 0.5 eV em ™3, and

Tair = 5000.0 K and Unpr = 1.0 eV cm 2. The radio band data are from Macias-Pérez et al. (2010), the IR band data from Temim et al. (2006), the optical band data
from Veron-Cetty & Woltjer (1993), the X-ray band data from Kuiper et al. (2001), the GeV data from Arakawa et al. (2020) and the TeV ~-ray band data from The
Lhaaso Collaboration et al. (2021).
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Figure 3. The same as Figure 1 but for Kes 75. The energy densities and temperatures of FIR and NIR are Tgr =30.0K and Ugg =1.2eV cm ™3, and

Tair = 3000.0 K and Unr = 2.2 ¢V cm™>. The radio band data are from Salter et al. (1989), Bock & Gaensler (2005), the X-ray band data from Reynolds et al.
(2018) and the TeV ~-ray band data from Aliu et al. (2013).
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Figure 4. The same as Figure 1 but for HESS J1640—465. The energy densities and temperatures of FIR and OPT are Tpg = 15.0 K and Upg = 1.0 €V cm >, and
Topr = 5000.0 K and Ugpr = 0.3 eV cm . The radio band data are from Gotthelf et al. (2014), the X-ray band data from Gotthelf et al. (2014), the GeV band data
from Xin et al. (2018), the TeV 7-ray band data from Abramowski et al. (2014).
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Figure 5. The same as Figure 1 but for 3C 58. The IR background with Trr = 40.0 K and Ugr = 0.3 eV cm > and Ty = 4000.0 K and Ungg = 0.3 eV cm >, are
used. The radio band data are from Green (1986), Morsi & Reich (1987), Salter et al. (1989), the Planck data from Planck Collaboration et al. (2016), the X-ray band
data from Torii et al. (2000), An (2019) the GeV band data from Li et al. (2018) and the TeV ~-ray band data from Aleksi¢ et al. (2014).
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Figure 6. The same as Figure 1 but for HESS J1813—178. The energy densities and temperatures of FIR and NIR are Tgg = 40.0 K and Upg = 0.1 eV cm ™, and
Tnir = 4000.0 K and Unr = 0.5 eV cm . The radio band data are from Brogan et al. (2005), the X-ray band data from the GeV band data from Funk et al. (2007),
Ubertini et al. (2005), the GeV band data from Wach et al. (2023), the TeV 4-ray band data from Wach et al. (2023).
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Figure 7. The same as Figure 1 but for G54.140.3. The energy densities and temperatures of FIR and NIR are Tgr =25.0K and Uggr = 0.8 eV cm >, and
Tnir = 3000.0 K and Ungg = 1.1 eV cm . The radio band data are from Lang et al. (2010), the X-ray band data from Lu et al. (2001), the TeV 7-ray band data from
Acciari et al. (2010).
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Figure 8. The same as Figure 1 but for G0.9+0.1. The energy densities and temperatures of FIR and NIR are Tgr = 30.0K and Ugr = 3.8 eV cm ™, and
Trir = 3000.0 K and Upnr = 25.0 eV cm . The radio band data are from Dubner et al. (2008), the X-ray band data from Porquet et al. (2003), the TeV 4-ray band
data from Aharonian et al. (2005b).
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Figure 9. The same as Figure 1 but for MSH 15—52. The energy densities and temperatures of FIR and NIR are Tgr = 30.0K and Ugg = 1.2eV cm >, and
Trir = 3000.0 K and Unir = 2.2 eV cm . The radio band data are from Gaensler et al. (1999, 2002) the X-ray band data from Forot et al. (2006), the GeV band data
from Abdo et al. (2010), the TeV ~-ray band data from Aharonian et al. (2005a).
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Figure 10. The same as Figure 1 but for N 157B. The energy densities and temperatures of FIR and NIR are Tgr =50.0K and Ugr =5.0eV cm ™3, and
Tair = 5000.0 K and Unr = 4.0 eV cm >, The radio band data are from Lazendic et al. (2000), the X-ray band data from Chen et al. (2006), the TeV ~-ray band data
from H.E.S.S. Collaboration et al. (2015).
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Figure 11. The same as Figure 1 but for HESS J1356—645. The energy densities and temperatures of FIR and NIR are Tgr = 25.0 K and Ugg = 0.4 eV cm >, and
Tair = 5000.0 K and Unr = 0.5 eV cm . The radio band data are from Duncan et al. (1995), Griffith & Wright (1993), Murphy et al. (2007), the X-ray band data
from H.E.S.S. Collaboration et al. (2011), the GeV band data from Liu et al. (2023), the TeV ~-ray band data from H.E.S.S. Collaboration et al. (2011).
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Figure 12. The same as Figure 1 but for VER J2227+608. The energy densities and temperatures of FIR and NIR are Tyg = 30.0 K and Upg = 0.4 eV cm ™, and
Tair = 5000.0 K and Unr = 0.4 eV cm . The radio band data are from Pineault & Joncas (2000), the X-ray band data from Fujita et al. (2021), the GeV band data
from Xin et al. (2019), the TeV 4-ray band data from Acciari et al. (2009), Tibet AS~ Collaboration et al. (2021), Cao et al. (2021).
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Figure 13. The same as Figure 1 but for CTA 1. The energy densities and temperatures of FIR and NIR are Tgr = 25 K and Ugg = 0.3 eV cm >, and Tyr = 3000 K
and Unr = 0.6 eV cm 2. The radio band data are from Aliu et al. (2013), the X-ray band data from Martin et al. (2016), the TeV ~-ray band data from Aliu
et al. (2013).
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Figure 14. The same as Figure 1 but for HESS J1418—609. The energy densities and temperatures of FIR and NIR are Trr = 40.0 K and Ugr = 0.4 eV cm 3, and
Tair = 4000.0 K and Unr = 1.0 eV cm ™. The radio band is from Roberts et al. (1999), the X-ray band from Park et al. (2023), the GeV band from Acero et al.
(2013), the TeV ~-ray band from Aharonian et al. (2006).
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Figure 15. The same as Figure 1 but for HESS J1420-607. The energy densities and temperatures of FIR and NIR are Tgr = 40.0 K and Ugr = 0.3 eV cm 3, and
Tair = 4000.0 K and Ung = 0.3 eV cm™>. The radio band is from Van Etten & Romani (2010), the X-ray band from Van Etten & Romani (2010), the GeV y-ray
band from Acero et al. (2013), the TeV ~-ray band from Aharonian et al. (2006).
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Figure 16. The same as Figure 1 but for HESS J1427-608. The energy densities and temperatures of FIR and OPT are Trr = 30.0 K and Ugr = 1.0 eV cm >, and
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et al. (2017), the TeV ~-ray band from Aharonian et al. (2008).
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Figure 17. The same as Figure 1 but for HESS J1303-631. The energy densities and temperatures of FIR and NIR are Tgr = 40.0 K and Ugr = 6.0 eV cm™3, and
Trir = 4000.0 K and Upnr = 2.0 €V cm 2. The radio band data are from Condon et al. (1993), the X-ray band data from H.E.S.S. Collaboration et al. (2012), the GeV
~-ray band data from Zhou et al. (2023), the TeV 7-ray band data from H.E.S.S. Collaboration et al. (2012).

solid line depicts the synchrotron emission. The dashed,
dashed—dotted and dotted lines correspond to the ICS
components with CMB and other background photon fields,
respectively. References for the spectra and background photon
field parameters can be found in the figure caption.

Table 1 presents the fundamental physical quantities along-
side the best-fit values of the model parameters. It is evident
that all spectral fits exhibit a reduced x* < 2.0, except for Crab,
and HESS J1303-631. For PWNe with butterfly shaped X-ray
data, the minimum, maximum, and geometric mean energy
values within the energy range will be utilized for participation
in the multi-band fitting, such as Kes 75, HESS J1640—465,
G54.140.3, G0.940.1, N157B, HESS J1356—645, VER
J2227+608 and HESS J1418—609. The energy spectrum of
the Crab Nebula softens from 0.3 at radio wavelength to 0.6 in
the optical range, and there is also thermal radiation in the
infrared band (Reynolds et al. 2017), resulting in a poor fit with
a single power law.

The TeV data from HESS observation and the GeV data
detected by Fermi-LAT cannot be well connected. The TeV
data of HESS observation (H.E.S.S. Collaboration et al. 2012)
from HESS J1303-631 exhibit uneven fine structures in detail
and do not match the GeV data detected by Fermi-LAT (Zhou
et al. 2023), resulting in a relatively large chi-square value
(X2 =3.99) for the fitting results. Generally, the multi-
wavelength spectra can be well-fitted by one-zone model
described by a broken power law with a high-energy cutoff.

The left panel of Figure 18 illustrates the high-energy
electron distributions (a) and SEDs (c) of those 17 PWNe with
the best-fit parameters. To demonstrate the evolution of PWNe,
the right panel depicts the high-energy electron distributions
normalized at 10 TeV and SEDs normalized at 100 GeV. It is
observed that the high-energy electron spectra gradually harden
with the ages of PWNe. Indeed, younger PWNe exhibit softer
spectra in the gamma-ray band, while older PWNe show harder
GeV spectra with a high-energy cutoff in the TeV band, which
is opposite to the evolution of supernova remnants (Zeng et al.
2019).

Figures 19(a) and (b) display the correlation between the
low-end and high-end energy spectral indices and the ages of
PWNe. The results indicate that the low-end spectral index
remains relatively constant with age, mainly between 1.0 and
1.5, while the high-end spectral index decreases with age. The
origin of these electron spectra within PWNe is still under
debate. Atoyan & Aharonian (1996) suggested the existence of
two distinct populations of relativistic electrons within PWNe.
The low-energy electrons with an index of ~1.5 are believed to
be generated within the light cylinder of the pulsar, reflecting
the history of the pulsar and the nebula, and primarily
contributing to radio photons by synchrotron radiation, thus
called “radio electrons.” Therefore, this process has not
significantly changed over time, resulting in the constancy of
the low-end spectral index. On the other hand, the high-energy
electrons are freshly accelerated ultra-high-energy electrons
with E > E,, mainly produced at the wind termination shock
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Table 1
Sample and Spectral Fitting Parameters
Name D R 7. L) Tose o a By Epu B W, 2
(kpe) (pc) (yn) (ergs™) (yn) (GeV) (TeV) (1G) (erg)

G21.5-0.9 4.1 <4.0 4850 338 x 10 9007R% 1217018 3.06799 8413¢ 4101329 59+87 6.7%17 x 1097 2 =065
Crab Nebula 2.0 <3.0 1296  4.53 x 10° 940 17479090 3.4473993 1034111 242313 135 6251008 x 10% M8 = 1077
Kes 75 5.8 <3.0 726 8.21 x 10°*  1000*77° 1715998 2,995 9007459 >504 152 3.7107 x 1047 % = 0.83
HESS J1640—465  10.0 2548 3100 4.40 x 10 30943, 145703 3.4375% 1530728 2504370 37498 46137 x 104 % =127
3C 58 2.0 <50 5397 268 x 1057 240073  1.0470% 317+ 3173 15574 177792 19791 x 104 =158
HESS J1813—178 4.7 40+03 5624  5.56 x 10%7 ~2500 1.9273% 3.0501 460071599 >1800 474908 16193 x 10% l‘jf"ﬁ =195
G54.140.3 7.0 <9.0 2889 116 x 1057 2600733%°  1.35*0% 3.0193 240%2%) >450 9.4+38 1.8704 x 104 % = 1.14
G0.9+0.1 13.3 <7.0 5305 432 x 107 300070, 124793 295791 541383 >400 17.5%3% 5.8H14 x 10% 12'3"6 =046
MSH 15-52 44 111420 1585 175 x10* 400073, 14491 2.90500¢ 5405379 6201139 1573 19794 x 10%8 % =0.62
N 157B 53.7 <94 4982 483 x 10°®  460050%°  1.34¥5%  3.3475% 180733 17022{° 2742 1.5%33 % 10% 2 =152
HESS J1356—645 25 101409 7310  3.10 x 10**  6500743%°  0.40793]  2.5670%: 3219 570732 33108 6.6703 x 1047 lfff’ﬁ =1.59
VER J2227+608 0.8 3.5 10,500  2.25 x 10*7 ~7000 25359000 4164048 149739 x 104 >1295 220708 26702 x 109 % =125
CTA 1 1.4 6.6+05 13,863 4.52x10* 75007135 1.4%54 27403 5601150° >420 7671 3.8733 x 10% ;—f‘; =173
HESS J1418—-609 5.0 94409 10376  4.93 x 10° ~8000 0.69703%  2.827012 2201139 >270 2.57°07 27733 x 10% % =0.89
HESS J1420—-607 56  7.9+06 12990  1.04 x 10%7 ~8500 12493 2.89709% 4204490 460130 31103 442 x 10% B =056
HESS J1427-608 8.0 7.0 11,000 650 x 10°° 1000073,  1.1793 2.6501 77RO 10343 3.5712 2.613% x 104 28 = 0.67
HESS J1303—631 6.6 206417 11,008 1.68 x 10  ~13,000 13593 2.5401 460724 62129 3.0198 6.5733 x 1047 ﬂ =3.99

15—

Notes. Information regarding the distance, characteristic age, and spin-down power of the pulsar associated with pulsar wind nebulae (PWNe), as well as the PWN age with errors, can be sourced from
Zhu et al. (2018) and Torres et al. (2014), except for HESS J1640—465, referenced in Xin et al. (2018), Mares et al. (2021), and HESS J1427—608, as discussed in Vorster et al. (2013), Guo et al.
(2017).

R represents the 10 Gaussian extension derived from TeV detection (H.E.S.S. Collaboration et al. 2018) expect for HESS J1427—608, which exhibits a slightly extended morphology consistent with a
symmetric Gaussian of radius o ~ 3’ (Aharonian et al. 2008), corresponding to R ~ 7 pc. For VER J2227+-608, its TeV emission (Acciari et al. 2009) can be described by a 1o angular extent of
0227 + 0705 along the major axis, and 0718 + 003 along the minor axis, with R ~ 3.5 pc assumed.
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Figure 18. Right: the high-energy electron distribution (a) and SED (c) with the best fit parameters for all PWNe in the sample. Left: the normalized distributions for

the high-energy electron distribution (b) and SED (d) normalized at electron energies of 10 TeV and photon energies of 100 GeV, respectively. The color indicates the
age of the pulsar wind nebula, from young (blue) to old (green).

location beyond the light cylinder, via Fermi acceleration, and
form the high-energy part with an index >2, also called as the
“wind electrons” component. When the termination shock
propagates outward, the magnetic field B(r) will also decay
(also see Figure 19(c)), and the cooling of high-energy
electrons will slow down rapidly, resulting in a hardening of
the energy spectrum. Many time-dependent models considering
such magnetic field evolution exhibit the characteristic of
hardening in the high-end energy spectrum (e.g., Torres et al.
2014; Zhu et al. 2018). Additionally, the radio electron
possibly originates from relativistic magnetic reconnection,
and its spectral slope is in the range of 1.0—2.0 (e.g., Sironi &
Spitkovsky 2011, 2012, 2014). The present of Arad et al.

(2021) suggests a sub-population with a hard spectrum (radio
photon spectral indices of o =0.01 = 0.06) near the termina-
tion shock and softer spectra elsewhere, possibly due to a
recent evacuation of the shock surroundings. Note that the
spectral index of the source VER J22274608 deviates
significantly from the clustering distribution of the sample
sources, as the fitting data provided in this paper mainly come
from the tail region of the radio morphology, which is generally
considered to be a supernova remnant.

Figures 19(c)—(e) illustrate the correlations between the
average magnetic field, the break energy, and the cutoff energy
of the electron distribution and the age of PWNe. It is observed
that the magnetic field gradually decreases with the evolution

13
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Figure 19. The correlation between the low-end (a) and high-end (b) energy spectral indices, the average magnetic field (c), the break energy (d), and the cutoff energy
(e) of the electron distribution and the age of PWNe.
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Figure 20. Upper: the correlation between the total electron energy W, (f) and the total magnetic energy Wz = %%WRSWN within PWNe (g) and their respective ages.

Lower: the correlation between the synchrotron cooling timescale at break energy (h) and at the cutoff energy (j) and the ages of PWNe.

of PWNe. Two theoretical lines are provided in the figure based
on the dynamical evolution of PWNe (the conversion of the
pulsar’s rotational energy into magnetic energy) (Torres et al.
2014): when T,e < 7o (Where 7 is the initial spin-down
timescale), the magnetic field follows Bocr '3, and when
Toge > 7o, Box "%, From Figure 19(d), it can be seen that the
break energy of the electron distribution shows no significant
correlation with the age of PWNe. In traditional time-
dependent evolution models, the magnitude of the break
energy of the injected spectral lies between 10GeV and
1.0 TeV (e.g., Torres et al. 2014; Zhu et al. 2018), which is

15

basely consistent with the break energy in our non-time-
dependent model, although its physical mechanism remains
unclear (Bucciantini et al. 2011; Tanaka & Takahara 2011;
Torres et al. 2014; Zhu et al. 2018). If the magnetic energy is
entirely transferred to particles, either in the pulsar wind or at
the termination shock, the break energy is believed to be
proportional to the product of the Lorentz factor +,, and the
wind magnetization strength o,, (Lyutikov et al. 2019; Luo
et al. 2020), i.e., Ej X YO oC. Although most studies
suggest -y, ranges between 10% and 10°, there is significant
variation in magnetization strength. Theoretical models of
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pulsar magnetosphere and wind predict o,, to be much greater
than 1.0 (e.g., Arons 2012), while simple 1D models of PWNe
require o, to be much less than 1.0 (e.g., Kennel &
Coroniti 1984), a discrepancy known as the “o-problem.”
Figure 19(e) also shows no apparent correlation between the
cutoff energy and the age of PWNe. This lack of correlation
may stem from the fact that the fitting of most PWNe only
provides lower limits. However, the decrease in the cutoff
energy for the two oldest PWNe suggests a potential negative
correlation between them.

Figures 20(f) and (g) depict the correlation between the total

electron energy W,, and the total magnetic energy
2
Wp = %%WRSWN within PWNe and their respective ages.

Except for PWN N157B in the Large Magellanic Cloud and
PWN CTA 1, the total electron energy of most PWNe ranges
from 3 x 10*”—10* erg, show no significant variation with the
evolution of PWNe. However, the total magnetic energy
appears to be inversely correlated with age. As the evolution of
PWNe progresses, there is a conversion of magnetic energy
into electron energy, resulting in an overall decrease in
magnetic energy.

Figures 20(h) and (j) illustrate the correlation between the
synchrotron cooling timescale at break energy (h), and at the
cutoff energy (j) and the ages of PWNe. A strong positive
correlation is observed between the synchrotron cooling
timescale and the ages of the corresponding PWNe, likely
attributable to the relationship between magnetic fields and
PWN ages. The red solid line in the figure represents when the
cooling timescale equals the age, and the blue dashed line is a
linear fit without error. It is notable that except for the Crab
Nebula PWN, the cooling timescale of the break energies
exceeds the age of PWNe and a slope between them greater
than 1.0, indicating a gradual increase in the cooling timescale
as the magnetic field weakens. The cooling timescale of the
cutoff energy timescales are mostly smaller than or equal to the
ages of the corresponding PWNe, implying that the termination
shock can efficiently accelerate electrons to higher energies.
Simultaneously, with the evolution of PWNe, the wind speed
and magnetic field of PWNe weaken, resulting in a decrease in
the maximum energy attained by accelerated electrons.

4. Summary and Discussion

Multiwavelength observations of PWNe provide a unique
opportunity to study evolution of high-energy electron
distribution within PWNe, which is closely related to the
acceleration, radiation, escape, and transport of high-energy
particles inside them (e.g., Zhang et al. 2008; Ishizaki et al.
2018; H.E.S.S. Collaboration et al. 2019; Lu et al. 2020; Zhu
et al. 2021, 2023), and the origin of Galactic electrons and
positrons (e.g., Di Mauro et al. 2014, 2021; Manconi et al.
2020) and the contributions to the gamma-ray sky (e.g.,
Pagliaroli et al. 2021; Martin et al. 2022). In this paper, we
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select 16 PWNe as sample sources with observational data in at
least three bands between radio, X-ray, GeV, and TeV. We fit
the SED of each PWN source using a simplified time-
independent single-zone model, and then reveal the evolution
of high-energy electron distributions in PWNe by analyzing the
correlation of the model parameters. Below we give a brief
summary of our conclusion.

1. The electron distribution in PWNe: Due to observational
limitations, multi-band information for most PWNe is
still somewhat lacking, with the exception of the Crab
Nebula. Currently, a simplified double power law with a
super-exponential cutoff can be used to describe the
electron distribution inside observed PWNe.

2. The evolution of the electron distribution: With the
evolution of PWNe, the electron spectrum becomes
harder at higher energies, transitioning from approxi-
mately 3.5 to around 2.5 for the power-law index, while
maintaining a power-law index around 1.0-1.5 at low
energies. The break energy of the electron distribution is
not correlated with the age of the PWN, and there is no
significant correlation between the cutoff energy and the
age of the PWN.

3. The evolution of the magnetic field: The mean magnetic
field decreases with the age of the respective PWNe,
resulting in a positive correlation between the synchro-
tron cooling timescales of the break energy and the cutoff
energy of the electron distribution with the age of
the PWN.

4. The total energy: The total energy of electrons inside
PWNe remains relatively constant at approximately
2.0 x 10*® erg, while the total magnetic energy decreases
with the age of the corresponding PWNe.
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