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ABSTRACT

The central compact object (CCO) in the Vela Junior supernova remnant is a young neutron star whose relatively low X-
ray flux and small distance suggest it has a mass high enough to activate fast neutrino cooling processes. Here we analyse
all XMM-Newton MOS and pn and Chandra ACIS-S spectra of the Vela Junior CCO, with observations taking place over
the 9 yr from 2001 to 2010. We find that the best-fitting flux and spectral model parameters do not vary significantly
when treating each observation independently, and therefore we fit all the spectra simultaneously using various spectral
models to characterize the predominantly thermal emission from the neutron star surface. Our results indicate the Vela
Junior CCO has an atmosphere composed of hydrogen, a hot spot temperature (unredshifted) of 3.5 x 10° K, and a colder
surface temperature of (6.6-8.8)x10° K. Possible absorption lines at ~0.6 and 0.9 keV provide evidence for the first-
time of an average surface magnetic field B~ 3 x 10'° G for this CCO, which is similar to the magnetic field of other
CCOs. At the accurate new Vela Junior distance of 1.4 kpc, the observed luminosity that is dominated by the hot spot is
~ 5 x 10°% erg s—!. The luminosity from the rest of the colder surface is (1.3-4.0) x 1032 erg s—!. The cool luminosity and
temperature imply the Vela Junior CCO is indeed colder than many other young neutron stars and probably has a high
mass that triggered fast neutrino cooling.
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1 INTRODUCTION

The cooling behaviour of neutron stars (NSs) is a crucial probe
for uncovering properties of nuclear matter at high densities (see
e.g. A. Y. Potekhin, J. A. Pons & D. Page 2015; G. F. Burgio et al.
2021, for review). For example, the rapid real-time cooling mea-
sured over more than two decades of the NS in the Cassiopeia A
supernova remnant (SNR) can be explained by neutrino emission
due to Cooper pair breaking and formation processes and thus
provides constraints on the critical energy gaps/temperatures of
nucleon superconductivity and superfluidity (D. Page et al. 2011;
P. S. Shternin et al. 2011, 2023; J. Zhao et al. 2025). Alternatively,
this rapid cooling can be explained by direct Urca processes,
which are more efficient than pair breaking and formation but
only predicted to occur for some nuclear equations of state (J.
M. Lattimer et al. 1991; D. Page & J. H. Applegate 1992), and
thus can constrain characteristics of the NS core (see e.g. A. Y.
Potekhin & D. G. Yakovlev 2026). Another example is the low
observed temperature of a small number of young NSs (see e.g.
D. Page et al. 2004), including the NS in the Vela Junior SNR (A.
Y. Potekhin et al. 2020; A. Marino et al. 2024), which also point to
fast direct Urca cooling. Here we re-evaluate the Vela Junior NS
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in this context and in light of its recent distance determination (J.
Suherli et al. 2026) and much more data simultaneously analysed
together than done previously.

The Vela Junior SNR (also known as RX J0852.0—4622 and
G266.2—1.2) is young, with an age of 2.4-5.1 kyr (G. E. Allen et al.
2015), and hosts CXOU J085201.4—461753, an NS that was con-
firmed by Chandra (G. G. Pavlov et al. 2001) soon after discovery
of the SNR (B. Aschenbach 1998). This NS is one member of a
class of NSs known as central compact objects (CCOs). CCOs are
made up of about a dozen young NSs that are located near the
centre of their associated SNR and are nearly only seen to radiate
constant thermal X-ray emission from their surface (A. De Luca
2008; E. V. Gotthelf, J. P. Halpern & J. Alford 2013; A. De Luca
2017).

CCOs also appear to possess low magnetic fields (< 10" G)
compared to most young pulsars and NSs, with the main evi-
dence coming from the only three CCOs whose spin period P and
time derivative of period P have been measured. Attributing each
CCO’s spin-down rate P to energy loss by magnetic dipole radia-
tion, PSR J0821—4300 with P = 112 ms in the Puppis A SNR has
a magnetic field B = 2.9 x 10'° G (E. V. Gotthelf & J. P. Halpern
2009; E. V. Gotthelf et al. 2013), PSR J1210—5226 (also known
as 1E 1207.4—5209) with P = 424 ms has B = 9.8 x 10'° G (V. E.
Zavlin et al. 2000; E. V. Gotthelf et al. 2013), and PSR J1852+0040
with P = 105 ms in the Kesteven 79 SNR has B = 3.1 x 10'° G
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Table 1. Log of observations used in this work.

Instrument ObsID Observation Exposure
date (ks)
Chandra ACIS-S 1034 2001 Sep 17 31
XMM-Newton MOS 0112870601 2001 Apr 27 25
XMM-Newton MOS+pn 0147750101 2003 May 21 56
XMM-Newton MOS+pn 0147750201 2003 Jun 25 17
XMM-Newton MOS+pn 0207300101 2005 Jun 2 54
XMM-Newton MOS+pn 0652510101 2010 Nov 13 85

(E. V. Gotthelf, J. P. Halpern & F. D. Seward 2005; J. P. Halpern &
E. V. Gotthelf 2010); note these values of B are the fields at the
NS equator. For comparison, the spectrum of 1E 1207.4—5209
shows clear absorption lines at 0.7 and 1.4 keV that can be at-
tributed to electron cyclotron resonance and its first harmonic
at B = (7—8) x 10'° G (S. Mereghetti et al. 2002; D. Sanwal et al.
2002; G. F. Bignami et al. 2003; V. F. Suleimanov, G. G. Pavlov &
K. Werner 2012), and the spectrum of PSR J0821—4300 appears
to have a rotation phase-dependent feature(s) at 0.46 or 0.75 keV
that implies B ~ 5 x 10'° G if also interpreted as being due to
electron cyclotron resonance (E. V. Gotthelf & J. P. Halpern 2009;
E. V. Gotthelf et al. 2013).

After the Vela Junior CCO (hereafter, we refer for simplicity
to the NS/CCO as Vela Junior) was confirmed and its position
of RA = 08"52™01338, Dec. = —46°17'53"34 (J2000) was derived
using a short 3 ks Chandra ACIS-I observation in 2000 (ObsID
1032; G. G. Pavlov et al. 2001), Vela Junior was observed twice
more with Chandra. These two are a 31 ks observation in 2001
using ACIS-S in continuous clocking mode (ObsID 1034) and
a 28 ks observation in 2009 using HRC-I (ObsID 10702). While
the ACIS-S observation was used to study the spectrum of Vela
Junior (O. Kargaltsev et al. 2002; A. Marino et al. 2024), the HRC-I
observation was used along with the ACIS-I observation to derive
a 3o upper limit of 300 mas yr~! on the proper motion of Vela
Junior (R. P. Mignani et al. 2019; see also F. Camilloni et al. 2023).
Meanwhile, XMM-Newton observed Vela Junior five times from
2001 to 2010, as listed in Table 1. Various works used different
subsets of the XMM-Newton observations to study the spectrum
of Vela Junior, fitting it with various single or multi-component
models (W. Becker et al. 2006; A. Y. Potekhin et al. 2020; Q. Wu
et al. 2021; J. A. J. Alford & J. P. Halpern 2023). A summary of
the main spectral results from these previous analyses is given in
Table 2.

In this work, we analyse all the XMM-Newton data and the
Chandra ACIS-S data together for the first time, and we con-
duct fits to the spectra systematically using different models.
An outline of the paper is as follows. Section 2 describes the
Chandra and XMM-Newton data analysed in this work and their
processing. Section 3 presents our results. Section 4 summarizes
our findings and discusses their implications for NS cooling and
dense nuclear matter.

2 DATA ANALYSIS

2.1 Chandra data

Chandra observed Vela Junior using the ACIS-S detector in con-
tinuous clocking (CC) mode on 2001 September 17 (ObsID 1034)
for 31 ks. Meanwhile, we ignore the short 3 ks ACIS-I observation
from 2000 October 26 (ObsID 1032) and the poorer spectral reso-

MNRAS 546, 1-11 (2026)

lution 28 ks HRC-I observation from 2009 November 13 (ObsID
10702). We reprocess the ACIS-S data following the standard
procedure using chandra_ repro of the Chandra Interactive
Analysis of Observations (CIAO) package version 4.17 and Cal-
ibration Database (CALDB) 4.12.0 (A. Fruscione et al. 2006). We
follow the recommended procedure for extracting source events
from CC mode data.! Using specextract, source events are ex-
tracted from a rotated 6 x4 pixel box centred on the CCO position,
while two rotated 14x4 pixel boxes on either side are used for
background. Spectra are binned using dmgroup with a minimum
of 100 counts per bin.

2.2 XMM-Newton data

XMM-Newton EPIC observed Vela Junior on five occasions,
as shown in Table 1. The first observation in 2001 (ObsID
0112870601) was pointed more than 2 arcmin off-axis from Vela
Junior; furthermore, the source fell on a gap on the pn detector,
and therefore we ignore this pn data. All MOS observations are
in full frame mode, while pn observations are in small window
mode. We process MOS and pn observation data files (ODFs)
using the Science Analysis Software (SAS) 22.0.0 tasks emproc
and epproc, respectively. To remove periods of background flar-
ing, we extract single event (PATTERN = 0), high energy (>10
keV for MOS and 10-12 keV for pn) light curves from which
we determine low and steady count rate thresholds of 0.8-2.5
counts s™! for MOS and 0.1-0.2 counts s~! for pn, depending on
the observation. These thresholds are used to generate good time
intervals (GTIs) with tabgtigen, and the GTIs are then used
to produce flare-cleaned events with evselect. The resulting
data have effective exposure times for ObsID 0112870601 of 8 ks
each for MOS1 and MOS2, for ObsID 0147750101 of 38 ks each for
MOS1 and MOS2 and 28 ks for pn, for ObsID 0 147750201 of 15 ks
each for MOS1 and MOS2 and 11 ks for pn, for ObsID 0207300101
of 49 ks each for MOS1 and MOS2 and 36 ks for pn, for ObsID
0652510101 of 70 ks for MOS1, 69 ks for MOS2, and 51 ks for pn.

To extract MOS and pn source counts, we use circular regions
with radii of 24 and 20 arcsec, respectively. To determine the back-
ground, we use annuli with inner and outer radii of 25 and 40 arc-
sec for MOS and 22 and 40 arcsec for pn. Using epatplot, we do
not find the source counts to be significantly affected by pile-up.
Source and background counts for spectral analysis are extracted
using PATTERN < 12 and < 4 for MOS and pn, respectively, and
FLAG = 0 for spectra. We calculate source and background areas
and account for bad pixels and chip gaps using backscale.
We then compute rmf and arf files. MOS1 and MOS2 spectra
are combined using epicspeccombine. The two 2003 obser-
vations, ObsIDs 0147750101 and 0147750101, are also combined
since they took place only about one month apart. Spectra are
binned using specgroup to a minimum of 100 counts per bin
for the combined MOS spectrum and for the pn spectrum.

2.3 Spectral modelling

We perform spectral fitting using Xspec 12.15.0 (K. A. Arnaud
1996) and consider the energy range 0.5-8 keV. The spectral mod-
els used here are composed of several components. When fitting
across instruments, we include the constant model, in order
to account for instrumental differences between ACIS-S, MOS,

Thttps://cxc.cfa.harvard.edu/ciao/caveats/acis_cc_mode.html
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Table 2. Spectral modelling results from previous works using blackbody (BB), neutron star atmosphere (carbatm, hatm, nsa, nsmaxg, nsx),
and/or power law (PL) models. Here, kT (and kT>) refers to kT°° for a blackbody model or kT.¢ for an atmosphere model and similarly for the radius
R, relative to distance d. Errors are 1o, except for those from A. Y. Potekhin et al. (2020); A. Marino et al. (2024) which are at 90 % confidence and those
from J. A. J. Alford & J. P. Halpern (2023) which are at unknown confidence. See the text for more details.

Reference work Data set Spectral Nu kT R/d kT, or " Ry/d x2/dof
model (10*! cm™2) (eV) (km/kpc) (eV) (km/kpc)
Kargaltsevetal. 2002 ACIS-S BB 3454015  404+5 0284001 <89 10 84/74
Kargaltsev et al. 2002 ACIS-S nsa 270 1.2
Becker et al. 2006 MOS+pn 2001+2003 BB 322700 3914 028570000 521/431
Becker et al. 2006 MOS+pn 2001+2003  BB+BB 3.821036 34372 0361003 5697281 0.0597098%  465/429
Becker et al. 2006 MOS+pn 2001+2003 ~ BB+PL 7631072 366119 0307003 421793 469/429
Potekhin et al. 2020¢ MOS+pn 2003-2010 nsx [carbon] 6.8+0.1 13342 5.0+0.4 920/913
+0.6 +33 +0.08 89 0.07
Wu et al. 2021 pn 2010 BB+BB 5570 31775 039%g0r  482fy  0.a2fgy) 59/68
Wu et al. 2021 pn 2010 hatm+hatm 7.96197  256% 0.95 71+ 12 61/69
Wu et al. 2021 pn 2010 carbatm 7.0+0.2 14543 43 60/70
Alford & Halpern 2023  pn 2005 carbatm 4.70£0.12 132404 5.2 82/73
Alford & Halpern 2023 pn 2010 carbatm 4.91+0.11  13240.3 5.2 87/80
Marino et al. 2024 ACIS-S BB 4.7+0.4 39749 0.24+0.08 <50 11 162/143
Marino et al. 2024 ACIS-S nsmaxg [102 G] 310410 0.501097

Note.® P. Shternin, private communication.

and pn spectral normalizations, and we fix its value to 1 for pn
spectra and allow it to vary for the ACIS-S spectrum and the com-
bined MOS spectra. Next, we include a component to account for
photoelectric absorption by the interstellar medium, i.e. tbabs
with abundances from J. Wilms, A. Allen & R. McCray (2000) and
cross-sections from D. A. Verner et al. (1996) and parametrized by
the effective hydrogen column density Ny.

The final component(s) used, which models the intrinsic spec-
trum of Vela Junior, is either a blackbody (BB; bbodyrad), an
NS atmosphere, or a power law (PL; powerlaw). The blackbody
is parametrized by the redshifted temperature kT* and normal-
ization R*/d, where T* = T /(1 + Zg), R*° = R(1 + z;), distance
is d, redshift factor is 1 + gz = 1/(1 — 2GM/¢*R)"/?, and NS mass
is M and radius is R. The NS atmosphere models we use (nsx and
nsmaxg; see below) have similar parameters, in particular, effec-
tive temperature kT, M, R, d, and normalization R, /R, where
Rem is emission region radius, as well as atmosphere composition
and, in the case of nsmaxg, magnetic field strength B. Previous
works showed that a single power law is a poor fit to Vela Junior
spectra (O. Kargaltsev et al. 2002; W. Becker et al. 2006), and we
also find this to be the case. However, we do consider models
where a power law is used in combination with a blackbody or at-
mosphere. The power law is parametrized by photon index I" and
normalization. In summary, we model the intrinsic Vela Junior
spectrum by either a single component made up of a blackbody or
atmosphere spectrum that represents a hot spot on the NS surface
or two components made up of two blackbodies (BB+BB) or two
atmospheres, a blackbody and a power law (BB+PL), or an atmo-
sphere and a power law. For the two (temperature) atmospheres
case, the second (cooler) atmosphere has a fixed normalization
Rem/R = 1 to represent emission from the rest of the NS surface
besides the hot spot. Once a best-fit is found, we use cflux to
calculate flux and its uncertainties while holding all other model
parameters at their best-fitting values.

For NS atmosphere models, we consider two types of models,
depending on the unknown surface magnetic field of Vela Junior.
The first are those computed for partially ionized hydrogen or car-
bon in the low/non-magnetic regime when B < 10° G (nsx; W. C.

G. Ho & C. O. Heinke 2009). A non-magnetic helium atmosphere
(via nsx) yields fits that are comparable to those of hydrogen
and carbon and give model parameter values in between those of
hydrogen and carbon. However, a helium or carbon atmosphere
is unlikely to be present for isolated NSs at the age and tem-
perature of Vela Junior (P. Chang, L. Bildsten & P. Arras 2010;
M. J. P. Wijngaarden et al. 2019), and thus we do not show our
helium results. On the other hand, we show our carbon results
so that they can be compared to results from previous works (see
Table 2). The second type of models are those for partially ion-
ized hydrogen at a single B in the range 101 G < B <3 x 10* G
(nsmaxg ?; W. C. G. Ho, A. Y. Potekhin & G. Chabrier 2008; W.
C. G. Ho 2014; A. Y. Potekhin, G. Chabrier & W. C. G. Ho 2014).
We note that the four atmosphere models with varying magnetic
fields and surface temperatures in nsmaxg do not fit the data well
when used as the only component for the intrinsic Vela Junior
spectrum, but they can fit the data when used in combination
with a power law. Meanwhile, partially ionized carbon, oxygen,
and neon atmosphere models at 10!* G and 103 G (via nsmaxg;
K. Mori & W. C. G. Ho 2007) also do not fit the data, so will not
be discussed further. For all atmosphere spectral fits, model pa-
rameters for NS mass and radius are fixedtoM = 1.4 M andR =
12 km, respectively; as a consequence, a factor 1 + z, = 1.235 is
used to convert between redshifted and unredshifted values when
needed. We note that a small change in the fixed mass, e.g. to
1.6 M, and hence redshift factor, leads to small differences in
best-fitting values that are mostly within the uncertainties.

3 RESULTS

We start by fitting each data set with a single-component ab-
sorbed blackbody. Our best-fitting results are given in Table 3.
Individually, some of the data sets can be fit well with a black-
body, while others are not well-fit, and they all indicate emission

Zhttps://heasarc.gsfc.nasa.gov/docs/software/xspec/manual/node208.
html
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Table 3. Spectral modelling results using bbodyrad (BB), where all parameters are free to vary between data sets.
Absorbed 0.5-8 keV flux 2% . is in units of 10712 erg cm™2 s~!. Errors are lo. For the simultaneous fit of all data
sets shown in the last row, two additional parameters are included in the fit: a constant MOS/pn normalization and a
constant ACIS-S/pn normalization; the best-fitting values for these two are 0.969 + 0.006 and 1.12 + 0.01, respectively.

Data set Ny kT R*®/d i x2/dof
(102! cm™2) (eV) (m/kpc)
ACIS-S 413702 40473 27815 1.42+0.01 86/73
MOS 2001 4.0879-% 39711 26912 1.24+0.03 22/22
MOS 2003 4.317929 393+ 27718 1.2240.01 84/61
MOS 2005 4307922 400"% 26418 1.2140.01 60/57
MOS 2010 4.301017 39513 27317 1.217+0.009 87/66
pn 2003 4.297318 39615 271147 1.2340.01 71/62
pn 2005 4.077917 3964 27518 1.2740.01 74/54
pn 2010 4.407014 39513 27818 1.25940.009 62/59
All 4.27%%07 39617 27513 1.24640.004 573/472

primarily from a small (R* ~ 0.3 km at 1 kpc) hot spot on the NS
surface. The quality of the fit depends in large part on whether the
spectra at 2 3 keV are taken into account. For example, the MOS
spectrum from 2001 (from a 8 ks effective exposure taken off-
axis; see Section 2.2) spans only 0.7-3 keV with our binning. Even
though the flux at > 3 keV is low, a single blackbody at kT> ~
400 eV fails to characterize this high-energy emission, as noted
by W. Becker et al. (2006). We find a very similar temperature
and radius when comparing our results to previous works that
fit single blackbodies to specific data sets, while our best-fitting
Ny ~ 4.3 x 10?! cm~2 is somewhat different from the results of
O. Kargaltsev et al. (2002); W. Becker et al. (2006) but is consistent
with that of A. Marino et al. (2024) (see Table 2). Finally, from
Table 3 and as we shall show below, the spectra do not appear
to vary significantly from 2001 to 2010, and therefore we fit all
the data sets together with one absorbed blackbody. The results
are given in Table 3 and shown in Fig. 1. We see the fit quality is
not good (x2/ dof = 573/472 = 1.21), and the model fit residual
shows wave-like systematics and underprediction of the data at
> 3 keV.

To better characterize the spectra of Vela Junior, we fit each
data set using a multi-component absorbed double blackbody
(BB+BB) or blackbody plus power law (BB+PL). The best-fitting
results are shown in Tables 4 and 5 and Figs 2 and 3. First, note
that the addition of a second component, whether a blackbody
or power law, does not significantly improve the goodness-of-fit
of the ACIS-S spectrum, and thus this extra component is not
particularly justified by the data. In fact, such a conclusion is
evident by the best-fitting parameters of the additional compo-
nent which has a poorly constrained temperature and small emis-
sion radius for the second blackbody and a low normalization
for the power law and hence a very small contribution to the
spectrum. Also of note in the best-fit to the MOS 2001 spectrum
is its poorly constrained and unrealistic parameter values for the
extra component and Ny, which is due to the spectrum’s limited
energy range, as noted above. Comparing the remaining results
to those from the single blackbody fits, the addition of a second
component leads to a decrease of 20-50 eV in the blackbody tem-
perature and a small increase of the emission radius (of the cooler
blackbody). In addition, for the double blackbody fits, one can see
that the temperature (emission radius) of the cooler blackbody
for the MOS spectra is consistently lower (higher), but within
the uncertainties, than that for the pn spectra; this is likely due
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Figure 1. Spectra of Vela Junior from Chandra ACIS-S and XMM-
Newton MOS1+MOS2 and pn data. Top panel shows data with 1o errors
(crosses) and spectral model made up of a single blackbody. Bottom panel
shows x? = (data-model)/error.

to the lower sensitivity, and hence flux normalization, of MOS
compared to pn. Our results are also generally consistent with
those from previous works (see Table 2, in particular; W. Becker
et al. 2006; Q. Wu et al. 2021). We note that if one of the two
blackbody radii is fixed to ~ 12 km, which is much larger than
either best-fitting emission radii when they are both allowed to
vary (see Table 4), then the corresponding temperature is so low
that this blackbody component does not contribute significantly
to the best-fitting model and the results are essentially the same
as those of a single blackbody model (see Table 3).

It is again evident that the best-fitting model parameters do
not differ significantly between the individual observations from
2001 to 2010, except in some cases for the ACIS-S and MOS
data from 2001 due to the former being taken in CC mode (and
thus is partly contaminated by SNR emission due to data col-
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Table 4. Spectral modelling results using bbodyrad+bbodyrad (BB+BB), where all parameters are free to vary
between data sets. Absorbed 0.5-8 keV flux f32% . is in units of 10712 erg cm ™2 s~. Errors are 1. For the simultaneous
fit of all data sets shown in the last row, two additional parameters are included in the fit: a constant MOS/pn normal-

ization and a constant ACIS-S/pn normalization; the best-fitting values for these two are 0.968 + 0.006 and 1.12 + 0.01,

respectively.
Data set Ny kT R®/d kTs° R¥/d fabs x2/dof
(10*! cm™2) (eV) (m/kpc) (eV) (m/kpc)
ACIS-S 4.35792 395%7, 29272 1700%9,,, 3+40 1.440.01 82/72
+3.5 +46 +118 +41 +13000
MOS 2001 13.9733 38173 34214 12774 860013300 1.24:0.03 15/20
0.42 23 35 363 89
MOS 2003 5141042 34735 342132 57734 56750 1.23+0.01 67/59
+0.58 +35 +34 +418 +180
MOS 2005 5117038 34503 31913 514%%) 8673 1.21£0.01 50/55
MOS 2010 5067073 348133 330133 535135 71430 1.225:0.009 70/64
pn 2003 4.607032 37918, 296113 7831338 15428 1.244:0.01 61/60
+0.30 +16 —+20 +282 +156
pn 2005 4471030 370138 305122 5711282 46113 1.28+0.01 66/52
pn 2010 4797928 363122 302118 497712 82129 1.26440.009 55/57
All 4767512 36319, 31118 54817 s8tde 1.25440.004 508/470

Table 5. Spectral modelling results using bbodyrad+powerlaw (BB+PL), where all parameters are free to vary between data sets.
Absorbed 0.5-8 keV flux f&g{s is in units of 10712 erg cm~2 s~!. Errors are 1o. For the simultaneous fit of all data sets shown in the
last row, two additional parameters are included in the fit: a constant MOS/pn normalization and a constant ACIS-S/pn normalization;

the best-fitting values for these two are 0.969 + 0.006 and 1.12 =+ 0.01, respectively.

Data set Ny kT R*®/d r PL norm abs o x2/dof
(10%! cm™2) (eV) (m/kpc) (104 cm2s 1 kev1)

ACIS-S 447348 39417, 29272 14437 01797 1.4440.02 82/72

MOS 2001 18.0145 3937 305100 71713 7015, 1.2440.03 16/22
+1.7 +9 +21 +0.5 +5.0

MOS 2003 8.0737 36275 30672 35792 63739 1.26:£0.01 68/59
+1.2 +10 +20 +0.52 +5.5

MOS 2005 9.3733 37775 27773 3.9470-32 9.2733 1.2340.01 48/55

MOS 2010 10.0172 37515 280111 4157338 1213 1.23940.009 66/64

pn 2003 9.0192 37813 291138 419102 8.312¢ 1.240.01 56/60

pn 2005 7.2113 37713 30113 3.801038 4.5%29 1.2940.01 63/52

pn 2010 8.0123 37714 30518 4.057937 54133 1.26940.009 54/57

All 8.6102 37712 29514 4.02751° 7.6114 1.26340.004 502/470

lection being collapsed in one spatial dimension) and the off-
axis short exposure of the latter. Therefore we fit all the data
sets together with either an absorbed double blackbody or an
absorbed blackbody plus power law, with the best-fitting results
also shown in Tables 4 and 5 and Figs 2 and 3. We see that
both multi-component spectral models provide decent fits to the
data and are much better fits than the single blackbody model.
Both multi-component model fits are comparable, with x2/dof =
508/470 = 1.08 for the BB+BB model being slightly worse than
the x2/dof = 502/470 = 1.07 for the BB+PL model. The absorp-
tion Ny = 8.6%07 x 10* cm~2 for BB+PL (see also the BB+PL
model of W. Becker et al. 2006 in Table 2) is higher than for
purely thermal models and is on the upper end of the values
(1 —9) x 10?! cm~2 determined for the rims of the SNR but is
still below the 11 x 10?! cm~2 determined for diffuse emission in
the SNR central region by P. Slane et al. (2001); F. Acero et al.
(2013); F. Camilloni et al. (2023). Also while the power law index
I' = 4is somewhat high, W. Becker et al. (2006) argued that these
results by themselves do not mean the blackbody plus power law
can be rejected.

We can disfavour the blackbody plus power law model however
by examining more closely the contribution of the power law

to modelling the spectra. A power law model is often used to
characterize non-thermal emission at > 1 keV from, e.g. a pulsar
wind nebula. Fig. 4 shows the simultaneous fit to all the spec-
tra using a model composed of an NS atmosphere and power
law (nsx+PL), which will be described in more detail below.
In particular, the top panel displays the individual contributions
of the atmosphere component and the power law component
to mimicking the actual data. Our blackbody plus power law
(BB+PL) spectral fits show very similar behaviour. What is partic-
ularly worth highlighting is that the power law component, while
providing some significant flux at E 2 3 keV, is the dominant
spectral component at energies below 1 keV. This also explains
the high inferred absorption Ny for the fits that include a power
law since a higher absorption is needed to reduce the flux from
the power law component at these low energies. This all suggests
that here the power law is primarily acting as a substitute for a soft
thermal component and is probably not a realistic description of
the true spectrum of Vela Junior. Nevertheless, there still could
be a non-thermal power law component at higher X-ray energies
but at a much lower flux level than can be determined by the data.

Next, we fit all the spectra simultaneously using NS atmo-
sphere models, i.e. non-magnetic nsx and magnetic nsmaxg (see
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Figure 2. Interstellar absorption Ny and blackbody temperatures kT
and kT;° and emission radii R* and R$° (relative to distance d) for a
bbodyrad+bbodyrad (BB+BB) model fit to ACIS-S (circles), MOS
(crosses), and pn (squares) spectra. Errors are 1o. Some values for the
ACIS-S and MOS 2001 fits are not shown because they lie outside dis-
played ranges due to these data being of lower quality (see the text for
details). Horizontal solid lines show results for a simultaneous fit to all
the data, and the shaded regions encompass the 1o error.
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Figure 4. Spectra of Vela Junior from Chandra ACIS-S and XMM-
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rors (crosses) and spectral model (nsx+PL) made up of a partially
ionized non-magnetic hydrogen atmosphere component (dotted lines)
and a power law component (dashed lines). Bottom panel shows x?2 =
(data-model)/error.

Section 2.3). The best-fitting results are given in Table 6. For a
single-component absorbed atmosphere model, a partially ion-
ized non-magnetic hydrogen atmosphere provides a satisfactory
fit to the data, with x2/dof = 515/472 = 1.09, and is almost as
good as a model using two blackbodies. Non-magnetic carbon is
not as good a fit as hydrogen but better than a single blackbody.
Keeping in mind the relatively poorer fit we find for a carbon
atmosphere, as well as the fit qualities found previously (see Ta-
ble 2, in particular; A. Y. Potekhin et al. 2020; Q. Wu et al. 2021; J.
A.J. Alford & J. P. Halpern 2023), our results are in broad agree-
ment with those from previous works, except for a somewhat
smaller Rem (= 3.7 km) when scaled to 1 kpc and a higher tem-
perature in some comparisons. For a magnetic hydrogen atmo-
sphere, the two nsmaxg modelsat B = 7 x 10! Gand 9 x 10" G
provide about the same quality of fits (Ax? = 2) and parameters
that are within their errors, except for a ~ 10 percent difference
in emitting radii. Poorer fits are obtained at B < 5 x 10" G, with
Ax?>92,and at B > 10'? G, with Ax2 > 10.

Table 6 also gives results for fits using an absorbed atmosphere
and power law model. We see that such models, with I > 4, can
fit the data better than purely thermal models. However, as we
pointed out above, the dominance of the power law component
at low energies, as illustrated in Fig. 4, and ensuing higher Ny
argues against these models.

We perform two-component absorbed atmosphere fits using
the same sets of models as above. In this case though, we force
the second component to have a fractional area Rem 2/R = 1, so
that this component represents emission from the whole star at
an average temperature of T », While the first component is due
to a small hot spot. The fit using non-magnetic hydrogen, with
x2/dof = 511/471 = 1.08, is a small improvement over the single
component atmosphere fits and are as good as the double black-
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Table 6. Spectral modelling results using neutron star atmosphere models nsx and nsmaxg (hydrogen, unless otherwise noted). Model parameters
that are held fixed are NS mass M = 1.4 Mg and radius R = 12 km, Rem 2/R = 1, and distance d = 1.4 kpc, unless otherwise noted. Absorbed 0.5-
8 keV flux f2% . is in units of 102 ergcm~2 7!, and power law normalization is in units of 107 cm~2 s~! keV~. Errors are 1o. A constant MOS/pn
normalization and a constant ACIS-S/pn normalization are included in all fits; the best-fitting values for these two are 0.967 £ 0.006 and 1.12 £ 0.01,
respectively. For models with gabs components, Table 7 gives the best-fitting values for the gabs parameters.

Model B Nu kT Rem kT, » abs o x%/dof
(10 G) (10%' cm—2) (eV) (m) (eV)
+0.06 +1 +150
nsx [carbon] 0 6.8110:96 1497} 5190715 1.254:£0.004 545/472
nsx 0 5.034007 30112 871t13 1.25140.004 515/472
nsmaxg 7 4.757599 30712 824118 1.24640.004 516/472
nsx+nsx 0 5.687097 29812 897417 5717 1.25140.004 511/471
+0.23 +2 +23 +3
(nsx+nsx)xgabs 0 6.707 55 30375 862775 767 1.25240.004 471/468
+0.35 +2 +22 +4
(nsx+nsx)xgabsxgabs 0 6.157 53 30373 859715 727 1.25240.004 466/465
nsmaxg-+nsmaxg 740.316 5.661038 303*3 860175 6013 1.24640.004 503/471
— +0.66 +2 +17 +8
nsx+nsx [d = 1 kpc] 0 567705 29877 645715 5078 1.251:£0.004 510/471
+0.30 +2 +14 +3
nsmaxg-+nsmaxg 740.316 5.627539 30272 622113 5273 1.246£0.004 504/471
[d =1kpc]
r PL norm
nsx+PL 0 8.42105% 28712 967117 4331022 5.6718 1.25740.004 489/470
nsmaxg+PL 8.411052 28512 957113 4191021 6.1118 1.25740.004 485/470

body fit. Our results are broadly in agreement with those of Q. Wu
et al. (2021) (see also Table 2). Meanwhile, magnetic hydrogen
with a small hot spot at B = 7 x 10" G and the remaining cool
surface at B = 3.16 x 10'° G and T = 6.9 x 10° K gives a better
fit, with x2/dof = 503/471 = 1.07, than all the other purely ther-
mal models tried so far. Fig. 5 shows the partially ionized non-
magnetic hydrogen atmosphere model (nsx+nsx) and magnetic
hydrogen (nsmaxg+nsmaxg) results. We note for comparison
that, if the second (colder) component has a magnetic field B =
5 x 101 G, the best-fit is worse by Ax? = 8 and has a somewhat
higher Ny and T.

While the distance to Vela Junior was recently pinpointed to
1.41 £ 0.14 kpc (J. Suherli et al. 2026), we also show fit results in
Table 6 for a distance of 1 kpc. As expected, the main effect of
assuming a smaller distance is a decrease in the emission radius,
so that Rep,/d is approximately constant. However, there is also
an accompanying small decrease in the temperature T, , of the
colder surface.

The right panel of Fig. 5 shows that our best-fitting magnetic
hydrogen atmosphere result has spectral features due to tran-
sitions at the harmonics n of the electron cyclotron resonance
(redshifted) at

EY = (heB/mec)/(1+z,) = 115.8eV(B/10° G)/(1+25) (1)

(see e.g. G. G. Pavlov & I. A. Shibanov 1978; A. Y. Potekhin
2010; V. F. Suleimanov et al. 2012; A. Y. Potekhin et al. 2014).
At B =3.16 x 10'° G and 1 + z, = 1.235, the strongest two lines
are at 0.59 keV for the n = 2 harmonic and 0.89 keV for the
n = 3 harmonic, while the fundamental (n = 1) at 0.3 keV is
below the energy range we are sensitive to here. Note also that
the best-fit for emission by the dominant hot spot component
has B = 7 x 10" G, such that E° = 6.6 keV is located where the
measured flux is low. It is important to point out that (a) we fixed
the NS parameters M and R such that the redshift factor 1 + zg is
also fixed and (b) the redshift factor is degenerate with magnetic
field B in determining the observed cyclotron energy, such that
a 10 per cent difference in redshift factor would lead to a 10 per

cent difference in B. If we allow the radius to be different from
12 km, we find a slightly better fit (A x* &~ 2) with a larger radius
of 13.5km (£1 km), which corresponds to a redshift factor of 1.20.

We also computed spectral models at B = 3.16 x 10'° G but
with the magnetic field direction ® = 7 /2, i.e. tangential to the
surface rather than normal to it. We find these spectra lead to a
very slightly worse fit (A x? = 1). This is in part because, at the
best-fitting Tes, the harmonics above the fundamental are some-
what weaker and narrower than when the atmosphere models
have ®p = 0. We explore next the strength and broadness of the
spectral features.

The predicted resonance features at low energies from the
magnetic model at B~ 3 x 10'° G contribute to a better overall
fit compared to the blackbody and non-magnetic models con-
sidered above, in particular by reducing the amplitude of what
seems to be systematic oscillatory behaviour in the fit residuals
at E < 1keV seen in Fig. 1 and the left panel of Fig. 5. These
oscillations appear to have minima at ~0.6 and 0.9 keV. To bet-
ter characterize these observed spectral features independent of
the magnetic field, we fit the data using a model composed of
nsx+nsx convolved with either one or two Gaussian absorp-
tion lines modelled by gabs. The results are given in Tables 6
and 7, and residuals of the best-fits are shown in Fig. 6. Most
of the best-fitting parameters are within the uncertainties of the
nsx+nsx model that does not include the Gaussian absorption
lines, but the fit is greatly improved by the presence of a line at
~0.92 eV and a second line at 0.6 keV. A f-test comparison of the
fit statistics, x2/dof = 471/468 versus 511/471, gives a probability
of 3 x 1078, or &~ 50, for one line (1 x 10~ for two lines); note the
f-test probability is 0.17 when comparing results of one versus two
lines. Similar levels of fit improvement are obtained when using
instead a minimum of 25 or 200 counts per bin.

Since cyclotron absorption lines at a single magnetic field are
better described as Lorentzian in shape, rather than Gaussian,
we also performed fits using 1orabs instead of gabs. These fits
are slightly worse Ax? < 7 and require larger line widths. The
better fit by non-magnetic models with broader Gaussian-shaped
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Figure 5. Spectra of Vela Junior from Chandra ACIS-S and XMM-Newton MOS1+MOS2 and pn data. Top panels show data with 1o errors (crosses)
and spectral model made up of two partially ionized non-magnetic (nsx+nsx; left) and magnetic (nsmaxg+nsmaxg; right) hydrogen atmosphere
components (dashed and dotted lines for cool and hot components, respectively). For the models on the right, the magnetic fields are B = 3.16 x 10'° G
and 7 x 10! G for the cool and hot components, respectively. Bottom panels show x? = (data-model)/error.

Table 7. Absorption line parameters from using non-magnetic
hydrogen atmosphere models nsx+nsx and one or two Gaus-
sian absorption line components gabs. Model parameters that
are fixed are the same as given in Table 6, and other best-fitting
parameters are given there too. Errors are 1o.

One line Two lines
E1 (eV) 947118 920132
Width o1 (eV) 122+7] 13315
Depth d; (eV) 4lﬂf SSﬁS
E> (eV) 635734
o (eV) 515
d> (eV) < 101

absorption lines may be indicating that the magnetic field across
most of the surface varies by a small amount, near that of our
magnetic model with B = 3.16 x 10'° G.

4 DISCUSSION

We presented analysis of all the high-quality archival spectra of
the CCO in the Vela Junior SNR taken by Chandra and XMM-
Newton from 2001 to 2010. Each spectrum is generally well-fit by
primarily thermal models, e.g. two blackbodies or a blackbody
and power law. The spectral model parameters and flux do not
differ significantly and thus are constant between epochs. As a
result, we fit all the spectra simultaneously to obtain more robust
measurements of the flux and spectral parameters of Vela Junior.
We find that more physically motivated NS atmosphere models
can fit the joint spectra, and these include an atmosphere com-
posed of partially ionized hydrogen at low (B < 10° G) or moder-
ate (B ~ 102 G) magnetic field strengths with a small hot spot at
Tt =~ 3.5 x 10° K. The remaining NS surface is at a lower tem-
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Figure 6. Best-fit residuals using spectral models made up of two par-
tially ionized hydrogen atmosphere components. The top panel shows re-
sults of non-magnetic nsx+nsx, while the bottom panel shows magnetic
nsmaxg+nsmaxg with B = 3.16 x 10! G and 7 x 10" G for the two
components (these are the same as in Fig. 5). The middle two panels show
results using nsx+nsx and including one or two Gaussian absorption
lines with gabs.

perature T ~ (6.6—8.8) x 10° K (range here spans the range of
median T, given for fits at 1.4 kpc in Table 6, which is larger
than their individual uncertainty) and a lower magnetic field.
There are indications of absorption features at 0.6 and 0.9 keV,
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Figure 7. Observed luminosity L* (left) and temperature T (right) as functions of NS age. Data points are from A. Y. Potekhin et al. (2020); W. C. G.
Ho et al. (2024) (see also https://www.ioffe.ru/astro/NSG/thermal/), except the stars which denote Vela Junior. Solid lines show cooling curves from NS
cooling simulations for NS masses M = 1.3, 1.4, 1.5, 1.6, and 1.7 M, (from top to bottom) using the BSk24 nuclear equation of state and an iron envelope
and including neutron superfluidity in the crust and core and proton superconductivity in the core, while dotted lines are for a hydrogen envelope; note
that direct Urca cooling becomes active for BSk24 at M > 1.59 M. See the text for more details.

which could be due to harmonics of the electron cyclotron reso-
nance at a magnetic field of 3 x 10'° G. Such a magnetic field is
similar to the fields seen in three other CCOs. It would be valuable
to verify the presence of these absorption features with a much
longer observation or more sensitive instrument.

No matter the spectral model, the measured absorbed 0.5-
8 keV flux is ~ 1.25 x 10712 ergcm~2s™!, and the unabsorbed
total flux is ~ 2.2 x 10712 erg cm~2s~!. Therefore, at a distance
of 1.4 & 0.1 kpc (J. Suherli et al. 2026), the bolometric luminosity
is (5+1) x 10 erg s~!, which is mainly due to the hot spot.
In contrast, the approximate average luminosity from the entire
12 km cool surface is L™ ~ (1.3 — 4.0) x 1032 erg s~!. Note that
A. Marino et al. (2024) derived similar luminosities for their NS
cooling study, despite using a smaller distance to Vela Junior.
This is because they only used the ACIS-S CC observation, which
yields a higher flux due to contamination by the SNR and poorer
spectral modelling and fits when only this data is considered (see
Section 3 and Table 2, as well as discussions in W. Becker et al.
2006).

The small hot spot that we find for Vela Junior could lead to X-
ray pulsations at the NS spin period like those seen for three CCOs
(V.E. Zavlin et al. 2000; E. V. Gotthelf et al. 2005; E. V. Gotthelf & J.
P. Halpern 2009). However, searches for pulsations using XMM-
Newton pn data yielded a pulsed fraction limit of 5 per cent (J. A.
J. Alford & J. P. Halpern 2023; see also Q. Wu et al. 2021). Such
non-detections thus far could simply be due to an unfavourable
viewing geometry or a hot spot located on the rotation axis.

Finally, we examine here the impact on NS cooling theory of
our measurements of flux/luminosity and temperature of Vela
Junior. In Fig. 7, we plot the luminosity and temperature, as-
suming an age of 2.4-5.1 kyr (G. E. Allen et al. 2015). For the
luminosity, we use the average value from the entire surface since
the total measured luminosity is dominated by emission from the
small hot spot, as shown by Fig. 5. Similarly with the temperature,

we use the value from the colder component that represents the
temperature of most of the cool surface. The rangesin L> and T
use the range of median T , in Table 6, which is larger than the
uncertainty in each Tef ». Also shown are the luminosity and tem-
perature of other NSs of various ages (A. Y. Potekhin et al. 2020;
W. C. G. Ho et al. 2024). The luminosity, temperature, and age of
Vela Junior place it near several other young NSs, in particular,
PSR J0205+6449 in the 3C 58 SNR with L® ~ 2 x 103 erg s},
log T ~ 5.8, and age = 845 yr (P. Slane et al. 2004; R. Kothes
2013; A. Y. Potekhin et al. 2020; A. Marino et al. 2024), PSR
B2334+61 in the G114.3+0.3 SNR with L® ~ 5 x 10! ergs7},
log Tt &~ 5.6, and age ~ 7.7 kyr (A. Yar-Uyaniker, B. Uyaniker &
R. Kothes 2004; K. E. McGowan et al. 2006; A. Y. Potekhin et al.
2020; A. Marino et al. 2024), and PSR J0007+7303 in the CTA
1 SNR with L® < 3 x 10¥ergs~!, log Tt < 6.4, and age ~ 9 kyr
(P. A. Caraveo et al. 2010; J. Martin, D. F. Torres & G. Pedaletti
2016; A. Y. Potekhin et al. 2020). Vela Junior, these three young
NSs, and a few others appear much less luminous and cooler than
most other NSs of similar ages.

Fig. 7 also shows the luminosity and temperature evolutions
calculated from NS cooling simulations (see W. C. G. Ho et al.
2024, for details). These simulations use a particular nuclear
equation of state, BSk24 (J. M. Pearson et al. 2018), and super-
conducting and superfluid energy gaps. But it is important to
note that cooling evolutions can vary greatly depending on which
equation of state and energy gaps are used. Nevertheless, the be-
haviour, especially regarding direct Urca cooling and NS mass, is
still qualitatively similar despite differences in theoretical models
(see e.g. reviews by D. G. Yakovlev & C. J. Pethick 2004; A. Y.
Potekhin et al. 2015). For the BSk24 equation of state, it has a
threshold mass of 1.59 M,,, above which the proton fraction in
the NS core is high enough that fast neutrino emission from direct
Urca processes is activated. Meanwhile, some equations of state,
such as BSk26 (J. M. Pearson et al. 2018) and SLy4 (F. Douchin
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& P. Haensel 2001), do not have a threshold mass below their
predicted maximum mass, and thus fast direct Urca cooling never
occurs for these equations of state. Below the threshold, NSs cool
predominantly by slow neutrino emission from modified Urca
processes, which can be enhanced by Cooper pair breaking and
formation processes (M. E. Gusakov et al. 2004; D. Page et al.
2004). Thus, we see from Fig. 7 that most NSs have a mass lower
than a threshold mass. On the other hand, colder NSs point to
the existence of cooling by direct Urca processes and hence a
nuclear equation of state that allows for such fast cooling. The
results we derived here more robustly, by using all available X-
ray spectral data and a wide range of spectral models, indicate
that, like PSR J0205+6449 (D. Page et al. 2004; P. Slane et al. 2004;
D. G. Yakovlev & C. J. Pethick 2004), PSR B2334+-61 (D. Page
et al. 2009), and PSR J0007+7303 (D. Page et al. 2004, 2009), Vela
Junior is a strong candidate to be used for this purpose.
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