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Abstract

This study investigates the X-ray properties and evolution of Type II superno-
vae (SNe II) observed by Swift, examining variations among supernovae and
exploring their X-ray characteristics over time. We present the first X-ray study
of the Type IIp supernova SN 2008ij using data from the Swift X-ray mission.
This investigation focuses on its spectral properties, identifying an X-ray flux
of 1.20 (+0.11, —0.10) x 107** erg/cm?/s and a plasma temperature of 4.76
(+1.22, —0.83) keV. Our study marks an advancement in understanding SN
2008ij, providing crucial results into its X-ray emission characteristics. These
results lay the groundwork for future studies of Type IIp supernovae, offering
a foundation for exploring their evolutionary and physical processes.

Keywords

X-Ray Core Collapse Supernova, Swift (XRT) Observations

1. Introduction

X-ray observations of supernovae provide a unique opportunity to explore their
early evolution and the underlying physical processes driving their explosions. X-
rays, high-energy photons emitted during the shock-heating phase, occur as the
ejected material interacts with the surrounding circumstellar and interstellar me-
dium. A study by [1] investigated the X-ray emission and light curves of all known
supernovae (SNe) to study the nature of the medium into which they are expand-
ing. The results indicated that many young SNe, particularly those of Type IIn
Sne, which are the brightest X-ray luminosity class, do not appear to be expanding
into steady winds.

Some Type IIn SNe showed very steep X-ray luminosity declines, suggesting
density declines much steeper than r2. However, other Type IIn SNe exhibited

constant or even increasing X-ray luminosity over periods of months to years.
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Many other SNe did not have declines consistent with expansion in a steady wind.
Therefore, the expansion and density structure of the circumstellar medium must
be investigated before assuming steady wind expansion. [2] conducted a compre-
hensive study of the X-ray emission from a grid of hydrodynamical simulations
of Type II supernovae during phase two. They analyzed the X-ray luminosity and
its dependence on various physical parameters, including progenitor structure
and explosion energy.

Reference [3] studied the X-ray emission from the Type II supernova SN 2013fs
during phase two using X-ray observations with the Chandra X-ray Observatory.
They analyzed the X-ray luminosity and its temporal evolution, along with other
multi-wavelength data, to investigate the energy sources and properties of the cir-
cumstellar medium. The study found high X-ray luminosity, indicating a strong
interaction between the supernova shock and the dense circumstellar material.

The expansion of a supernova (SN) shock wave into the surrounding medium
results in a structure consisting of forward and reverse shocks, with a contact dis-
continuity in between, as described by [4]. These shocks raise the temperature of
the medium, leading to X-ray emission. The X-ray emission originates from thin
shell with a radius between the forward and reverse shocks. In cases where both
the SN ejecta and the circumstellar medium (CSM) density profiles follow power
laws, the evolution remains self-similar, even if the wind may not have been con-

stant.

2. Identification and Characterization of the SN 2008ij

SN 2008ij is a notable Type II supernova that caught the attention of astronomers
upon its appearance in 2008. Type II supernovae occur when massive stars reach
the end of their life cycles and explode. SN 2008ij is located in the galaxy NGC
6643 in the constellation Draco; it provided valuable information about the be-
havior and traits of these celestial occurrences.

SN 2008ij was discovered in the NGC 6643 galaxy on December 19th 2008, lo-
cated at RA, Dec = (18:19:51.811, +74:33:54.90). Table 1 presents the fundamental
details of SN 2008ij and its host galaxy, including its position, redshift, type and
other parameters as gathered from previous studies. Reference [5] utilized 12
epochs of Swift X-Ray Telescope (XRT) observations from December 23, 2008, to
January 27, 2009, totaling 45.1 ks of exposure time. A point source was detected
at the supernova’s optical position with a 3.1-sigma significance, showing a PSF
count rate of (3.6 = 1.1) E-04 cts/s, corresponding to an unabsorbed X-ray flux of
(1.9 £ 0.6) E-14 erg/cm?*/s and a luminosity of (1.0 £ 0.3) E39 erg/s for a thermal
plasma spectrum with a temperature of kT = 10 keV. The Galactic foreground
column density was Ny = 5.56E+20 [6], and the supernova’s distance was 21 Mpc
(z = 0.004950, [7]). The X-ray source faded from 1.6 E39 erg/s to 6.7 E38 erg/s (0.2 -
10 keV) during the Swift XRT observations. No X-ray source was visible in pre-SN
Swift XRT or Chandra ACIS-S observations. The positional coincidence, fading

X-ray source, and lack of pre-SN X-ray emission indicates that the X-ray
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emission is likely from the interaction of the SN shock with circumstellar mate-
rial from the progenitor’s stellar wind. Additional Chandra and Swift observa-

tions are planned.

Table 1. Parameters of SN 2008ij and its host galaxy.

Parameter Value Ref.

RA (J2000) 18:19:51.811 [11]

Dec (J2000) +74:33:54.90 [11]

Gal coord. (J2000) 105.53220 + 28.16859 [12]
Discovery Date (UT) 2008/12/19.45 UT [11]
Discovery Mag 15.9 (unfiltered) [11]
Magnitude at Max 154 (V) [13]
Type SN II-P [14]

Host Galaxy Center offset 23"E & 11"S [11]
Mostly similar to 1999 em [14]
Host Galaxy NGC 6643 [11]

RA (J2000) 18:21:13.44 [15]

Dec (J2000) +74:32:36.6 [15]
Distance (Tully-Fisher) 19.3 (Mpc) [16]
Redshift 0.00495 [17]

Radial Velocity (Heliocentric) 1484 (km/s) [17]
Historical SNe SN 2008bo [18]

Further VLA searches on January 29, 2009, at 1.425 GHz, also detected no radio
emission, with a 3-sigma upper limit of 0.18 m]Jy (resolution 4.9"). Due to weak
and declining X-ray flux and lack of radio detection, further radio searches for SN
2008ij were discontinued [8]. Reference [9] compared the nebular spectra of SN
2008ij with the models developed by [10]. They found that the spectra of SN 2008ij
matched the model for a progenitor star with an initial mass M ZAMS = 15 Mo.

3. Methodology
3.1. Swift Pipeline

Swift used the X-ray Telescope (XRT) to observe the area in the 0.3 to 10 keV
range in photon-counting mode and WT mode. It was detected at position coor-
dinates (274.9659, 74.5653) at T, 229013462.0006. The data were analyzed using
the UK Swift team’s online tools with HEASOFT version 6.32, following methods
described by [19] [20].

SN 2008ij was observed in multiple instances, with the median 30 count-rate

limit for all observation periods being 0.005 counts per second (0.3 - 10 keV).
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Utilizing the dynamic rebinning feature in the Swift online tools, the 30 count-
rate limit is enhanced to a median value of 0.002 counts per second. The summary
of the X-ray properties of the supernova is shown in Table 2. Figure 1 shows the
image from Swift/XRT in the energy range 0.3 - 10.0 keV for the SN 2008ij.

Table 2. The X-ray properties out of the Swift pipeline for the SN2008ij.

Parameter Value
Nu 1.3 (+0.4, —0.4) x 10?' cm™
z 0.005

Photon Index

1.98 (+0.15, —0.15)

Flux (0.3 - 10.0) keV (observed) 1.20 (+0.11, —0.10) x 107 erg-cm™>-s™"

Flux (0.3 - 10.0) keV (unabsorbed) 1.53 (+0.12, —0.11) x 107"* erg-cm %57}
Counts to flux 3.41 x 107" erg-cm2-ct™!
Counts to flux (unabsorbed) 4.34 x 107" erg-cm™2-ct™!
C_stat 310.45 (357)

Spectrum exposure 384.7 ks

Figure 1. SWIFT (XRT) image of SN2008ij in the energy range 0.3 - 10.0 keV. The super-
nova is too faint.

We calculated the observed and unabsorbed flux for all the observations, pow-
erlaw photon index using the Galactic neutral hydrogen column density of 1.3
(+0.4, —0.4) x 10* cm™. The median count-rate limit corresponds to an unab-
sorbed flux of less than 1.53 (+0.12, —0.11) x 107** erg-cm*s™! erg-cm2s™ be-
tween 0.3 and 10 keV for the PC mode.

We used powerlaw, BlackBody and Apec models to fit data and to obtain e.g.

index, effective temperature and plasma temperature. Figure 2 shows the spectral
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fit of the powerlaw model for the joint spectra of all the observations detected by
Swift/XRT for both modes WT and PC, while Figure 3 illustrates the fit of the
thermal model Apec for the same observations. Figure 4 displays the spectral fit
of the Blackbody model applied to the combined spectra from all observations
detected by Swift/XRT, encompassing both WT and PC modes.

Swift-XRT spectrum of SN2008ij
Blue: WT, Red: PC
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Figure 2. The joint spectrum for all the observations detected by SWIFT/XRT for the pow-
erlaw model with w_stat 310.45/(357).
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Figure 3. The joint spectrum for all the observations detected by SWIFT/XRT for the APEC
model with w_stat 324.50/(357).
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Figure 4. The joint spectrum for all the observations detected by SWIFT/XRT for the
BlackBody model with w_stat 493.81/(357).

3.2. Swift/XRT Reduction and Analysis

SN 2008ij was the focus of all Swift/XRT observations from 23rd December to
14th Feb. We analyzed three epochs that have Observational ID 00031314001,
00031314002 and 00031314008 related to the age 5, 7 and 30 days since the explo-
sion of Swift/XRT for the supernova’s position. The event data file, acquired in
photon counting mode, was retrieved from the Swift online archive. The photon
counting mode data was then processed using the xrtpipeline tasks.

The data were fitted in the energy range of 0.3 - 8.0 keV after background sub-
traction. The spectrum was successfully modeled using XSPEC with the zpower-
law model, after fixing the hydrogen column density to the Galactic value [21]
[22]. For analyzing all observations, we applied Cash statistics [23] and utilized
the tbabs absorption model. Table 3 presents X-ray results estimated from the
analysis of the three epochs observed by SWIFT/XRT.

Table 3. The results of the analysis of the observation of SWIFT/XRT.

obs_id age
31314001 5
31314002 7
31314008 30

Flux erg-cm™s™! luminosity erg/s Index kT (keV)
1.18E-11 +/- 5.5E-12 6.3E41 +/- 0.5E40 1.6 +/- 0.4 3.80 +/-1.1
1.57E-11 +/- 4.2E-12 8.4E41 +/- 0.3E41 1.64 +/-0.3 7.05 +/-0.9
1.25E-11 +/- 4.3 E-12 6.8E41 +/— 2.4E40 1.70 +/- 0.2 3.60 +/-1.2

4. Summary and Discussion

In this paper we have presented a study of X-ray properties of the SN2008ij Type
IT supernova, which exploded in the nearby galaxy NGC 6643 in the constellation
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Draco. Swift/XRT detected the SN at position coordinates 274.9659, 74.5653 sev-
eral times using both modes. In this study, an automatic selection program was
developed to select useful supernova data out of over 97 observations.

It is undeniable that each supernova has its own unique characteristics. Even
among supernovae of the same type, factors such as environmental differences,
stellar compositions, stellar wind, and shock wave properties undoubtedly impact
X-ray emissions. Finding a single model that can perfectly explain all features of
X-ray supernova spectra is challenging. The prevalence of powerlaw models in
matching most cases serves as evidence of this difficulty. With this in mind, we
conducted various analyses on luminosities. The results indicate that the majority
of supernova luminosities fall within the range of 6.4E37 erg/s. We examine the
X-ray emission resulting from the interaction between the supernova ejecta and
the surrounding circumstellar material. The X-rays produced during this interac-
tion provide insights into the density and distribution of the circumstellar mate-
rial, the size of the shock front, and the processes responsible for particle acceler-
ation and radiation [24] [25].

We focused on Swift/XRT observations spectally PC mode that gave good fit
with the three spectral models powerlaw, Black body and Apec. In this study, an
automatic selection program was developed to select useful supernova data out of
over 97 observations. In order to determine a supernova’s effective photosphere’s
temperature, one must fit its continuum spectrum to a chi-squared blackbody
curve. We obtained the effective temperature of the SN2008ij 0.540 (+0.021,
—0.030) keV. On the other hand, the absorbed apec model gives plasma tempera-
ture 4.76 (+1.22, —0.83) keV.

X-rays can also be generated through inverse Compton emission, where the
cooling effect of photospheric photons may play a significant role. Type II super-
novae are typically found in star-forming regions of spiral galaxies. They are
thought to occur due to the explosion caused by the core-collapse of massive stars,
most likely red supergiants. X-rays provide the most direct evidence of circum-
stellar interaction thus, we tried to investigate the X-ray properties of core-col-
lapse supernovae.

Since this paper focuses on X-ray emission, we will provide a brief overview of
the observational results. Several observations have been detected by Swift/XRT
~3 of them in the first phase have good quality to be studied. We interpret the X-
ray emission within the framework of the circumstellar interaction model for
Type IIP SNe, as discussed by [26] and references therein. Thus, three epochs from
Swift/XRT were analyzed from day 5 to 30 since the explosion of the SNe. Some
parameters were estimated from the analysis such as Flux, Luminosity, photon
index from the powerlaw model. Moreover we obtained the plasma temperature
from the Apec model.

The high X-ray luminosity that we obtained from the analysis indicates a higher
density. The luminosity was increasing rapidly in the first few days after the shock-
wave. Then, during the photospheric phase (day 7 to 30), it declines from 8.4 +
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0.3 to 6.8 = 0.24 (E41 erg/s). This result agrees with [1] who showed that the X-
ray luminosity (Lx) and time (t) is described by the power law equation (Lx o t™9).
The temperatures in the first two observations are approximately 6.27 x 107 K
average which falls within the range where the reverse shock is expected to be non-
radiative, with free-free emission being the dominant process which agrees with
[27]. This is also in agreement with [28] who studied SN 2004dj that was detected
by Chandra in August 2004, likely two months after the explosion, and it had a

temperature of approximately 7 keV.
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