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CTB 109 is amiddle-aged shell-type supernova remnant (SNR) with bright thermal X-ray emission.
The gamma-ray emission of CTB 109 exhibits a center-bright morphology, which is very consistent
with its thermal X-ray emission rather than the shell-type structure in the radio band. The GeV
gamma-ray spectrum shows a significant spectral curvature at a few GeV, which can well explain
the lack of TeV gamma-ray emission from CTB 109. In this work, we describe the observations
of CTB 109 by LHAASO, together with the updated observations by Fermi-LAT. Based on
the LHAASO measurements, we will set stringent upper limits on the distribution of particles
accelerated by CTB 109. We perform extensive modelling using multi-wavelength data available
for CTB 109, and discuss the different emission models for leptonic and hadronic scenarios.
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1. Introduction

CTB 109 (G109.1-1.0) is amiddle-aged shell-type SNR [~ 9 kyr; 27], which was first discovered
in X-ray with the observations of Einstein satellite [13], and later in radio with the Westerbork
Synthesis Radio Telescope [15]. The morphology of CTB 109 shows a semicircular shell in both
radio and X-ray observations, which is widely explained by the interaction between the shock of
SNR and a neighboring giant molecular cloud [18, 31]. The X-ray emission from the remnant is
total thermal, without evidence for the synchrotron non-thermal component [22, 25, 26]. Based on
the analysis of HI absorption and CO emission spectra of CTB 109, the distance of it is estimated
tobe 3 -4 kpc [17, 18, 33]. And the latest measurement by Sdnchez-Cruces et al. [27] determined
the value of 3.1 + 0.2 kpc. Hereafter, we adopt this value as the distance of CTB 109.

In the center of CTB 109, an X-ray point source was first detected by Einstein satellite [13], and
then identified to be an anomalous X-ray pulsar [AXP J2301+5852; also 1E 2259+589; 8, 12, 35],
which is one type of magnetars. The measured period of 1E 2259+589 is 6.97 s [19], with a
magnetic field strength of 5.9 x 10'3 G [32]. The detection of 1E 2259+589 makes CTB 109 to be
one of few SNRs that hosts a magnetar within its boundary. However, there is no evidence for the
component of pulsar wind nebula (PWN) been detected around 1E 2259+589. Moreover, the X-ray
observations revealed an X-ray bright interior region in CTB 109, called the X-ray Lobe, which was
initially suggested to be a jet associated with AXP 1E 2259+586 [14]. More detailed analysis with
XMM-Newton [30], Chandra [28, 29], and Suzaku [20, 21] show the thermal X-ray emission from
the Lobe and suggest that there is no morphological connection with the magnetar.

The y-ray emission from CTB 109 was first reported by Castro et al. [4] with 37 months of
data from Fermi-LAT. The data analysis shows no significant extension for the y-ray morphology of
CTB 109. And its y-ray spectrum is hard with a power-law index of I' = 2.07 + 0.12, which shows
no indications for spectral curvature in the GeV range. Both the leptonic and hadronic models are
discussed to explain the y-ray emission from CTB 109, and neither of them can be ruled out [4]. In
Fleischhack [9], HAWC tried to search for the TeV y-ray emission from CTB 109. However, there is
no significant TeV emission been detected and only the upper limits are given. In the present work,
we describe the observations of CTB 109 by LHAASO, together with the updated observations
by Fermi-LAT. Based on the LHAASO measurements, we will set stringent upper limits on the
distribution of particles accelerated by CTB 109.

2. Observations

2.1 LHAASO data analysis

LHAASO, a versatile extensive air shower (EAS) array, is purpose-built for investigating
cosmic rays (CRs) and gamma rays across an energy spectrum spanning from sub-TeV to over 1
PeV. This advanced facility integrates three detector systems: the 1.3 km? Kilometer-Square Array
(KM2A), which offers unprecedented gamma-ray detection sensitivity above 20 TeV; the 78,000
m? Water Cherenkov Detector Array (WCDA), engineered for TeV gamma-ray observations; and
the Wide Field-of-view Cherenkov Telescopes Array (WFCTA), specialized in cosmic ray physics
research.
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For this study, we employed the full-array setup, with WCDA data collected from March 5th,
2021, to July 31st, 2024 (1136.2 days effective live time) and KM2A data from July 20th, 2021, to
July 31st, 2024 (1064.9 days). The number of fired hits (Ny;) was selected as the primary energy
estimator for WCDA [2], with events binned into seven segments: [30, 60), [60, 100), [100, 200),
[200, 300), [300, 500), [500, 800), and >800. KM2A events were log-binned with a 0.2 energy
width. The cosmic ray background was estimated using the direct integral method [10]. The
celestial region (RA 0°-360°, Dec —20°-80°) was divided into 0.1°x0.1° pixels, where detected
events and estimated background were filled for binned maximum likelihood analysis based on the
forward folding method. The significance of the target source was calculated via the test statistic
(TS): TS = =2(In Ly — In L), where Ly, and L,y denote likelihoods for the background-only
and signal+background models, respectively. Assuming a power-law (PL) spectrum with pivot
energy Eog=10 TeV, the forward folding method was used to derive the gamma-ray spectral energy
distribution (SED), with spectrum parameters obtained via maximum likelihood fitting.

2.2 Fermi-LAT data analysis

We analyzed the Fermi-LAT data using the EasyFermi software [3, 6, 7, 11, 34]. The dataset
covers a period of 16.1 years of Pass8 Fermi-LAT data, spanning from August 4, 2008, to September
10, 2024. We selected events from a 15° x 15° region centered on the position of CTB 109 in
the energy range from 100MeV to 1000GeV. We binned the data with a pixel size of 0.1 and
five energy bins per decade. To reduce the y-ray contamination from the Earth limb, a maximum
zenith angle of 90 is set. The SOURCE event class (“evclass=128"), and corresponding instrument
response function (IRF) of PER3_SOURCE_V3 are used in our analysis. For background model,
we include the diffuse Galactic interstellar emission (IEM, gll_iem_v07. fits), isotropic emission
(“iso_P8R3_SOURCE_V3_v1l.txt” ) and all sources listed in the fourth Fermi-LAT catalog [1].

2.3 LHAASO and Fermi-LAT results

With the 16.1-year Fermi-LAT data, CTB 109 is detected with TS = 336.08 in the whole energy
band (corresponding to a significance of ~ 18.307) by using a log-parabola (LP) function:

dN(E)/dE = Ny(E/3.30GeV) 1 —FIn(E[3.30Gev) (1)

where I is the photon index of the spectrum and g is the coeflicient reflecting the spectral curvature.
The global fitting gives a photon index of " = 1.834 + 0.011, and S = 0.0610 + 0.00454,. To
calculate the SED, the whole energy range was divided into 16 logarithmically even-spaced bins
and the normalizations of all sources within five degrees are freed. The derived SED is shown by
the black star in the lower panels of Figure 1.

The WCDA and KM?2A significance map of CTB 109 region are shown in the upper panels of
Figure 1. However, there is no significant TeV emission been detected and only the upper limits are
given in down panel of Figure 1. One new source was detected and its y-ray spatial distribution is
described by 2-D Gaussian model with TS value of 68.43 (corresponding to ~ 8.3 o). The best-fit
position of the new source is (RA = 343.02° + 0.28°, Dec = 58.58° + 0.12°) assuming a power law
(PL) spectrum.
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Figure 1: Upper panels: The WCDA and KM2A TS maps within the radius of 3 from CTB 109, the colorbar
shows the VTS value. The white circle indicates the emission centroid and the 39% containment radius for
the new source. Lower panel: the y-ray spectra of CTB 109. The data points from Fermi-LAT are shown
as the black star and red square and the upper limits of CTB 109 by LHAASO are shown as the black solid
circles.

3. DISCUSSION

To explore the origin of the y-ray emission from CTB 109, the leptonic and hadronic models are
adopted to fit the multi-wavelength observations. Different from the CR-hydro-NEI model adopted
in Castro et al. [4] including the SNR hydrodynamics, a semi-analysis calculation of nonlinear
diffuse shock acceleration and the nonequilibrium ionization conditions behind the forward shock,
here we adopted a phenomenological spectra for electrons and protons to constrain the distributions
of cosmic rays, together considering the upper limit in the TeV band from LHAASO. In the leptonic
model, the inverse Compton scattering (ICS) or bremsstrahlung processes of relativistic electrons
are considered. And for ICS process, the radiation field includes the cosmic microwave background
(CMB) and the infrared component from interstellar dust and gas with T = 30K & u =1 eV cm™>
[23, 24, 38]. The distance of CTB 109 is 3.1 kpc [27], and the density of the ambient medium is
adopted to be ng,s = 1.1 cm™3 [4]. We use the naima package to fit the multi-wavelength data with
the Markov Chain Monte Carlo (MCMC) algorithm [37].

For the leptonic model, the spectra of electrons was first assumed to be a single power-law with
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an exponential cutoff (PL) in the form of

w5 el
x [— exp |- 2
dE EO P cut,e ()

And considering the GeV spectral curvature of the y-ray emission, we also tested another electron
distribution of a broken power-law model with an exponential cutoff [BPL; 38], which follows:

E — el
dN. E E_O s E < Epreak
— _ _ 3
dE «exp ( Ecut’e) Ebreak @2~ Qe £ Qe2 B> E ( )
—EO Eo s & Z Lbreak

Here, @, and E¢y e are the spectral index and the cutoff energy of electrons. Epeak e 1S the break
energy, and the spectral indices below/above Epeak « are denotes as @ej/ae,. To reduce the number
of free parameters, the spectral index variation for the BPL model is set to be 1.0 (@e2 = e +
1.0). And the cutoff energy of electrons Ey . is calculated by equalling the synchrotron energy
loss time-scale and the age of CTB 109, which is given by Ecue = 1.25 x 107 t3g0. B, ¢ TeV. Here
the age of CTB 109 is adopted to be tage = 9 kyr [27].

The best-fit parameters of leptonic models are shown in Table 1, and the corresponding modeled
SED is given in the left panel of Figure 2. For the leptonic PL. model, the spectral index and cutoff
energy of electrons are fitted to be 1.92 and 0.64 TeV, respectively. A magnetic field strength of
about 21 uG is needed to explain the flux in the radio band, which is similar to the value behind
the shock fitted by Castro et al. [4]. However, the total energy of electrons above 1 GeV of W, =
1.21 x 10*® erg is much lower than that required for the CR-hydro-NEI model in Castro et al. [4].
The leptonic BPL model fitting gives the break energy of electrons to be ~ 0.29 TeV, and other
parameters are similar to that of the PL. model. Adopted the fitted magnetic field strength and the
age of CTB 109, the cutoff energy of electrons is calculated to be about 2.67 TeV, which is larger
than that of the PL model.

For the hadronic model, the spectral distributions of electrons and protons are both assumed to
follow the PL model. And the spectral indices of electrons and protons are set to be equal to reduce
the free parameters. Meanwhile, the ratio of the number of relativistic electrons to protons at 1
GeV, K¢, is assumed to be 0.01, which is in accord with the local measured cosmic ray abundance
[36]. The modeled SED is shown in the right panel of Figure 2, and the derived model parameters
are listed in Table 1. The spectral indices of particles are fitted to be 1.95. The magnetic field
strength of about 36 uG is nearby two times larger than that in the leptonic model. And based on
this value, the cutoff energy of electrons is calculated to be about 1.05 TeV. The cutoff energy of
protons, Ecy p, is fitted to be about 0.43 TeV, which is consistent with the absence of the TeV y-ray
data for CTB 109. The total energy of electrons and protons above 1 GeV are estimated to be W,
=5.59 x 107 erg and W, = 4.71 X 10% (ngas/1.1 cm )71 erg, respectively. And such values are
about one order lower than the fitted results in Castro et al. [4].

4. Conclusions

In this work, we reanalyze the y-ray emission from SNR CTB 109 by LHAASO (1136.2 days
of WCDA and 1064.9 days of KM2A) , together with the updated observations by Fermi-LAT using
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Table 1: Parameters for Leptonic and Hadronic Models

Model @, /pa Ebreak e Ecut’é’ Ecut,p B W (>1 GeV) W, (>1 GeV)
TeV TeV TeV uG erg erg
Leptonic
0.06 0.15 2.75 0.08 48
PLEC 1.924:8.82 —0 N 0.647 01 - 21.35’:%_118 1.21’:863 X 1048 -
+0. +0. +5. +0.
BPL 1.92% 00 0297 ¢ 2.67 - 228175 116770 X 10 -
Hadronic
0.06 1.34 4.57 0.59 47 0.89 49
PLEC 1.957 0% - 1.05 0.43% ¢ 36397530 5.59% ¢ x 10 4717 x 10

For the leptonic BPL model, @, denotes the low-energy spectral index of electronic distribution, and the high-energy
spectral index above Epeak e 1S @ + 1.0.

For the leptonic BPL and hadronic models, E ¢ is calculated by equalling the synchrotron energy loss time-scale and

the age of SNR CTB 109.
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Figure 2: Modeling of the multi-wavelength SED of CTB 109. And the radio data are from Kothes et al.
[16], together with the TeV upper limit by LHAASO (cyan arrows) and HAWC [green arrow; 9]. The left
panel is for the leptonic model, where the PL. and BPL models are presented by the black solid and red dashed
lines, respectively. And the different radiation components for the BPL model are also overplotted, as the
legend described. The right panel is for the hadronic PL model, and the different radiation components are
also illustrated in the legend. The gray dot-dashed line shows the differential sensitivity of CTA-North [50
hr; 5].

16.1 years Pass 8 data. The GeV y-ray spectrum of CTB 109 described by a log-parabola model
shows an evident spectral curvature at ~ several GeV, which can naturally explain the upper limits
derived from LHAASO observations in the TeV band. The multi-wavelength data can be well
explained by the leptonic or hadronic model. However, considering the low flux of the upper limit
in the low y-ray range, together with the y-ray morphology and the spectral curvature of the GeV
spectrum, the hadronic model is favored. The decisive evidence of the hadronic model may rely on
the high-resolution observations in the TeV band by more LHAASO date or CTA in the future.
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