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Abstract

We investigate the origin of the unidentified, extended TeV source 1LHAASO J0500+4454, considering three
possible origins: cosmic rays interacting with a molecular cloud (MC), particles accelerated in a currently undetected
supernova remnant (SNR), and an energetic outflow powered by a pulsar. Upper limits on the CO and X-ray
emission from the γ-ray emitting region disfavor the MC and SNR scenarios, respectively. If a nebula of inverse
Compton scattering e±powers 1LHAASO J0500+4454, then spectral energy distribution modeling indicates that the
current particle energy in the nebula is ∼4× 1048 erg. If the coincident magnetar SGR 0501+4516’s rotational
energy powered 1LHAASO J0500+4454, then a conservative energy budget calculation requires an initial magnetar
spin period P0 ≲ 5 ms and a spin-down timescale τsd ≲ 30 yr, which has implications for the origins of magnetars.

Unified Astronomy Thesaurus concepts: Gamma-ray sources (633); Magnetars (992); Pulsar wind nebulae (2215);
Pulsars (1306); Supernovae (1668)

1. Introduction

Surveys of the γ-ray sky are pushing the frontier to higher
photon energies and discovering lower surface brightness
γ-ray sources. Recently, Z. Cao et al. (2024) published the
1LHAASO catalog of 90 very-high-energy (VHE, E> 0.1
TeV) γ-ray sources. At least 35 1LHAASO sources are
associated with pulsars and pulsar wind nebulae (PWNe).
1LHAASO J0500+4454 is one of 15 unidentified TeV sources
in the 1LHAASO catalog, and is located toward the relatively
uncrowded Galactic anticenter region, where it may be easier
to identify its origin. Within 1LHAASO J0500 +4454’s
θγ = 0.°41 ± 0.°07 radial extent lies the (also unidentified)
Fermi source 4FGL J0501.7+4459 (J. Ballet et al. 2023).

Identifying the origins of γ-ray sources requires distinguishing
between “leptonic” or “hadronic” γ-ray production, according to
the classification of the particles producing the majority of the
γ-rays. In the hadronic scenario, high-energy protons collide with
other protons in a dense medium (e.g., a molecular cloud, MC) to
produce neutral pions (π0), which then decay into the observed
γ-rays. High-energy p+ are believed to be accelerated in SNRs,
so MCs near SNRs are prime candidates for producing γ-ray
sources ( M. Ackermann et al. 2013; F. A. Aharonian 2013). In
the leptonic scenario, high-energy e± produce γ-rays through
inverse Compton scattering photons from the cosmic microwave
background (CMB) and other photon fields. High-energy e± are
produced in SNRs, pulsar magnetospheres, and at the termination
shocks of PWNe, so both SNRs and pulsars are plausible sources
of leptonic γ-rays.

The magnetar SGR 0501+4516 is the only known pulsar
located within the extent of 1LHAASO J0500+4454 (see
Figure 1), raising the possibility of a physical association.
Unlike rotationally powered pulsars, magnetars are not often
associated with extended VHE γ-ray sources, though some
associations have been proposed (J. P. Halpern &

E. V. Gotthelf 2010; H. E. S. S. Collaboration et al. 2018;
E. V. Gotthelf et al. 2019), and young magnetars might have
sufficient rotational and/or magnetic energy budgets
(R. C. Duncan & C. Thompson 1992; A. M. Beloborodov &
X. Li 2016; V. M. Kaspi & A. M. Beloborodov 2017). SGR
0501+4516’s spin parameters and associated physical proper-
ties are listed in Table 1. No known SNRs or dense molecular
clouds overlap 1LHAASO J0500+4454.
This paper is organized as follows: Section 2 outlines the

basic physical properties of 1LHAASO J0500+4454 and its
environment. Section 3 presents leptonic and hadronic models
of the spectral energy distribution (SED) of 1LHAASO J0500
+454 and the associated Fermi source. Section 4 investigates
possible origins of 1LHAASO J0500+4454 and finds evidence
for a PWN origin. Section 5 discusses the PWN energy budget
if 1LHAASO J0500+4454 is a magnetar-powered PWN.
Section 6 discusses our results in relation to previous work and
discusses the implications of magnetar TeV emission for
magnetar birth properties and origins.

2. Physical Properties of the 1LHAASO J0500+4454
Region

2.1. Distance and Environment

1LHAASO J0500 +4454 is located at R.A. = 75.°01,
decl. = 44.°92 (l = 161.°71, b= 1.°58), toward the Galactic
anticenter region and 1.°6 above the Galactic plane, implying a
distance of Dγ ∼ 2 kpc if located in the Perseus Arm of the
Milky Way (Y. Xu et al. 2006). 1LHAASO J0500+4454’s
radial extent θγ = 0.°41 ± 0.°07 corresponds to a physical radius

R
D

14.3
2 kpc

pc. 12.4
2.4 ( )= +

Figure 1 shows the position of 1LHAASO J0500+4454
in relation to all pulsars, SNRs, and Fermi sources listed
in the ATNF Pulsar Catalog (version 2.1.1), Green’s
SNR catalog, and Fermi LAT 14 yr Source Catalog (4FGL-
DR4), respectively (R. N. Manchester et al. 2005;
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D. A. Green 2019, 2025; J. Ballet et al. 2023). SGR 0501
+4516 is the only pulsar coincident with 1LHAASO
J0500 +4454. Y.-L. Mong & C.-Y. Ng (2018) measured an
upper limit on SGR 0501+4516’s proper motion that ruled
out an association with the SNR HB9. Recently,
A. A. Chrimes et al. (2025) measured μ = 5.4 mas yr−1,
implying that SGR 0501+4516’s birth site overlaps
1LHAASO J0500 +4454, if SGR 0501+4516’s true age is
comparable to its characteristic age (τchar = 15 kyr).

Figure 1 also shows the 12CO (J= 1 → 0) luminosity Lco in
the region surrounding 1LHAASO J0500+4454 (T. M. Dame

& P. Thaddeus 2022). Carbon monoxide (CO) emission traces
molecular material (P. Thaddeus 1977), and Figure 1
demonstrates that there is some molecular material coincident
with 1LHAASO J0500+4454. We calculate an upper limit on
the molecular density within the 1LHAASO J0500+4454
region by assuming that all of the observed CO intensity Wco

is emitted from a hypothetical spherical cloud centered on the
γ-ray source. We integrate Wco within the θγ = 0.°41 extent of
1LHAASO J0500 +4454 and the velocity range
−7.15 km s−1 < VLSR < 4.55 km s−1 (there is no significant
CO emission within 1LHAASO J0500+4454 at other

Figure 1. 12CO (J = 1 → 0) map of the region around 1LHAASO J0500+4454, integrated in the velocity range −7.15 to 4.55 km s−1. The solid blue circle indicates
the angular extent of 1LHAASO J0500+4454, θγ = 0.°41 ± 0.°07, and the dotted blue circles indicate the uncertainty in Rγ. The blue crosshairs indicate the positional
uncertainty of 1LHAASO J0500+4454 at the 95% confidence level. Black crosshairs indicate the positions (at 95% confidence) of Fermi 4FGL-DR4 sources in the
field, and associations listed in the Fermi 4FGL-DR4 catalog are indicated in parentheses. All known pulsars and SNRs in the field are indicated. Red contours trace
the 1.4 GHz radio shell of the supernova remnant HB9.

Table 1
Known Pulsars Near 1LHAASO J0500+4454

Pulsar P P E τchar Bs References

(s) (10−15 s s−1) (1031 erg s−1) (kyr) (1012 G)

SGR 0501+4516 ≈5.76 ≈5900 120 15 190 (1)
PSR J0454+4529 ≈1.39 ≈4.9 7.8 4500 2.5 (2)
PSR B0458+46 ≈0.64 ≈5.6 84 1800 1.1 (3)

References. (1) A. Camero et al. (2014), (2) C. M. Tan et al. (2020), (3) G. Hobbs et al. (2004)
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velocities covered in the CfA CO survey data), and find

W d 0.82 K km s deg . 2co
1 2 ( )=

We convert the observed CO luminosity to an upper limit on a
molecular cloud mass using a CO-to-H2 conversion factor of
2 10 cm K km s20 2 1 1( )× , which includes a factor of 1.36 to
account for heavy elements (A. D. Bolatto et al. 2013;
T. M. Dame & P. Thaddeus 2022):
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The upper limit on proton number density ncloud of this
hypothetical spherical cloud with mass Mcloud and radius Rγ is:

n
M

R
m
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Figure 1 suggests that there is a shell of CO emission
coincident with the boundary of 1LHAASO J0500+4454 and
spanning velocities −4.55 km s−1 < VLSR < 0.65 km s−1.
Figure 2 shows this same CO data in specific velocity ranges,
so that the CO emission within 1LHAASO J0500 +4454 is
more easily seen (note the change in scale in Figure 1 versus
Figure 2). The ≈ 14 cm−3 cloud density estimated above is a
conservative upper limit of the actual H density within
1LHAASO J0500+4454, because it is the velocity-integrated
value.

Figure 2. 12CO (J = 1 → 0) maps of the region around 1LHAASO J0500+4454, integrated in various velocity ranges. The solid blue circle indicates the angular
extent of 1LHAASO J0500+4454 θγ = 0.°41 ± 0.°07, and the dotted blue circles indicate the uncertainty in θγ. The blue crosshairs indicate the positional uncertainty
of 1LHAASO J0500+4454 at the 95% confidence level.
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2.2. Fermi LAT Analysis and γ-ray SED
We selected photons within a 20° radius centered on

1LHAASO J0500 +4454 (R.A. = 75.°04, decl. = 44.°91), with
photon energies ranging from 100 MeV to 500 GeV, and
zenith angles less than 90�. The data were binned to 0.°05 per
pixel. We used the gill_iem_v07 and iso_P8R3_SOUR-
CE_V3_v1 templates to model the Galactic diffuse and
isotropic backgrounds, respectively. We first fit the Fermi
LAT 14 yr Source Catalog (4FGL-DR4) to the data, and then
refit after removing 4FGL-DR4 point source 4FGL J0501.7
+4459 and replacing it with a source with the same position
and extension as 1LHAASO J0500+4454. We find a 3σ
preference for the later, extended morphology of 1LHAASO
J0500+4454. Figure 3 shows the SED of this Fermi source.

Figure 3 also shows the 1LHAASO J0500+4454 SED. We
obtained the 1LHAASO J0500+4454 SED data from the
First LHAASO Catalog of Gamma-Ray Sources, Z. Cao et al.
(2024). The 1LHAASO J0500+4454 SED in the 1–25 TeV

band is a power law NdN

dE

E
0 3 TeV( )= with N0 = 0.69 ±

0.16× 10−13 cm−2 s−1 TeV−1 and Γ = 2.53± 0.20. 1LHAASO
J0500+4454 was not detected above 25 TeV, with an upper
limit N0 < 0.09× 10−16 cm−2 s−1 TeV−1 calculated for a
source with the same radius, position, and power-law spectrum

NdN

dE

E
0 50 TeV

2.53( )= .

2.3. Leptonic Cooling Timescales

If the LHAASO TeV and Fermi GeV emission is leptonic,
produced by e± inverse Compton scattering CMB photons,
then the observed IC photon energies Eγ correspond to e±

energies Ee± through the relation (G. B. Rybicki &
A. P. Lightman 1979):

E
E

63
10 TeV

TeV. 5e ( )±

Equation (5) indicates that the LHAASO observed photon
energy range 1 TeV� Eγ � 25 TeV corresponds to an e±

energy range E20 TeV 100e± TeV. The e± will lose
energy through both inverse Compton scattering and
synchrotron radiation. Assuming the CMB dominates the
photon energy density, an e− of energy 40 TeV upscattering
CMB photons will lose half its energy on an inverse Compton
cooling timescale

E
30

40 TeV
kyr, 6e

IC

1

( )
±

and on a synchrotron cooling timescale

E B
50

40TeV 2 G
kyr. 7e

sync

1 2

( )
µ

±

τsync is less certain than τIC because of its Bsync
2

dependence. We therefore adopt τIC ≈ 30 kyr as a conservative
upper limit on the age of γ-ray emitting e± in 1LHAASO
J0500+4454.

3. SED Modeling

We modeled the SED of 1LHAASO J0500+4454
(presented in Section 2.2) in order to calculate W, the total
particle energy in this TeV source. We performed this SED

Figure 3. Combined SED of 1LHAASO J0500+4454 and the associated Fermi source. The solid curve shows the SED predicted by an inverse Compton (IC) model
from an exponentially cutoff power-law electron population upscattering CMB photons. The dashed curve shows the π0-decay model.
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modeling using Naima (V. Zabalza 2015). Section 3.1
discusses the leptonic model, and Section 3.2 discusses the
hadronic model.

3.1. Leptonic (IC) Model

We fit the combined Fermi LAT and 1LHAASO J0500
+4454 SED with an inverse Compton emission model where
relativistic e± upscatter CMB seed photons. We explored both
pure power law and exponentially cutoff power law particle
spectra, and found that an exponentially cutoff power law

dN

dE
A

E E

E1 TeV
exp eV 8e e

cut

1 ( )=
± ±

is required to fit the data. The best fit parameters are listed in
Table 2, with 1σ errors computed from the covariance matrix.
Figure 3 shows the SED predicted by this model and the
observed SED. We calculate the total e± energy We±

( E dE
E

E
e

dN

dE e
min

max
± ±) by setting E 510max = TeV (the Naima

default value and ≫Ecut) and leaving Emin as a free parameter:

W
E D

3.8 10
1 GeV 2 kpc

erg. 9e 1.6
2.7 48 min

2 2

( )×+±

The 1σ errors in We± (and in W p+ below) were computed by
Monte Carlo sampling. The total number of particles N

( dE
E

E dN

dE e
min

max
±) in this energy range is:

N
E D

9 10
1 GeV 2 kpc

. 103
6 50 min

1 2

( )×±
+

3.2. Hadronic (π0-decay) Model

We consider a spectrum dN

dE
of high-energy p+ producing π0

through collisions with low-energy p+ in a molecular cloud of
density ncloud. We model the high-energy p+ particle spectrum
dN

dE
with an exponentially cutoff power law:

dN

dE
A

E E

E1 TeV
exp eV . 11

p p

cut

1 ( )=
+ +

In this model A n Dcloud
1 2, which we fix at fiducial values

ncloud = 14 cm−3 (see Equation (4)) and Dγ = 2 kpc. The best
fit parameters are listed in Table 2. We calculate the total p+

energy W p+ ( E dE
E

E
p

dN

dE p
min

max
+ +) by setting E 1.22min = GeV,

the dynamical threshold for π0 production, and we set

E 10max = PeV (the Naima default value and ≫Ecut). We
find:

W
n D

1.4 10
14 cm 2 kpc

erg. 12p 0.2
0.2 48 cloud

3

1 2

( )= ×++

The 1σ errors inW p+ were computed by Monte Carlo sampling

4. What Powers 1LHAASO J0500+4454?

1LHAASO J0500+4454’s large radial extension θγ = 0.°

41 ± 0.°07 rules out an extra-Galactic origin. Here we discuss
three plausible Galactic origins for 1LHAASO J0500+4454: a
molecular cloud (Section 4.1), a supernova remnant
(Section 4.2), and an energetic outflow from a pulsar
(Section 4.3). The plausibility of these scenarios depends on
the energetics derived from SED modeling in Section 3 and
also the locations of nearby MCs, SNRs, and pulsars (see
Figure 1).

4.1. Molecular Cloud Scenario

If 1LHAASO J0500+4454 is powered by cosmic rays
interacting with an MC, then there should be a sufficiently
dense MC coincident with the observed γ-rays. The nearest
known SNR to 1LHAASO J0500+4454 is HB9, and is
therefore the most likely source of such cosmic rays. We will
use W p+ (Equation (12)) to calculate the energy budget of this
hadronic scenario, assuming cosmic ray p+ accelerated by
SNR HB9 are powering 1LHAASO J0500+4454. This cosmic
ray proton energy, currently with 1LHAASO J0500+4454
(W p+), and the projected distance from the center of
1LHAASO J0500+4454 to the center of HB9 imply a rate
of energy injected from HB9 into cosmic ray p+. The
calculation of this energy injection rate indicates that the low
upper limit on the molecular density in the 1LHAASO J0500
+4454 region, combined with its projected distance from HB9,
implies an unrealistic cosmic ray energy budget. This disfavors
this hadronic scenario, and the details of these calculations are
presented in Appendix A.

4.2. SNR Scenario

It is possible that 1LHAASO J0500+4454 is powered by
particles accelerated to high energies in an SNR. Figure 1
shows that the only known nearby SNR HB9 does not overlap
the 1LHAASO J0500+4454 emission region. However, a
previously unknown SNR at this location could power
1LHAASO J0500+4454. The hypothetical SNR considered

Table 2
SED Modeling Results

Model
dN

dE A α Ecut
2

(eV−1) (TeV) (d.o.f.)

Leptonic (Inverse Compton) A exp
E E

E1 TeV
e e

cut( ) ( )± ± (1.95 ± 0.27) × 1034 2.63 ± 0.08 37 ± 7 0.6 (9)

Hadronic (π0-decay) A exp
E E

E1 TeV

p p

cut

+ + (8.9 ± 1.4) × 1034 1.91 ± 0.07 70 ± 19 0.9 (9)

Note. Results of fitting leptonic and hadronic SED models to the γ-ray emission from the 1LHAASO J0500+4454 region, including data from Fermi LAT,
LHAASO WCDA, and LHAASO KM2A detectors (Figure 3). The leptonic and hadronic models are powered by exponentially cutoff power-law particle
distributions dN

dE
. 1σ errors on the model parameters are indicated.
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in this section is not assumed to be associated with any known
astronomical objects in this field.

We list here the observed properties of 1LHAASO J0500
+4454 that we will use to assess the plausibility of an SNR
origin. First, we assume that the 1LHAASO J0500+4454
radius is greater than or equal to the SNR radius:

R R . 13snr ( )

Second, Figure 4 shows archival ROSAT All Sky Survey
observations (ROR numbers 190568 and 190906) of
1LHAASO J0500+4454 and the surrounding region. Setting
nH ≲ 5× 1021 cm−2, a typical upper limit on the Galactic
column density in this direction (HI4PI Collaboration et al.
2016), the ROSAT 3σ upper limit on the unabsorbed 0.1
−2.5 keV flux from the region with the same position and
extension as 1LHAASO J0500+4454 is:

F 1.0 10 erg cm s . 14x
11 2 1 ( )×

Third, we assume that the SNR has accelerated e− to
∼40 TeV and accelerated p+ to ∼70 TeV.

These constraints on the size, X-ray flux, and particle
acceleration within the 1LHAASO J0500+4454 region pose
significant challenges for the SNR origin scenarios, for an
SNR at any evolutionary stage. The calculations demonstrating
these challenges are presented in Appendix B.

4.3. Pulsar Scenario

A pulsar with an initial spin period P0 and moment of inertia
I45 = 1045 g cm2 has an initial rotational energy

E I
P

1.97 10
10 ms

erg, 15rot
50

45
0

2

( )= ×

and an initial magnetic energy

E
B

1.66
10 G

10 erg. 16B
0

16

2
49 ( )= × ×

Equations (15) and (16) indicate that a sufficiently rapidly
rotating and/or magnetized pulsar has an energy budget
greater than the current 1LHAASO J0500+4454 leptonic
energy W 3.8 10e 1.6

2.7 48×+
± erg (Equation (9)). If We±

originates from the initial rotational kinetic energy of the
pulsar Erot (Equation (15)), then E Werot > ± requires an initial
spin period P0 ≲ 70 ms. Likewise, if We± originates from the
pulsar’s initial magnetic energy, then E WeB > ± and
Equation (16) requires internal magnetic field strength
B≳ 5× 1015 G.
There are three known pulsars in the field of 1LHAASO

J0500+4454 (Figure 1): PSR B0458+46, PSR J0454+4529,
and the magnetar SGR 0501+4516. PSR B0458+46’s
distance was recently measured by FAST to be >2.7 kpc,

160.0160.5161.0161.5162.0162.5163.0
Galactic Longitude [deg]
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1LHAASO J0500 + 4454

SGR 0501+4516

0 2 4 6 8 10 12 14 16
ROSAT PSPC Count Rate (cts s−1 deg−2)

Figure 4. ROSAT PSPC observations of 1LHAASO J0500+4454 and the surrounding region. Red contours indicate the radio emission from SNR HB9. We have
indicated the position of SGR 0501+4516, which is clearly detected by ROSAT at the edge of 1LHAASO J0500+4454. Inset: Circles around SGR 0501+4516
indicate its possible birth locations for pulsar ages τpsr = τchar and τpsr = 2τchar (τchar = 15 kyr), and proper motion μ = 5.4 mas yr−1.
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beyond the Perseus arm (W. C. Jing et al. 2023). At this
distance, PSR B0458+46’s 2.°0 angular separation from
1LHAASO J0500+4454 and the 30 kyr upper limit on the
age of 1LHAASO J0500+4454 corresponds to a tangential
velocity v⊥ ≳ 3700 km s−1. Such a large velocity is highly
unlikely, given the measured proper motions of young pulsars
(G. Hobbs et al. 2005), and argues against an association with
1LHAASO J0500+4454.

PSR J0454+4529 has spin parameters P ≈ 1.39 s and
P 4.89 10 15× s s−1 (C. M. Tan et al. 2020). If its true
age τtrue is comparable to its characteristic age

P P2 4.5char ( )/ Myr, then it is too old to have powered
1LHAASO J0500+4454, whose age should be ≲τIC ≈ 30 kyr
in this scenario. If PSR J0454+4529’s true age τtrue is actually
≲30 kyr, then its initial spin period is comparable to its current
spin period: P0 ≈ P ≈ 1.39 s. Then its total spin-down energy
since birth E E 30 kyr 8 10 erg ssd true 0

31 1( )( )×
7.5 10 erg43× , which is W 4 10e

48<< ×± erg (Equation (9))
and insufficient to power 1LHAASO J0500+4454.

Y.-L. Mong & C.-Y. Ng (2018) measured an upper limit on
SGR 0501+4516’s proper motion μ < 320 mas yr−1 (90%
confidence level), which ruled out a proposed association with
SNR HB9 (red contours in Figure 1). Recently, A. A. Chrimes
et al. (2025) reported an Hubble Space Telescope-measured
proper motion μ = 5.4 ± 0.6 mas yr−1, consistent with SGR
0501+4516 being born within 1LHAASO J0500+4454’s 95%
positional uncertainty region (blue crosshairs in Figure 1).
Black circles centered on SGR 0501+4516 in Figure 4
indicate radii of 15 kyr × 5.4 mas yr−1 and 30 kyr ×
5.4 mas yr−1. SGR 0501+4516’s offset from the center of
1LHAASO J0500+4454 is comparable to the offsets of other
middle-aged (∼10 kyr) pulsars powering TeV pulsar wind
nebulae (H. E. S. S. Collaboration et al. 2018).

Finally, SGR 0501+4516’s 15 kyr characteristic age is
consistent with the τIC ≈ 30 kyr upper limit (see Equation (6))
on the age of the particles in 1LHAASO J0500+4454. Since
both the position and age of SGR 0501+4516 are consistent
with a source that could be powering 1LHAASO J0500+4454,
we next consider the required energy budget.

5. Energy Budget of SGR 0501+4516

Here we calculate constraints on SGR 0501+4516’s initial
spin period P0, assuming that its initial rotational energy
dominates the input energy budget for 1LHAASO J0500
+4454. 1LHAASO J0500+4454’s total e± energy
W 3.8 10e 1.6

2.7 48×+
± erg (Equation (9)). The black curves

in the left panel of Figure 5 show P0 calculated for various
values of the pulsar braking index n and spin-down timescale
τsd, calculated with the standard spin-down formalism:

P P
t

5.76 s 1 , 17
n

0
sd

1
1

( )= = +

where we have set the time t equal to the pulsar’s true age τtrue:

n

2

1
. 18true

char
sd( )

( )=

For the canonical dipole braking index value n = 3, the
requirement that P0 ≲ 70 ms corresponds to τsd ≲ 10 yr, with
larger values of τsd allowed for n< 3.

The above P0 upper limit, calculated by setting E Werot > ±

is a hard upper bound on P0, but energy losses would surely be

significant over the lifetime of a pulsar wind nebula. A more
realistic P0 upper limit would account for these energy losses
and require that Erot > EPWN, where EPWN is the total energy
injected into the EPWN over its lifetime. We will calculate this
upper bound on P0 by setting Erot > EPWN(t= τsd), where
EPWN(t= τsd) is the total PWN particle energy at time t= τsd.
This is a conservative lower bound on EPWN (upper bound on
P0), since according to standard pulsar spin-down formalism,
most of the pulsar’s rotational energy is injected between time
t = 0 and time t= τsd:

E t E
t

1 , 19

n
n

0
sd

1
1

( ) ( )
( )
( )

= +

+

and we neglect energy injected after t= τsd.
We calculate EPWN(t= τsd) by accounting for adiabatic

losses, which are expected to dominate the PWN energy budget
at times t> τsd (J. D. Gelfand et al. 2009). The energy of a
relativistic ideal gas (adiabatic index γ = 4/3) in a spherical
PWN bubble is inversely proportional to the PWN radius:
E RPWN PWN

1 . The observed size of 1LHAASO J0500+4454
gives the current PWN radius: RPWN (t= τtrue) ≈ 14.3 pc.
RPWN(t= τsd) can be calculated using the well-known self-
similar PWN expansion law (R. A. Chevalier 1977;
S. P. Reynolds & R. A. Chevalier 1984):

R
E t

1.1
10 erg s 1 kyr

pc. 20PWN
0

38 1

1 5 6 5

( )
/ /

=

RPWN depends weakly on the SNR explosion energy and
ejecta mass (R E MPWN SN

3 10
ej

1 2/ / ), which we have set to
E 10 ergSN

51= and Mej = 10M⊙ in Equation (20) above. We
calculate RPWN for the range of n and τsd shown in the left
panel of Figure 5. For each n and τsd we calculate an expansion
ratio

R
R

R
21exp

PWN true

PWN sd

( )
( )

( )

which we use to calculate

E R E , 22PWN sd exp PWN true( ) ( ) ( )= ×

where E WePWN true( ) = ± (Equation (9)).
For each EPWN (τsd), Equation (15) gives the corresponding

P0. Curves of constant P0 calculated in this way are shown in
blue in the left panel of Figure 5. The red curve in the right
panel of Figure 5 indicates the n and τsd values where P0
calculated in the spin-down formalism (black in the left panel)
and P0 calculated from adiabatic losses (blue in the left panel)
are consistent. The dark shaded regions in the right panel of
Figure 5 indicate parameters that are ruled out by the
requirements that E Werot > ± and that 1LHAASO J0500
+4454’s age is <τIC (Equation (6)). We find that a
conservative accounting of adiabatic losses requires
P0 ≲ 5ms. This conservative upper limit on P0 neglects
rotational energy injected after t= τSD, and the inevitable IC
and synchrotron losses would push this upper limit even lower.
The calculations in this section used the fiducial Dγ = 2 kpc

distance estimate. Since RPWN (τtrue) ∝D (Equation (1)) and
W De

1± (Equation (9)), the PWN energy EPWN (τsd) ∝D2
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and our derived initial spin period upper limits scale as
P0 ∝D−1. P0 also scales with the explosion energy and ejecta
mass P E R E0 PWN true

1 2
PWN sd

1 2
SN
3 20( ) ( )/ / / and

P E R M0 PWN true
1 2

PWN sd
1 2

ej
1 4( ) ( )/ / / . Finally, con-

sidering the above dependencies and the statistical uncertainty
in We± (Equation (9)), we estimate

P
D M

M

E
5

2 kpc 10 10 erg
ms. 230 2.5

0.9
1

ej
1 4

SN
51

3 20

( )
/ /

+

6. Discussion

We consider magnetar SGR 0501+4516 the most likely
candidate to power TeV source 1LHAASO J0500+4454, and
follow-up observations and analysis can confirm this
association. Confirmed magnetar TeV emission has remained
elusive in part because magnetars are primarily located in
crowded regions of the Galactic plane (S. A. Olausen &
V. M. Kaspi 2014), where it is difficult to identify the origins
of TeV emission from among many possible sources
(molecular clouds, supernova remnants, and pulsars). XMM-
Newton observations of magnetar Swift J1834.9−0846
indicate the presence of an X-ray PWN, but confirming its
contribution to nearby TeV source HESS J1834−097 is
complicated by the coincident SNR W41 and a candidate
pulsar (XMMU J183435.3−084443) that could also be
responsible for the TeV γ-rays (G. Younes et al.
2012, 2016). Similarly, the magnetar CXOU J171405.7
−381031 in SNR CTB 37B is suspected to contribute to
TeV source HESS J1713−381, but the surrounding SNR and
nearby molecular clouds are also plausible sources of the
observed TeV γ-rays (J. P. Halpern & E. V. Gotthelf 2010;
E. V. Gotthelf et al. 2019). It is likewise unclear if the γ-ray
source HESS J1808−204 is powered by the magnetar SGR
1806−20, the nearby massive stellar cluster, or a molecular
cloud (H. E. S. S. Collaboration et al. 2018). This difficulty in

identifying magnetar TeV emission is unfortunate because
magnetar wind nebulae act as calorimeters, probing otherwise
unobservable past magnetar activity.

6.1. Magnetar B Fields, Initial Spin Periods, and P P
Evolution

The origin of magnetar magnetic fields is not obvious, with
various evidence both favoring and disfavoring the competing
“fossil field” and dynamo generation hypotheses
(H. C. Spruit 2008). R. C. Duncan & C. Thompson (1992)
proposed that fast initial spin periods, P0 ∼ 1 ms, could
generate magnetar-strength magnetic fields through a dynamo
mechanism, and protoneutron star simulations also suggest
that a convective dynamo can amplify neutron star dipole
magnetic fields to 1015 G (C. J. White et al. 2022). However,
J. Vink & L. Kuiper (2006) measured the forward shock radii
rs, ages τ, and interstellar medium (ISM) densities ρ of three
SNRs hosting magnetars 1E 1841−045, 1E 2259+586, and
SGR 0526−66. They calculated the explosion energies using
the standard Sedov solution

R
E

2.026 , 24s
5 SN

2
( )=

and found typical SNR energies E 10SN
51 erg. They

concluded that if these three magnetars were born with
P0 < 5 ms, then most of the initial rotational energy seems not
to have affected their surrounding SNRs.
Figure 6 shows SGR 0501+4516’s possible trajectories

(shaded gray) through the P–P diagram consistent with the
constraints derived in Figure 5. These trajectories correspond
to the red curve in the right panel of Figure 5, with
2.0≲ n≲ 2.5 and τSD ≲ 100 yr, and SGR 0501+4516’s
spin-down measured dipole B field increasing over time. All
P– Ptrajectories pass close by the positions of PSR J1846
−0258 in SNR Kes 75 and Swift J1834.9−0846, both
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Figure 5. Left: SGR 0501+4516’s initial spin period P0 as a function of spin-down timescale τsd and braking index n, calculated using two independent methods.
The black lines indicate curves of constant P0 calculated with standard spin-down formalism (Equation (17)), with SGR 0501+4516’s currently measured P = 5.76 s
and P 5.9 10 12= × s s−1. The blue lines trace curves of constant P0 calculated using the currently measured particle energy in 1LHAASO J0500+4454
(Equation (9)) and accounting for adiabatic energy losses. Right: lines of constant pulsar true age τtrue are indicated. τtrue > 30 kyr is ruled out by the half-life of
≈ 40 TeV e± inverse Compton scattering CMB photons (Equation (6)). The red curve indicates where the two P0 calculations in the left panel are consistent.
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magnetars with PWNe (E. V. Gotthelf et al. 2000; G. Younes
et al. 2012, 2016). PSR J1846−0258’s braking index has been
measured to vary from n= 2.65 ± 0.01 before an outburst to
n= 2.16 ± 0.13 postoutburst (M. A. Livingstone et al. 2011),
indicating it is currently moving roughly parallel to the P P
trajectories indicated for SGR 0501+4516. Evidence of
magnetar trajectories through the P–P diagram with n < 3
have been derived from proper motion measurements directed
away from assumed birth locations in massive star clusters,
with n∼ 1.8 for SGR 1806−20 and n∼ 1.2 for SGR 1900+14
(S. P. Tendulkar et al. 2012).

6.2. Directions for Future Work

JVLA radio follow-up observations can resolve, or place
upper limits on, the synchrotron emission from the particles in
1LHAASO J0500+4454. This would further constrain the
magnetic field strength and morphology of 1LHAASO J0500
+4454, potentially providing further evidence that SGR 0501
+4516 produced a TeV wind nebula by confirming that the
magnetic field is low enough to be consistent with SGR 0501
+4516’s age. In the hard X-ray band, NuSTAR data can
provide critical information about both the spatially resolved
magnetic field strength within 1LHAASO J0500+4454 and
also probe for spatial variations of the maximum e± energy
throughout 1LHAASO J0500+4454.

7. Conclusion

We have presented evidence that the magnetar SGR 0501
+4516 powers 1LHAASO J0500+4454. SGR 0501+4516’s
position, age, and energetics are consistent with this scenario. If
SGR 0501+4516’s rotational energy powers 1LHAASO J0500
+4454, then it must have spun down rapidly (τsd ≲ 30 yr)
from a fast initial spin period: P 5 ms

D
0 2 kpc

1( ) . This is

consistent with theories that magnetar-strength magnetic fields
originate from the rapid initial rotation of a protoneutron star.
Follow-up observations and analysis at radio, X-ray, and γ-ray
energies can confirm that SGR 0501+4516 powers 1LHAASO
J0500+4454 and then further constrain the birth properties of
SGR 0501+4516.
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Appendix A
Molecular Cloud Scenario Calculations

The angular distance from the center of 1LHAASO J0500
+4454 to the center of HB9 is θHB9 ≈ 1.°5. The 1LHAASO
J0500+4454 region has volume V 3 . A spherical
shell centered on HB9 with outer radius θHB9 + θγ and
inner radius θHB9 − θγ has a volume Vshell HB 9

3[( )+
HB 9

3( ) ] which implies Vshell/Vγ ≈ 80. The cosmic ray
particle energy currently within the spherical shell centered on
HB9 is then

W W
V

V

D
1.1 10

2 kpc
erg. A1pshell

shell
0.2
0.2 50

2

( )= ×++

The cosmic ray crossing time τcross from the inner radius to the
outer radius of the shell is:

R

c

D2
94 16

2 kpc
yr, A2cross ( )±

which corresponds to power E p+ injected into cosmic ray
protons:

E
W D

3.8 10
2 kpc

erg s . A3p
shell

cross
1.2
1.2 40 1 ( )×+

A 0.7 ± 0.4 kpc distance to HB9 (S. Ranasinghe &
D. Leahy 2022) and an age τsnr ∼ 5 kyr (D. A. Leahy &
W. W. Tian 2007) implies that, if HB9 powers 1LHAASO
J0500+4454, then over its lifetime HB9 injected energy
E E 2 10p p snr

51× erg into cosmic rays. This is an order
of magnitude larger than HB9’s estimated explosion energy
(1.5–3)× 1050 erg (D. A. Leahy & W. W. Tian 2007), and
disfavors a hadronic origin for 1LHAASO J0500+4454.

The LHAASO nondetection of SNR HB9 also disfavors a
hadronic origin for 1LHAASO J0500+4454. If ∼70 TeV p+

are accelerated in HB9, then they should be accompanied by
similar energy e±. M. Araya (2014) found that Fermi
observations of HB9 imply electron exponential cutoff
energies ≈500 GeV in the IC scenario and proton exponential
cutoff energies ≈80 GeV in the hadronic scenario. These
exponential cutoffs in the particle spectra within HB9 in both
the leptonic and hadronic scenarios are consistent with the
LHAASO nondetection of HB9, and both cutoff energies are
much lower than the Ecut ≈ 70 TeV inferred for 1LHAASO
J0500+4454 (Table 2). This disfavors a hadronic origin for
1LHAASO J0500+4454.

Appendix B
SNR Scenario Calculations

The leptonic particle spectrum inferred from IC modeling of
the 1LHAASO J0500+4454 SED (Table 2) would emit a
higher synchrotron X-ray flux unless

B 10 G leptonic case , B1snr ( ) ( )µ

assuming Dγ = 2 kpc and closer distances requiring smaller
Bsnr. If 1LHAASO J0500+4454 is a previously unknown SNR
accelerating protons up to at least ∼70 TeV (see Table 2),
then:

B 35 G hadronic case , B2snr ( ) ( )µ

which we have calculated by assuming a cosmic ray proton to
electron ratio Kep = 0.01. We will discuss both leptonic and
hadronic scenarios, and consider an SNR currently in the free
expansion or Sedov phase in Section B.1, and an SNR
currently in the radiative phase in Section B.2.

B.1. SNR Scenario: Free Expansion or Sedov Phase

If 1LHAASO J0500+4454 is a previously unknown SNR
accelerating electrons up to a maximum energy
E 40e,max TeV, then either Ee,max is limited the SNR age,
synchrotron losses or particle escape. If 1LHAASO J0500
+4454 is a previously unknown SNR accelerating protons up
to E 70p,max TeV, then either Ep,max is limited by either the
SNR age or particle escape. S. P. Reynolds (1998) calculated
the theoretical maximum particle energy in each of these
scenarios:

E

B V t

B V

B

TeV
, age limited

, loss limited

, escape limited

B3max

1
10 16

2
250

1
10

1 2
16

10

( ) ( )/=

In the above equations, we have defined t t 250 yr250 SNR( )/ ,
V V 16000 km s16 s

1( )/ , B B 10 G10 SNR( )/ µ , the maximum
MHD wavelength is 2.5 10 cmmax

17( )/ × , and η is the
ratio of the particle's mean free path to its gyroradius. The
BSNR dependence of the maximum energies, and our upper
limit on BSNR (Equations (B1) and (B2)), allow us to constrain
the minimum required shock velocity in each case. A Sedov
phase SNR must have a shock speed Vs ≳ 1.2× 104 km s−1,
while a freely expanding SNR requires an even larger Vs.
Vs corresponds to proton temperature (see, e.g., J. Vink

(2012)):

kT m V
V3

16
196 keV

10 km s
. B4p p

s
s
2

4 1

2

( )

The Coulomb equilibration timescale τep for the electrons to
reach thermal equilibrium with the protons is (Y. B. Zeldovich
& Y. P. Raizer 1966; H. Itoh 1984; J. Vink 2012):

n kT
10

1 cm 1 keV

ln

30.9
kyr, B5

p
ep 3

1 3 2 1¯
( )

/

where np is the proton density, the mean temperature
kT kT0.6 p¯ , and ln is the Coulomb logarithm:

n
kT

ln 30.9 ln
1 keV

. B6e
e1 2

1

( )/=

For all Vs≳ 1.2× 104 km s−1, τep is much greater than a
typical SNR age, so we cannot calculate the thermal X-ray
emission from this hypothetical SNR by setting the electron
temperature equal to kTSNR. (P. Ghavamian et al. 2007, 2013)
We instead multiply kTp by the electron to proton mass ratio to
get a hard lower bound on the electron temperature:

kT
m

m
kT

V
107 eV

1.2 10 km s
. B7e

e

p

s
p 4 1

2

( )
×

Observations of SNRs with shock velocities Vs≳ 400 km s−1

indicate kTe≳ 0.3 keV (P. Ghavamian et al. 2007, 2013), so
Equation (B7) is probably unrealistically low, but we will
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adopt it here for the most conservative X-ray flux calculation.
We use the apec model available in Xspec to calculate the
0.1−2.5 keV flux from a thermal plasma with temperature
kTe = 107 eV (K. A. Arnaud 1996). The model normalization
is:

N
R

n n dV
10

4
B8

14

2 e H ( )=

and we have set ne = 1.2 nH (assuming cosmic abundances)
and dV R4

3
3= . We find that ne≲ 0.02 cm−3 is required to

match the unabsorbed ROSAT X-ray flux upper limit Fx
(Equation (14)). A Sedov phase SNR origin for 1LHAASO
J0500+4454 is therefore ruled out by the archival ROSAT
upper limits on its X-ray emission, as long as the SNR electron
density ne≳ 0.02 cm−3 (and a free expansion phase SNR
would require an even lower ne).

An SNR in the Sedov phase has radius RSedov
(B. T. Draine 2011):

R E n t5.0 pc B9Sedov 51
1 5

0
1 5

3
2 5 ( )/ / /=

and VSedov:

V E n t1950 km s . B10Sedov
1

51
1 5

0
1 5

3
3 5 ( )/ / /=

Requiring the Sedov shock velocity VSedov > 12,000 km s−1

at the beginning of the Sedov phase and also requiring
n0 ≲ 0.02 cm−3 implies that E51 > 5. This low-density
environment and high explosion energy would be atypical.

B.2. SNR Scenario: Radiative Phase SNR

An SNR transitions from the Sedov phase to the radiative
phase at time trad (J. M. Blondin et al. 1998; K. P. Dere et al.
2009; B. T. Draine 2011):

t E n49.3 kyr B11rad 51
0.22

0
0.55 ( )=

E
n

13.9 kyr
10 cm

, B1251
0.22 0

3

0.55

( )

and the transition occurs at radius Rrad:

R E n23.7 pc B13rad 51
0.29

0
0.42 ( )=

E
n

9 pc
10 cm

, B1451
0.29 0

3

0.42

( )

when the SNR has a forward shock velocity Vrad:

V E n188 km s B15rad
1

51 0
2 0.07( ) ( )=

E
n

260 km s
10 cm

. B161
51
0.07 0

3

0.14

( )

If 1LHAASO J0500+4454 is powered by an SNR that is
currently in the radiative phase, the material behind the
forward shock might have cooled enough that its thermal
X-ray flux is below the ROSAT upper limit (Equation (14)).

If 1LHAASO J0500+4454 is associated with a radiative
SNR, then the SNR must have had sufficiently fast shocks to
accelerate electrons above ≈ 40 TeV in the past, and the SNR
must have also reached the radiative phase before the electrons
could cool below ≈40 TeV today. The magnetic field inside a
radiative SNR is expected to at least exceed the typical ISM
value, i.e., Bsnr ≳ 2 μG, which implies the combined IC and

synchrotron cooling timescale is ≲15 kyr. Setting trad < 15 kyr
in Equation (B11) requires:

E
n

10 cm
1.08. B1751

0.22 0
3

0.55

( )<

Since this leptonic radiative SNR scenario must invoke fast
shocks, at least at the beginning of the Sedov phase,
Equation (B10) requires:

E
n

10 cm
2. B1851

1 5 0
3

1 5

( )/
/

For a typical explosion energy E51 = 1 the two equations
above are equivalent to the contradictory requirements that
n0 ≳ 9 cm−3 and n0 ≲ 0.3 cm−3, and these two contradictory n0
lower/upper limits differ by at least a factor of 7 for any
10−3 < E51 < 10. This inconsistency disfavors a leptonic,
radiative SNR origin for 1LHAASO J0500+4454.
Finally, we consider the possibility that 1LHAASO J0500

+4454 is hadronic and associated with a currently radiative
SNR. The diffusion coefficient for E∼ 70 TeV protons is:

E

1 GeV
B190 ( )=D D

3 10 cm s , B2029 2 1 ( )×

where we have set δ = 1/3 (corresponding to a Kolmogorov
spectrum of magnetic turbulence), and 4 100

28= ×D cm2 s−1,
a typical value in the Milky Way (A. W. Strong et al. 2007). The
corresponding diffusion length l in a time t is:

l t4 B21( )= D

t
580

25 kyr
pc. B22

0.5

( )

This is a least ≈ 40 times larger than the observed 1LHAASO
J0500+4454 radius Rγ for any distance Dγ � 2 kpc. We
conclude that if 1LHAASO J0500+4454 is hadronic and
powered by an SNR that is now radiative, then the local
diffusion coefficient 1.8 100

25×D cm2 s−1, at least three
orders of magnitude lower than the typical value in the
Milky Way.
In comparison, HAWC observations of the Geminga and

Monogem pulsar halos indicate that the local diffusion
coefficient for the 100 TeV e± in these regions is 4.5 ± 1.2×
1027 cm2 s−1, corresponding to 2.2 100

26×D cm2 s−1 for
δ = 1/3 (A. U. Abeysekara et al. 2017). The Geminga and
Monogem observations may indicate a e± diffusion coefficient
around these PWNe that is lower than the typical value
in the Milky Way, but these are observations of e±, not
protons. It is not clear if an even lower diffusion coefficient for
protons propagating away from an old radiative SNR could be
consistent with other observations of cosmic ray protons in the
Milky Way, such as their inferred galactic escape timescale
and isotropy.
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