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Abstract

Only three of the dozen central compact objects (CCOs) in supernova remnants (SNRs) show thermal X-ray
pulsations due to nonuniform surface temperature (hot spots). The absence of X-ray pulsations from several
unpulsed CCOs has motivated suggestions that they have uniform-temperature carbon atmospheres (UTCAs),
which adequately fit their spectra with appropriate neutron star (NS) surface areas. This is in contrast to the two-
temperature blackbody or hydrogen atmospheres that also fit well. Here we investigate the applicability of UTCAs
to CCOs. We show the following: (i) The phase-averaged spectra of the three pulsed CCOs can also be fitted with a
UTCA of the appropriate NS area, despite pulsed CCOs manifestly having nonuniform surface temperature. A
good spectral fit is therefore not strong support for the UTCA model of unpulsed CCOs. (ii) An improved spectrum
of one unpulsed CCO, previously analyzed with a UTCA, does not allow an acceptable fit. (iii) For two unpulsed
CCOs, the UTCA does not allow a distance compatible with the SNR distance. These results imply that, in general,
CCOs must have hot, localized regions on the NS surface. We derive new X-ray pulse modulation upper limits on
the unpulsed CCOs, and constrain their hot spot sizes and locations. We develop an alternative model that accounts
for both the pulsed and unpulsed CCOs: a range of angles between hot spot and rotation axes consistent with an
exponential distribution with scale factor A ~ 20°. We discuss the physical mechanisms that could produce such
small angles and small hot spots.

Unified Astronomy Thesaurus concepts: X-ray sources (1822); Neutron stars (1108); Supernova remnants (1667)
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1. Introduction
1.1. Central Compact Objects

Central compact objects (CCOs) are a class of young,
isolated neutron stars (NSs) found in supernova remnants
(SNRs). Their defining characteristics are steady, thermal X-ray
emission, nondetection at all other wavelengths, and the
absence of a surrounding pulsar wind nebula. The similar
number of CCOs in SNRs, relative to other classes of young
NSs, suggests that CCOs birth rates are a significant fraction of
all NS births. See de Luca (2008) and de Luca (2017) for
reviews of CCOs.

X-ray pulsations have been detected from three of the eight
confirmed CCOs, located in the Puppis A, Kes 79, and PKS
1209-51/52 SNRs (Zavlin et al. 2000; Gotthelf et al. 2005;
Gotthelf & Halpern 2009). Halpern & Gotthelf (2010a) and
Gotthelf et al. (2013) measured the period derivatives, P, of
these three CCO pulsars. The implied dipole surface magnetic
field strengths are B, = (2.9, 3.1, 9.8) x 10'° G, for the CCOs
in Puppis A, Kes 79, and PKS 1209-51/52, respectively. The
almost identical spin-down measured magnetic fields for the
CCOs in Kes 79 and Puppis A are the smallest ever measured
in young NSs.

Their X-ray pulsations indicate that at least these three CCOs
have localized regions on their surfaces producing their
observed thermal radiation. Spectral fits and modeling also
indicate the need for more than one surface temperature
(Bignami et al. 2003; Gotthelf & Halpern 2009; Halpern &
Gotthelf 2010a; Gotthelf et al. 2010; Bogdanov 2014; Alford
et al. 2022). The X-ray flux from the hot spots exceeds their
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spin-down power, and is likely supplied by residual cooling
(Gotthelf et al. 2013). Strong crustal magnetic fields, possibly
toroidal or quadrupolar components, are required to conduct
heat toward these small regions on the NS surface (Greenstein
& Hartke 1983).

The CCOs without detected pulsations, having similar
spectral properties as the CCO pulsars, are also likely NSs
born with weak (10'"'" G) dipole magnetic fields. They may
also have hot, localized surface regions, although producing
lower-amplitude pulsations that cannot be detected in existing
data. This could be due to a combination of unfavorable
viewing angles and hot spots that are located close to their
rotational poles (see, e.g., Bogdanov 2014; Alford et al. 2022).
Alternatively, these CCOs could have uniform-temperature
surfaces, which would not modulate the X-ray flux as the NS
rotates. However, this alternative scenario would require a NS
atmosphere composed of a mid-Z element such as carbon. This
is because the NS radii implied by fits to one- or two-
temperature blackbody or hydrogen atmospheres are too small
for a NS, while a single-temperature, nonmagnetic carbon
atmosphere gives a reasonable radius for the CCO in Cas A (Ho
& Heinke 2009). Following this pioneering suggestion for
Cas A, several more CCOs were proposed to have uniform-
temperature carbon atmospheres (UTCAs). These works will
be reviewed in Section 1.4.

1.2. Carbon from Diffusive Nuclear Burning

The chemical composition of a NS atmosphere can change
over time through accretion of circumstellar material, spalla-
tion, and diffusive nuclear burning (DNB). Accretion and
spallation increase the fraction of hydrogen (H) and helium
(He) in the atmosphere. In contrast, DNB decreases the H and
He fraction via nuclear fusion into heavier elements such as
carbon and oxygen. Gravitational settling occurs on the
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timescale of seconds, so NS photospheres will consist of the
lightest elements available (Alcock & Illarionov 1980).

Young NSs have ~10° K photospheres, not hot enough to
efficiently burn H and He into heavier elements during a NS’s
lifetime. However, H and He can diffuse down from the
atmosphere into the outer NS envelope, where the temperature
can increase by one to two orders of magnitude at a depth of
just 10m below the surface. The higher temperatures and
densities in this region can efficiently burn H and He into
heavier elements. Then, in the absence of further accretion or
spallation, the H and He can be depleted from NS atmosphere.
Chang & Bildsten (2003) and Chang & Bildsten (2004)
developed the theory of DNB, and calculated the H-burning
timescales. They found that H on the NS surface could be
depleted on timescales as short as 10°-10* yr. Chang et al.
(2010) extended the theory of DNB to include He burning, and
found that, in the absence of further accretion, He could also be
efficiently depleted from the atmospheres of young, hot NSs.
This efficient H and He burning could then produce a NS with
a carbon atmosphere. Since DNB is more efficient at higher
temperatures, it is expected to be most effective in younger
NSs, such as the Cas A CCO, which have not had much time
to cool.

The mass of atmospheric material needed to change the
spectrum of a NS is very small, 47R3s/k ~ 10720 M,
assuming s~ 1 cm?g~'. But it is impossible to measure the
small corresponding accretion rate (Chang et al. 2010) of
~107% M, yr~ ! directly. While the rate of nuclear burning in a
NS with a given composition and temperature is well
understood, the rate of accretion of H onto any one particular
NS inside a SNR is highly uncertain. The chemical composi-
tion of CCO atmospheres must be determined through direct
observation of their X-ray spectra.

1.3. Neutron Star Atmosphere Models

Figure 1 shows a comparison of NS X-ray spectra created by
carbon atmospheres, hydrogen atmospheres, and a blackbody,
all at the same 0.2keV effective temperature, T.¢. These
spectra are calculated for a 1.4 M- NS with a 12 km radius, at a
distance of 1 kpc. Both magnetic and nonmagnetic models are
shown. In this paper we will be considering nonmagnetic
carbon atmosphere models because these are the models that
have been applied to CCOs.

At a given effective temperature, the blackbody flux is
greater at lower energies and the nonmagnetic carbon
atmosphere flux is greater at higher energies. The energy at
which the blackbody spectrum and carbon atmosphere
spectrum have the same specific intensity is set by the ratio
of photon absorption and scattering processes in the NS
atmosphere. Photon scattering processes dominate in the lower-
energy part of the spectrum and processes where photons are
truly destroyed (i.e., bound-bound and bound—free transitions)
dominate in the higher-energy part of the spectrum. When these
processes are approximately equal, the NS atmosphere flux is
approximately equal to the flux of a blackbody with the same
effective temperature. For more details on the nonmagnetic
carbon atmosphere model used in this work, see Suleimanov
et al. (2014) and Suleimanov et al. (2016).

Because the nonmagnetic carbon atmosphere spectrum is
harder than a blackbody with the same effective temperature, a
blackbody model fitted to a given NS spectrum will have a
higher effective temperature and smaller emitting area than a
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nonmagnetic carbon atmosphere model fitted to the same data.
An effective temperature calculated from a fit to a nonmagnetic
carbon atmosphere model will be a factor, f, lower than the
blackbody temperature, Tgg = f7carbon, Where fis usually in the
range 1.5-3, and the implied radius of the UTCA model is
roughly a factor of f2 larger: R.apon ~ szBB.

The nonmagnetic carbon atmosphere spectra are harder than
the nonmagnetic hydrogen atmosphere spectra, which are
harder than the blackbody spectra, so the areas of the implied
emitting regions decrease significantly from carbon atmos-
phere, to hydrogen atmosphere, to blackbody spectral models.
Though the available magnetic carbon atmosphere models
which have B=10"""* G are probably not applicable to
CCOs, we note that they have spectral shapes and implied
emitting areas similar to blackbodies. Even if they were
applicable to CCOs, their radiation would be coming from only
a small fraction of the NS surface, therefore requiring
nonuniform surface temperature.

In practice, the X-ray spectra of CCOs are often consistent
with carbon atmosphere, hydrogen atmosphere, and blackbody
spectra. Distinguishing spectral features that would be
produced by nonmagnetic carbon atmospheres cannot be
resolved with currently available data. Conclusions that some
CCOs have UTCAs rely on additional probabilistic reasoning
and assumptions that we will review next.

1.4. Observational Evidence of Carbon Atmospheres

Ho & Heinke (2009) proposed that the CCO in the Cas A SNR
has a single-temperature carbon atmosphere, with the X-ray
emission coming from the whole surface of the NS. Subsequently,
Klochkov et al. (2013, 2016) concluded that two candidate CCOs,
in the G353.6—-0.7 and G15.9+0.2 SNRs, have UTCAs.
Suleimanov et al. (2017) presented calculations arguing that the
probability of a uniform-temperature surface for the CCO in
G353.6—0.71s 91.8%. Using the same probabilistic reasoning,
Doroshenko et al. (2018) suggested that a UTCA covering the
entire surface of the CCO in G330+-1.0 is more plausible than the
alternative small hot-spot scenario. These calculations of prob-
ability employed a critical assumption: that the locations of the
strong magnetic fields required to produce small hot spots, such as
the hots spots known to exist in the three pulsed CCOs, are
completely uncorrelated with the NS rotation axis. That is, the
distribution of hot spots on the surface is random. However, there
is already evidence that the locations of the hot spots on RX
J0822.0—4300, 1E 1207.4—5209, and CXOU J185238.6+004020
are not random (Bogdanov 2014; Alford et al. 2022). In this paper,
we will review this evidence, and find that an assumed random
distribution of hot spots is also contradicted by the very low upper
limits on pulsations from the CCOs in the G266.1—1.2 (Vela Jr.)
and G347.3-0.5 SNREs.

The UTCA models are otherwise attractive in that they can
fit the phase-averaged X-ray spectra with reasonable inferred
values of the NS radius, while models of other atmospheric
compositions and blackbody models give radii that are much
smaller than a NS radius. The reasonable NS radii implied by
the nonmagnetic carbon atmosphere model might be consid-
ered strong evidence if the model predicted reasonable NS radii
in only a small region of the model’s NS radius—distance
parameter space, i.e., if the model was easily falsifiable. But we
will show in Section 2 that the carbon atmosphere models
allow reasonable NS radii for a large range of distances, i.e.,
their predictive power is weak.
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Figure 1. The spectrum of a NS with a carbon atmosphere compared to a blackbody spectrum, and also a hydrogen atmosphere. The nonmagnetic carbon atmosphere
and nonmagnetic hydrogen atmosphere models plotted here are the carbatm and hatm table models implemented in XSPEC. There are narrow spectral features at
low energies in the nonmagnetic carbon atmosphere model that are not shown here because their width is much smaller than the energy binning used to construct the
XSPEC table model. Their width is also much smaller than the XMM-Newton energy resolution. Magnetic hydrogen and carbon models are shown for comparison,
and they are computed from the nsmaxg model in XSPEC (Mori & Ho 2007; Ho et al. 2008; Ho 2014). All models are for a 12 km radius, 1.4 M., NS at a distance of

1 kpc, with a 0.2 keV effective temperature.

Finally, the small areas implied by the blackbody models do
not pose any theoretical difficulty. It is known that at least the
three pulsed CCOs do not have uniform-temperature surfaces;
they do in fact have heated surface regions that are significantly
smaller than the NS radius (Gotthelf et al. 2013). In summary,
there is ample reason to critically evaluate the general
applicability of the UTCA model to CCOs.

1.5. Organization of the Remainder of this Paper

We use relevant archival data on CCOs from XMM-Newton
and Chandra. In Section 2 we fit the X-ray spectrum of every
CCO to a nonmagnetic UTCA model. We demonstrate that
some CCOs without detected X-ray pulsations do nevertheless
have small hot spots, because they are at distances too close for
the X-ray emission to originate from the whole NS surface even
with a carbon atmosphere. We also show that the evidence for
uniform-temperature surfaces on some other CCOs is not
strong because there are large ranges of distances that yield
reasonable NS radii. In Section 3 we calculate updated limits
on pulsed fraction for the nonpulsing CCOs. In Section 4 we
quantify how correlated CCO hot-spot locations must be with
the NS rotation axis. In Section 5 we compare our results with
previous studies, and discuss the physics of the localized
thermally emitting regions.

2. Spectral Analysis
2.1. Data Reduction and the carbatm Model

We perform the X-ray spectral analyses using XSPEC
version 12.12.0, HEASOFT version 6.29, XMM-Newton SAS

version 18.0.0, CIAO version 4.14, and CALDB version 4.9.6.
CALDB version 4.9.6 includes the latest Chandra Advanced
CCD Imaging Spectrometer (ACIS) contaminant model
NO0014, which is important for accurately modeling the CCO
in Cas A. We selected one or more of the highest-quality
observations for each CCO. Table 1 lists the specific
observations used for the spectral analyses.

We use the nonmagnetic carbon atmosphere model car-
batm, available in XSPEC. The carbatm model has four
parameters: the NS effective temperature, mass, radius, and
normalization (T.¢, Mys, Rns, and K :A/Dlzo kpe» Tespec-
tively). The normalization parameter K is a function of the
distance D to the NS and the fraction A of the star surface
emitting the radiation. We set A=1 so that the thermal
emission originates from the whole surface, making the
normalization only a function of distance. See Suleimanov
et al. (2014, 2016) for further details on the carbatm model.

We use the tbabs model to describe the effect of
intervening column density, Ny, and we fit the
tbabs * carbatm model to each observation, holding the
NS mass fixed at 1.4 M., and searching through a range of
distances and NS radii. At at each fixed distance and radius, we
allow the temperature and column density Ny to vary to fit the
data. We record the null-hypothesis probability for each fixed
distance and radius. For most CCOs, we plot these null-
hypothesis probability values as contours for all plausible
values of the NS radius and distance (Figures 2-6). Gray
shaded regions in the figures indicate the range of indepen-
dently measured distances to the SNRs. Table 2 lists these
distance measurements, along with a brief description of the
method used. Table 3 lists the results of fitting the spectrum of
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Table 1
Log of X-Ray Observations for Spectral Analyses
CCO SNR Date Observatory ObsID Exposure Instr./Mode
(U (ks)
RX J0822.0—4300 Puppis A Various" XMM-Newton Various 471 EPIC-pn/SW
CXOU J085201.4—461753 G266.1—-1.2 2005-6-02 XMM-Newton 0207300101 36.9 EPIC-pn/SW
CXOU J085201.4—461753 G266.1-1.2 2010-11-13 XMM-Newton 0652510101 52.7 EPIC-pn/SW
1E 1207.4—5209 PKS 1209-51/52 2017-6-22 XMM-Newton 0800960201 34.8 EPIC-pn/SW
1E 1207.4—-5209 PKS 1209-51/52 2017-6-23 XMM-Newton 0800960301 222 EPIC-pn/SW
1E 1207.4—5209 PKS 1209-51/52 2017-6-24 XMM-Newton 0800960401 24.1 EPIC-pn/SW
1E 1207.4—-5209 PKS 1209-51/52 2017-7-03 XMM-Newton 0800960501 25.0 EPIC-pn/SW
1E 1207.4—5209 PKS 1209-51/52 2017-8-10 XMM-Newton 0800960601 21.3 EPIC-pn/SW
CXOU J160103.1-513353 G330.2+1.0 2015-3-08 XMM-Newton 0742050101 122.0 EPIC-pn/FW
IWGA J1713.4-3949 G347.3-0.5 2013-8-24 XMM-Newton 0722190101 94.9 EPIC-pn/SW
IWGA J1713.4—-3949 G347.3-0.5 2014-3-02 XMM-Newton 0740830201 77.2 EPIC-pn/SW
XMMU J172054.5—-372652 G350.1-0.3 2007-2-23 XMM-Newton 0402040101 29.3 EPIC-pn/FW
CXOU J185238.6-+004020 Kes 79 Various® XMM-Newton Various 498.8 EPIC-pn/SW
CXOU J232327.9+584842 Cas A 2006-10-19 Chandra 6690 61.6 ACIS-S/TE
CXOU J232327.9+584842 Cas A 2012-5-05 Chandra 13783 63.4 ACIS-S/TE
CXOU J232327.9+584842 Cas A 2015-4-27 Chandra 16946 68.1 ACIS-S/TE
XMMU J173203.3—344518 G353.6—0.7 2007-3-02 XMM-Newton 0405680201 19.5 EPIC-pn/FW
XMMU J173203.3—-344518 G353.6—-0.7 2014-2-24 XMM-Newton 0722190201 87.6 EPIC-pn/SW
CXOU J181852.0—150213 G15.940.2 2015-7-30 Chandra 16766 92.0 ACIS-S/TE

Note. Above the line are the eight confirmed CCOs; below the line are two candidates.
 The spectral data-reduction procedures for RX J0822.0—4300 and CXOU J185238.6--004020 are the same as described in Alford et al. (2022) and Bogdanov

(2014), respectively.

every CCO to the carbatm model. The sizes of the allowed
regions in the NS distance-radius parameter space quantify the
falsifiability of the carbatm model. We plot the spectra and
carbatm model, with distance values that are good fits to the
spectral data (even if different from the independent estimates),
and a plausible NS radius.

2.2. Vela Jr. and G347.3—0.5

Figure 2 shows that the spectra of CCOs in G266.1—1.2
(Vela Jr.) and G347.3-0.5 are consistent with the carbatm
model. However, the independent distance estimates imply that
both NSs are too close to have UTCAs with reasonable implied
NS radii. The closer distances of these two CCOs implies that
they must actually have small hot spots and not uniform-
temperature surfaces.

2.3. The Three Pulsing Central Compact Objects

The X-ray pulses from the CCOs in Puppis A, Kes 79, and
PKS 1209-51/52 indicate they do not have uniform-temper-
ature surfaces. Nevertheless, Figure 3 shows that the X-ray
spectra of these three CCOs are all consistent with the
carbatm model. The carbatm model yields reasonable
NS radii, and is consistent with the independent distance
estimates. We have not included any spectral lines in the model
of the CCO in Kes 79. There is a hint of one or more spectral
features in the fit residuals, though the fit is formally acceptable
without the inclusion of any line features. Our model of the
CCO in Puppis A includes a Gaussian absorption line at
0.46 keV, though an emission line around 0.7 keV would also
fit the data. An emission or absorption feature was required in
the two-blackbody fit to the RX J0822.0—4300 spectrum
(Gotthelf & Halpern 2009; De Luca et al. 2012).

Fitting a carbon atmosphere model to the spectrum of 1E
1207.4—5209 required the inclusion of equally spaced absorp-
tion features at 0.7, 1.4, 2.1, and 2.8 keV. The features were
known to be present in two-blackbody spectral fits, and are
required to fit the UTCA model as well. The 0.7keV
absorption feature is due to classical electron cyclotron
absorption, while the harmonics at 1.4, 2.1, and 2.8 keV are
due to quantum oscillations in the atmospheric free—free
opacity and also relativistic effects (Suleimanov et al.
2010, 2012). We model the absorption features as Gaussian
lines with their relative energy spacings held constant and their
strengths and widths allowed to vary to fit the data.

2.4. G330.2+1.0, G350.1—0.3, and G15.9+0.2

Figure 4 shows the fits of the CCOs in G330.2+1.0, G350.1
—0.3, and G15.94-0.2 to the carbatm model. We find that the
carbatm model is consistent with a large range of NS radii
and distances. The large uncertainties in the CCO distances,
and the low quality of the spectral data, make it difficult to use
these to either support or falsify the carbatm model.

2.5. Cas A

The CCO in Cas A is the first NS proposed to have a carbon
atmosphere (Ho & Heinke 2009). Additionally, Heinke & Ho
(2010) reported that its surface temperature cooled by 4%
between the years 2000 and 2009, the first reported direct
detection of NS cooling. This apparent cooling is only evident
under the assumption that the carbatm model is correct; the
data are equally well described by a hydrogen atmosphere
model, where the emission is coming from small hot spots that
are shrinking in size at constant temperature (Posselt &
Pavlov 2018, 2022).
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Figure 2. Here we demonstrate that the CCOs in G266.1—1.2 (Vela Jr.) and G347.3-0.5 do not have uniform-temperature surfaces covered by carbon atmospheres.
On the left we have plotted the spectra from the two longest XMM-Newton observations of both CCOs. The plus signs in the null-hypothesis probability plots (right)
indicate the NS radii and distance parameters in the corresponding spectral models (left). The value of the corresponding null-hypothesis probability H is indicated in
the lower left of each residual plot. The spectra are consistent with the UTCA models, with reasonable values of the NS radius. However, the independently measured
distances, shaded in gray, are too close to allow the possibility that the emission originates from the whole NS surface. The observed X-rays must instead originate

from smaller, localized regions on the NS surface.

Due to the brightness of the Cas A SNR, observations
performed in Chandraobserving modes with small frame
integration times are required to limit spectral distortions due
to photon “pile-up.” Chandra ObsIDs 6690, 13783, 16946,
17639, 22426, and 23248 were performed in faint telemetry
format, with 0.34 s frame times that minimize pile-up. For a
detailed analysis of these observations, see Pavlov & Luna
(2009), Posselt et al. (2013), Posselt & Pavlov (2018), and
Posselt & Pavlov (2022).

Posselt & Pavlov (2018) analyzed ObsIDs 6690, 13783,
16946, and 17639, and found no statistically significant
evidence of NS cooling, with conservative 3o upper limits of
<3.3% and <2.4% per 10 yr, for variable and fixed Ny values,
respectively. Posselt & Pavlov (2022) analyzed all six of these
Chandra observations, and found that they could be equally
well described by nonmagnetic hydrogen or carbon atmosphere
models. Posselt & Pavlov (2022) also found an apparent
increase in the cooling rate over the last 5 yr of observations,
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Figure 3. Here we demonstrate that the CCOs with measured X-ray pulsations can nevertheless be well described by UTCA models, with reasonable resulting values
of the NS radii and distances. It is known that the X-ray emission actually originates from hot localized regions on the surfaces of these CCOs, since these localized
regions are what produce the measured X-ray pulsations. That the spectra of these CCOs can be also be well described by UTCA models weakens the argument for
these models when applied to other CCOs. A good fit to the UTCA model does not imply that the NS actually has a uniform surface temperature.
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Figure 4. Here we demonstrate that when a UTCA model is a good fit to the spectrum of a CCO, there may be a large range of distances that would also work. For the
CCOs in G330.2+1.0, G350.1—-0.3, and G15.940.2 there are a large range of distances that would fit the model and allow for reasonable values of the NS radius.

with a rate of —2.3% + 0.4% per 10 yr (Ny allowed to vary
independently between observations). Ho et al. (2021)
presented an analysis of all “graded” Chandra ACIS data, with
~3 s frame times and larger pile-up fractions ranging from 6%
to 13%. They found that the graded Chandra ACIS data are also
consistent with a nonmagnetic carbon atmosphere, with an
implied cooling rate of 2.8% =+ 0.3% per 10 yr (1o error, Ny
allowed to vary independently between observations).

We analyzed Chandra ObsIDs 6690, 13783, and 16946
using the same source and background regions as Posselt &
Pavlov (2018, 2022). We binned the spectra with a signal-to-
noise ratio of at least 10 and used the latest Chandra
ACIS contaminant model NO014. We fit the carbatm
model to them simultaneously, allowing T.¢ and Ny to vary

independently, and keeping Mys, Rns, and D fixed at equal
values for each observation. Figure 5 shows the spectra of the
Cas A CCO obtained during these observations. The primary
difference between our analysis here and previous works is that
we are searching over both Rys and D parameter space in order
to see how falsifiable the carbatm model is based on spectra
alone. We can see in Figure 5 that the precisely measured
distance to Cas A (D =3.33 £0.10 kpc) is not significantly
constrained by the model; the highest-quality available data can
still accommodate a significant range of distances and reason-
able NS radii. We list the spectral parameters corresponding to
Mns = 1.4 M, and Rys = 12 km in Table 3. Posselt & Pavlov
(2022) found slightly higher values of 7.4 implied by the
carbatm model. We have confirmed that these differences in
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Figure 5. A simultaneous fit to the X-ray spectrum of the CCO in Cas A observed at different epochs, with the NS mass, radius, and distance held fixed. The CCO in
Cas A has a precisely measured distance of 3.33 £ 0.10 kpc, but a closer distance estimate of ~2.2 kpc would be equally consistent with the model.

T are due to the different assumed NS mass and radius, since
the more compact NS parameters assumed by Posselt & Pavlov
(2022) imply a larger gravitational redshift.

2.6. G353.6—-0.7

Figure 6 shows two XMM-Newton spectra of the CCO in
G353.6—0.7. The earlier spectrum was fitted by Klochkov et al.
(2013, 2015) and Suleimanov et al. (2017) to a UTCA.
However, the more recent, longer observation is inconsistent
with the carbatm model. Figure 6 also shows that it has an
acceptable fit to a two-blackbody model. The flux of the hotter
component is dominant over the flux from the cooler
component. The cooler component likely originates from the
entire NS surface, although its temperature and area are not
well constrained, so we have fixed the temperature
kT warm = 0.08 keV in this analysis. In the absence of detected
X-ray pulsations, and without a precise distance estimate, the
data do not strongly constrain the temperature and emitting area
of the cooler spectral component.

The X-ray emission from the CCO in G353.6—0.7 has likely
been absorbed and scattered by dust along our line of sight
(Halpern & Gotthelf 2010b; Landstorfer et al. 2022). The net
effect on the observed spectrum would depend on the location
of the dust-scattering screen(s) and the grain sizes, both of
which are unknown. We attempted to account for this dust with
the xscat model available in XSPEC. We found that,
assuming a 3.2kpc distance, the CCO spectrum is still
inconsistent with any UTCA model, for a wide range of NS
masses and radii (0.6-2.0 M, 8-15 km), with all reduced chi-
square values Xi > 1.4.

Recently, Doroshenko et al. (2022) concluded that the CCO
in G353.6—0.7 has a very small mass, M = 0.7770%9 M. But
this result depends on all of the following necessary but
insufficient conditions: (i) the CCO has a UTCA, (ii) the star
associated with Gaia Early Data Release 3 source
5975119332093959552 is located inside the G353.6—0.7
SNR, and (iii) the distance to this star, and therefore also
G353.6—0.7, is 2.5kpc. This final assumption about the
distance to G353.6—0.7 is critical to their conclusion that the

CCO mass is much less than 1.4 M. Extended data Figure 1 of
Doroshenko et al. (2022) indicates that, if the CCO is actually
located at the 3.2 kpc distance favored by Tian et al. (2008),
then the 1o uncertainties on the NS mass would still be
consistent with a ~1.4 M., NS.

Doroshenko et al. (2022) did not analyze the longest,
highest-quality XMM-Newton observation shown in the
bottom two panels of Figure 6. We have found this observation
is inconsistent with a UTCA model of the CCO, at a fixed
3.2kpc distance, for any NS mass in the range from
0.6t02.0 M, with or without attempting to model the dust
scattering. Even allowing for a 2.5 kpc distance and a NS mass
M=0.7TM., we find a null-hypothesis probability of 0.03,
still worse than the two-blackbody model shown in the bottom
panel of Figure 6, which does not require a small NS mass at
either distance.

3. Upper Limits on Central Compact Object X-Ray Pulsed
Fractions

Gotthelf et al. (2013), in their Table 1, reported upper limits
on CCO X-ray pulsed fractions. Here we update some of those
limits with newly available timing data. The data sets used to
search for X-ray pulsations are listed in Table 4.

3.1. Pulsation Search Method

For each pulsation search we extracted events from a circular
region centered on the source. We chose the radius of each
region to maximize the signal-to-noise ratio 1/o of the source
photons. Here p is the photon count rate and o is the standard
deviation of the photon count rate. For each CCO we searched
for pulsations in two energy bands. One search was performed
in the full energy range of the CCO spectrum, and another
search was restricted to photons with energies greater than
1.5keV. This ensures that we do not miss pulsations from a
CCO similar to RX J0822.0—4300, whose pulsations are
almost perfectly out-of-phase in high- and low-energy bands.
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Figure 6. Top: a short 19.5 ks observation of the CCO in G353.6—0.7, which is well described by a UTCA model. Middle: the more recent 87.6 ks X-ray spectrum of
XMMU J173203.3—344518, along with a representative UTCA model. Evidently this higher-quality X-ray spectrum is inconsistent with the carbatm model.
Bottom: the spectrum is well described by the sum of two blackbodies, with the area of the hotter component a small fraction of the NS surface.
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Table 2
Independent SNR Distance Measurements
CCO SNR Distance (kpc) Method References
RX J0822.0—4300 Puppis A 1.3+0.3 H 1 velocity 1
CXOU J085201.4—461753 G266.1-1.2 (Vela Jr.) 0.5—-1.0 X-ray expansion and 2
molecular cloud association
1E 1207.4—5209 PKS 1209-51/52 2,148 H T velocity 3
CXOU J160103.1-513353 G330.2+1.0 >4.9 H I velocity 4
IWGA J1713.4-3949 G347.3-0.5 1.3+04 H 1 velocity 5
XMMU J172054.5—-372652 G350.1-0.3 ~4.5 H1and '2CO velocity 6
CXOU J185238.6+004020 Kes 79 6.5-7.5 H 1 velocity 7
CXOU J232327.9+584842 Cas A 3.33+0.10 Optical expansion 8
XMMU J173203.3—344518 G353.6—0.7 32+£038 Association with H II region G353.42—0.37 9
CXOU J181852.0—-150213 G15.9+0.2 7—-16 H I velocity 10

Note. Above the line are eight well-established CCOs; below the line are two candidates.
References. (1) Reynoso et al. (2017); (2) Allen et al. (2015); (3) Giacani et al. (2000); (4) McClure-Griffiths et al. (2001); (5) Cassam-Chenai et al. (2004); (6)
Gaensler et al. (2008); (7) Giacani et al. (2009); (8) Alarie et al. (2014); (9) Tian et al. (2008); (10) Tian et al. (2019).

We used the le statistic (Buccheri et al. 1983) to search for
X-ray pulsations. The general Z., statistic is defined as

M N 2 N 2
Zr==> (Zcos(ka:i)) +(Zsin(k¢i)) , (1)

Nk:l i=1 i=1

where ¢; is the rotational phase calculated from the arrival time
and N is the number of events.

All power spectra consist of noise as well as sometimes
signal. The upper limits on the X-ray pulsed fractions of NSs
should be calculated from the probability distributions of power
spectra including both the noise and the hypothetical signal.
Groth (1975) calculated these probability distributions, and
gave analytic formulae for the probability density, p,, that a
time series of a source with intrinsic signal power, P, will yield
a measured power, P:

Po(P; B) = (P/R)"D/2exp[—(P + B)l,_1(2{JPR). (2)

Here I,,_; is the modified Bessel function of the first kind, and n
is the number of frequency bins being summed to calculate the
total measured power P at a particular frequency. In this
analysis, we are summing power spectra incoherently from
multiple observations, so n is the number of summed power
spectra (we also perform a coherent search for the Cas A CCO).
Note that there is a factor of 2 difference in the definition of Z
in Equation (1) and the measured pulsed power P in
Equation (2): Z? = 2P. We integrate the probability density
pn to calculate f;,, the probability that the measured power falls
between 0 and P for an assumed Pq:

P
£,(P; B) = fo P, (x: B)dx. 3)

We calculated upper limits on the intrinsic pulsed fraction by
first using Equation (3) together with the maximum measured
power B,.x = 0.5 le(max) found in a period search to compute
the 99% confidence upper limit on intrinsic power Py, i.e., the
value of P, such that f, (Fn.x; ) = 0.99. We then computed
the corresponding upper limit on pulsed fraction, f®, using
the Pavlov et al. (1999) relation between pulsed fraction,
power, and the total number of counts, N, for the special case of

10

sinusoidal signals:

£ =2(1 + Ny /N)yB/N. @)
where N, /N, is the ratio of background counts to source counts
in the source extraction aperture, and Ny + N, = N.

For an observation of length 7 and time resolution 6¢, the
smallest detectable frequency is f,;,, =1/T and the largest
detectable frequency is the Nyquist frequency, f, .. = 1/26t.
The number of independent Fourier frequencies is equal to
T (fiyax —fuin)- In practice, a periodicity search may miss a
weak signal in the Z? statistic when the peak occurs between
two independent Fourier frequencies. To ensure that we do not
miss a signal in between two independent Fourier frequencies,
we oversampled the independent frequencies by a factor of at
least 5 in all of our searches. This oversampling, while
necessary, would complicate our calculation of the upper limits
on the CCO pulsed fractions if we used ZZ(max) from the
oversampled searches. To remedy this, we use only Z2(max)
from the independent Fourier frequencies to compute pulsed
fraction upper limits. When searching for pulsations in multiple
observations, we added the power spectra, and used the
le(max) from the total power spectrum to calculate the upper
limit on the pulsed fraction.

Table 5 lists the updated upper limits on pulsed fraction from
this timing analysis. We conclude from this that the CCO in
Kes 79 is an outlier, i.e., that none of the other confirmed CCOs
have similarly large pulsed fractions of 64%. The only caveat
concerns CXOU J160103.1—-513353: its pulsed fraction upper
limit is <50% for all plausible periods down to 12 ms and
<25% for periods greater than 146 ms (the Nyquist limit of the
XMM-Newton pn detector in full-window mode).

The CCO in Cas A was observed for 487 ks over a period of
11 days in 2009 March with the Chandra High Resolution
Camera (HRC)-S. Because of the close spacing of these
observations, they can be searched coherently. Halpern &
Gotthelf (2010a) reported on a search of the 433 ks of data that
were publicly available at that time, and calculated a 12%
upper limit on pulsed fraction. Here we analyze the full set of
observations. We searched the (f, f) parameter space over the
region f<200Hz for f <5 x 10713 Hzs™ ', < 100 Hz for
f <3 %1072 Hzs™ !, and f<10Hz for f <1 x 10710
Hzs ', oversampling by a factor of ~3 in each parameter.
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Table 3
Results of Spectral Fits to the tbabs * carbatm Model

SNR Date Ny Tee D (fixed) Rus (fixed) Mys (fixed) ¥2 (dof) Pt Hyp.
UT) (10** cm ™) (10° K) (kpe) (km) (M)
Puppis A Various 0.348+0:004 15312500} 1.3 12.0 1.4 1.06 (208) 0.250
Vela Jr. 2005-6-02 0.47070013 153379002 2.5 13.0 1.4 1.13 (73) 0.209
Vela Jr. 2010-11-13 0.4911091 153670004 2.5 13.0 1.4 1.09 (80) 0.265
PKS 1209-51/52 Various 0.099:+0:00¢ 1.48479:9003 2.0 12.0 1.4 1.01 (145) 0.463
G330.2+1.0 2015-3-08 3105514 1.80170:9% 6.0 12.0 1.4 1.19 (80) 0.115
G347.3-0.5 2013-8-24 0.52793% 2.102799%3 2.3 9.0 1.4 1.24 (93) 0.057
G347.3-0.5 2014-3-02 0.51879%% 2.04579%%3 2.6 10.0 1.4 1.09 (92) 0.260
G350.1-0.3 2007-2-23 3.5757931% 2.20679934 6.0 12.0 1.4 1.03 (38) 0.416
Kes 79 Various 1.737+00% 1.8419911 7.0 12.0 14 0.97 (112) 0577
Cas A 2006-10-19 14537904 17857001 3.33 12.0 1.4 1.109 (53) 0.272
Cas A 2012-5-05 14675093 177950912 3.33 12.0 1.4 0.900 (50) 0.675
Cas A 2015-4-27 1.395+3934 17587301 3.33 12.0 1.4 0.872 (47) 0.719
G353.6-0.7 2007-3-21 177133938 2.18379013 32 12.0 1.4 1.16 (70) 0.169
G353.6-0.7 2014-2-24° 1.898 0.191 3.2 12.0 1.4 2.23 (92) 0.000
G15.9+0.2 2015-7-30 4.109+0:398 17024354 8.5 12.0 1.4 0.61 (26) 0.941

Notes. The parameters listed here correspond to the spectral models shown in Figures 2—6. Distances were chosen primarily to achieve an acceptable fit to the spectral
data, a reasonable NS radius, and consistency with the independently measured distances in Table 2, if possible.
# This XMM-Newton observation is incompatible with the carbatm model with a 1.4 M NS; we have listed the best-fit parameters here even though the fit is poor.

With the addition of this new data, we find a slightly lower
11% upper limit on pulsed fraction.

The four nonpulsing CCOs whose spectra are consistent
with UTCA models (see Figures 4 and 5) also happen to have
the largest upper limits on pulsed fraction listed in Table 5.
So, to the extent that the spectra of any CCOs are consistent
with a UTCA, their upper limits on pulsed fraction add little
support to the argument. The best case for a UTCA can be
made for the CCO in Cas A. However, its 11% upper limit on
pulsed fraction is still not lower than the measured 11% and
9% amplitude pulsations of RX J0822.0-4300and 1E
1207.4—52009.

The CCOs in Vela Jr. and G347.3-0.5 have two of the three
lowest pulsed fraction upper limits (5% and 3%, respectively).
We showed in Section 2.2 that their distances are too close to
have uniform-temperature surfaces accounting for their spectra.
The third CCO with a very low pulsed fraction upper limit is
the CCO in G353.6—0.7, with an upper limit of 5%. In
Section 2.6, we demonstrated its X-ray spectrum is inconsistent
with a UTCA for any reasonable distance and NS radius.

Therefore, the three CCOs with the smallest upper limits on
pulsed fraction evidently do not have UTCAs. Pulsed fraction
upper limits of 5% or even 3% are therefore not proof of a
uniform-temperature surface, let alone the larger upper limits
for the other CCOs with published UTCA fits. The CCOs in
Vela Jr. and G347.3-0.5, plus the three CCOs with measured
X-ray pulses, comprise five out the eight well-established
CCOs that are better understood as having localized thermally
emitting surface regions, even while four of these five have
pulsed fractions <11%. Since uniform-temperature surfaces are
disfavored for these CCOs, in the following section we
consider what alternative conclusions can be drawn.

4. Constraints on Central Compact Object Hot Spots

We have shown that some CCOs without detected pulsations
are still expected to have small hot spots based on their spectra.

11

Their pulse modulation is simply below current detection
limits. A small pulse modulation indicates some combination
of (i) a small angle, 1), between the rotation axis and the
observer’s line of sight, and (ii) a small inclination angle, &,
between the rotation axis and the hot-spot pole. Viewing angle
1) is sinusoidally distributed: D (¢)) = sin(%). The reason is that
the distribution of angles obtained by sampling the angles
between two vectors pointing in random directions in three-
dimensional space is a sine distribution. In this case the two
vectors are the NS spin axis and our line of sight to the NS, and
there is no known selection effect that would bias the viewing
angle.

Calculations by Suleimanov et al. (2017) and Doroshenko
et al. (2018) assume that £ is also sinusoidally distributed:
D(&) = sin(§), with hot spots randomly distributed in three-
dimensional space, therefore more likely located near the
rotational equator where they can produce stronger X-ray
pulses. This amounts to an assumption that the strong crustal
magnetic fields producing CCO hot spots are physically
uncorrelated with the NS rotation axis. Their statistical
conclusion that some CCOs must have UTCAs then depends
critically on this physical assumption.

Next, we will make a rough estimate of the distribution, D
(&), that would be consistent with the upper limits on pulsed
fraction calculated in Section 3, under the assumption that all
CCOs have small antipodal hot spots. First we will use the
general relativistic emission model described in Alford et al.
(2022) to show that, if a given CCO does have hot spots, then
the spots are small enough that their effect on the light curve is
as if they are effectively point-like. Then we will calculate the
observed pulsed fractions from an emission model with two
small, identical, antipodal hot spots, as a function of the
geometric angles ¢ and &. Finally, we will calculate the
probability of detecting X-ray pulsations from a randomly
selected CCO, for a given assumed D(&) and an observed upper

limit on pulsed fraction, f;‘a".
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Table 4
Log of X-Ray Observations Used for Timing Analysis®
SNR ObsID Date Exposure Telescope/Instr./Mode Extraction Radius Counts Background Max. le
(UT) (ks) (%)
G266.1—-1.2
0147750101 2003-05-21 58.0 ks XMM/EPIC-pn/SW 20" (22”5) 17922 (8278) 16% (16%) 34.3 (38.8)
0207300101 2005-06-02 53.9 ks XMM/EPIC-pn/SW 17”5 (32”5) 19113 (9378) 12% (7%) 35.2 (32.7)
0652510101 2010-11-13 84.5 ks XMM/EPIC-pn/SW 22”5 (27"5) 31390 (13604) 15% (10%) 37.1 (36.5)
G330.2+1.0
0500300101 2008-03-20 68.4 ks XMM/EPIC-pn/SW 12”5 (1570) 2210 (1437) 47% (40%) 31.9 (30.9)
0742050101 2015-03-08 140.9 ks XMM/EPIC-pn/FW 15”0 (15”0) 4518 (3861) 30% (27%) 32.9 (33.6)
G347.3-0.5
0722190101 2013-08-24 138.9 ks XMM/EPIC-pn/SW 37”5 (3775) 127751 (59536) 7%(8%) 40.4 (35.6)
0740830201 2014-03-02 140.8 ks XMM/EPIC-pn/SW 37"5 (37"5) 102660 (47948) T%(7%) 34.5 (34.4)
G350.1-0.3
14806 2013-05-11 89.7 ks Chandra/ACIS-S/CC 3 pixel columns® 5083 (4716) 15%(13%) 35.4 (33.8)
Cas A
1857 2000-10-04 48.9 ks Chandra/HRC-S 172 1455 6% 32.3
1038 2001-9-19 50.4 ks Chandra/HRC-S 172 1405 6% 34.5
10227 2009-3-20 132.4 ks Chandra/HRC-S 172 3332 6% 36.5
10229 2009-3-24 49.0 ks Chandra/HRC-S 172 1243 6% 35.5
10892 2009-3-26 125.7 ks Chandra/HRC-S 172 3236 6% 34.6
10228 2009-3-28 131.0 ks Chandra/HRC-S 172 3192 6% 333
10698 2009-3-31 52.0 ks Chandra/HRC-S 172 1352 6% 38.7
G353.6-0.7
0722190201 2014-2-24 131.2 ks XMM/EPIC-pn/SW 37”5 (37"5) 67241 (53305) 11%(10%) 36.6 (32.3)

Notes. “SW” and “FW” indicate the small-window mode and full-window mode of the XMM-Newton EPIC-pn detector.
# List of X-ray observations analyzed to search for pulsations and place upper limits on their pulsed fractions. Values in parentheses refer to the searches that were

restricted to photons with energies greater than 1.5 keV.

b Photons were extracted from the column centered on the CCO, and the two columns on either side. Background rates were estimated from the two columns located

three pixels away on either side of the CCO center column.

Table 6 lists the spectral parameters resulting from fitting the
nonpulsing CCOs to one- or two-temperature blackbody
models. We also list the angular radii, 3, of the emitting
regions on the NS surface, assuming two identical antipodal
spots, for the special case where ¢ = 90° and £ = 0°. Different
hot-spot geometries will have ( values within a factor of ~2 of
these indicative values. We model each spot with a hotter
circular region with angular radius 3,, and if two blackbodies
are required to fit the spectra a surrounding cooler annular
region with angular radius ;. For completeness we include the
corresponding parameters for the CCOs in Puppis A and
Kes 79, whose energy-dependent pulse profiles have already
been successfully modeled (Bogdanov 2014; Alford et al.
2022). In the case of Kes 79, it is known that there is a cooler
region surrounding a hotter region, but in the case of Puppis A
the two different temperature regions are actually approxi-
mately antipodal. Angular radii 3 listed in Table 6 should be
considered a rough estimate of the emitting region sizes.

For all of the nonpulsing CCOs in Table 6 3 < 10°, so it is a
good approximation to treat them as effectively point-like when
computing their X-ray pulses. Also, since the two emitting
regions are identical in this model, their different temperatures
will not create an energy dependence in the pulse profiles. For
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these reasons, assuming isotropic emission, it is sufficient to
calculate pulse profiles for just one special case to place
constraints on CCO hot spots. In the absence of detected X-ray
pulsations, our goal is to roughly constrain the sizes and
locations of the emitting regions for the CCO population as a
whole.

Here we calculate theoretical pulse profiles from a CCO with
two identical, single-temperature, antipodal hot spots with
B1=10°. Our emission model predicts the time-dependent
X-ray flux, fully including the general relativistic effects of
gravitational redshift and light bending. We assume a 12 km
radius, 1.4 M. NS, with isotropic blackbody emission. For
more details on this emission model, see Alford et al. (2022),
where it successfully reproduces the energy-dependent pulse
profiles of the CCO in Puppis A.

Figure 7 (left) shows the pulsed fractions calculated from
this model as a function of £ and 1. We use these pulsed
fractions to calculate cumulative distribution functions of
the pulsed fraction for several assumed statistical distributions,
D(&). In other words, we calculate the probability that one
would expect to have a pulsed fraction less than a given
observed upper limit f;‘ax, assuming some distribution of &.

For each fpma" we calculate the probability P(f, < f;,na") that a
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Table 5
CCO Pulsed Fractions and Upper Limits

CCO SNR Pulsed Fraction® Period Period Ranges Searched
(%) (ms) (ms)
RX J0822.0—4300 Puppis A 11 112
CXOU J085201.4—461753 G266.1-1.2 (Vela Jr.) <5 12 — 107
1E 1207.4—-5209 PKS 1209-51/52 9 424
CXOU J160103.1-513353 G330.2+1.0 <50 (49) 12 — 107
CXOU J160103.1-513353 G330.2+1.0 <25 (25) 146 — 107
IWGA J1713.4-3949 G347.3-0.5 <3 4) 12 — 107
XMMU J172054.5—-372652 G350.1-0.3 <19 (19) 6— 107
CXOU J185238.6+004020 Kes 79 64 105
CXOU J232327.9+584842 Cas A <11 5107
XMMU J173203.3—-344518 G353.6-0.7 <5 (6) 12 — 107
CXOU J1852.0—150213 G15.9+0.2

Note.

# Pulsed fraction upper limits (99% confidence) for the full energy range are listed, along with upper limits for searches restricted to energies greater than 1.5 keV in

parentheses.

max,

randomly selected CCO has a pulsed fraction less than fp :
/2 pw/2 .
LT S, ©sing DEdE dy
/2 pm/2 .
S siny D(©dE dy

where S(¥, §) is defined as

P(f, <f) =

s

L, & < fm

max * (6)
0. £, & >f!

S, 5)—{

The right panel in Figure 7 shows the cumulative distribution
functions calculated from Equation (5), assuming different
distributions, D(§). Suppose, for example, that the CCO in Vela
Jr. has a pulsed fraction just below the 5% upper limit in
Table 5. Then, a 50% chance of a nondetection is consistent
with ¢ being drawn from and exponential distribution with a
scale factor A~ 20°. Also, examining the right panel of
Figure 7, we find that if £ was actually uniformly or
sinusoidally distributed then a majority of CCOs would have
pulsed fractions greater than 10%, in contradiction to what is
actually observed. On the other hand, if £ is exponentially
distributed with a scale factor A ~ 20°, then it is expected that a
majority of CCOs will have pulsed fractions <10%, as is
observed. Six of the 10 CCOs that we fit to carbon atmosphere
models in Section 2 have pulsed fractions <11%, which is also
roughly consistent with an exponential distribution with
A~ 20°. We have shown five of these six must have small
spots. Since v is sinusoidally distributed, and D(&) seems to be
consistent with an exponential distribution with A ~ 20°, we
conclude that the CCOs without detected pulsations are most
likely found in the upper-left region of Figure 7 (left), with
£<20° and ¢ 2 60°.

This emission model assumed that the antipodal hot spots are
the same size and temperature, allowing the pulsations to
almost perfectly cancel out in some regions of the ¢ and
parameter space. If the spots were of unequal sizes or different
temperatures, then this would slightly increase the pulsed
fractions shown in Figure 7. It would not change the conclusion
that £ must be approximately exponentially distributed in order
to be consistent with the observed upper limits on pulsed
fraction.
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5. Discussion
5.1. Comparison with Previous Studies

Recently, Wu et al. (2021) also reported upper limits on the
X-ray pulsed fractions of several CCOs. Their analysis differs
from ours in three ways. First, Wu et al. (2021) did not account
for the known background count rates, i.e., they did not include
the necessary factor (1 + N,/Ny) of our Equation (4). This is
important for the CCOs in G266.1—1.2 (Vela Jr.), G330.2
+1.0, G350.1-0.3, and G353.6—0.7, which have N, /N > 0.1,
and especially in the case of the CCO in G330.2+41.0, which
has a N,/N as high as 0.47. Second, they only searched for
pulsations in the full energy range of each CCO X-ray
spectrum. It is useful also to search for pulsations in multiple
energy bands, in order to not miss weak signals that feature
energy-dependent phase shifts, such as those produced by the
CCO in Puppis A. Third, they did not account for the effects of
noise in the power spectrum by using the appropriate
probability distribution. In searching for weak signals, noise
is always a significant contribution to the total measured power.
Wu et al. (2021) reported a 18% upper limit (30) for the CCO
in G330.2+1.0, which is much lower than the 50% (99%
confidence) upper limit we calculated, likely because they did
not take into account the significant (~40%) background rates
for this source. Their other reported pulsed fraction upper limits
are closer to our results, likely because the error introduced by
neglecting the background rates roughly canceled out the error
introduced by neglecting noise power in those cases.

Wu et al. (2021) performed a similar spectral analysis of
CCOs using the carbatm model. They also found that the
distances to G266.1—1.2 (Vela Jr.) and G347.3-0.5 are incon-
sistent with emission from the whole surface of a NS with a
reasonable mass and radius. Wu et al. (2021) chose not to
analyze the longest observation of the CCO in G353.6
—0.7 (ObsID 0722190201), writing that it was hard to select
a background region. We found that the background rate was
not too large during this observation (~4% for the spectral data
analysis), and that this high-quality spectral data demonstrates
that the carbatm model is not consistent with the spectrum of
this CCO.

Suleimanov et al. (2017), Doroshenko et al. (2018), and Wu
et al. (2021) performed statistical calculations involving the
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Table 6
Hot-spot Angular Radii 3 Implied by Blackbody Models and/or Pulse Modeling

SNR Ny T, L T, L, D (fixed) 6 B> x2 (d.of) H,
(10 cm™?) (keV) 10 erg s (keV) 10* erg s (kpc) @) ©

Puppis A® 0.58+391 02223912 0.95+004 04114351 101459} 13 1523 3.93 1.01 (284)  0.442
Vela Jr. 033410013 0.38375:05% 0.14125:3%2 0.75 0.76 1.172 (56)  0.178
PKS 1209-51/52  0.135°0021  0.147293%¢ 2.7891073 0.35109%8 0.843+0-173 2.1 2345 223 1251 (43)  0.126
G330.2+1.0 2.83979338 0.4075%3 1934981 . 49 2.5 1.156 (50)  0.209
G347.3-0.5 04747338 0.25175:932 0.52979974 0.44170:92¢ 0.783%0138 0.13 034 014 1179 (56) 0.17
G350.1-0.3 311379308 0.472709% 41457138 o 45 2.72 0.843 (24)  0.683
Kes 79° 1.52 (fixed) 02231008 6.56 0.5167 5943 12.1 7.1 28.6 72 0.9 (31) 0.626
Cas A 13721398 0.3721+53:9% 3.101+92% 3.33 3.79 0.968 (135)  0.588
G353.6-0.7° 149215302 0.487759% 7.58479131 32 3.92 1.155 (74)  0.171
G15.9+0.2 451611917 0.342+006%8 3.7783413 8.5 493 0.547 (17) 0.93

Notes. The NS mass and radius are held fixed at 1.4 M, and 12 km when calculating the hot-spot angular radii 5, and (3. Hot-spot angular radii 3, and 3, are
calculated assuming there are two identical antipodal emitting spots, consisting of a hot spherical cap with temperature 7, and an annular region with a lower
temperature 7. Distances are held fixed, and chosen for consistency with the independently measured values listed in Table 2.

# Parameters for Puppis A and Kes 79 are taken from Alford et al. (2022) and Bogdanov (2014), respectively, with the values for Kes 79 corresponding to a magnetic

hydrogen atmosphere model.

® The X-ray spectrum of the CCO in G353.6—0.7 is well described by a two-blackbody model, with the cooler component likely originating from the whole NS
surface. The cooler blackbody temperature is not well constrained by the data, and here we have held it fixed at 0.08 keV.

distribution of hot spots similar to our calculations in Section 4.
Their calculations assume that the hot-spot inclination angle &
is sinusoidally distributed, i.e., random in space. We demon-
strated in Section 4 that the upper limits on CCO pulsed
fractions, combined with the spectral fitting presented in
Section 2, invalidate this assumption. Suleimanov et al. (2017)
and Doroshenko et al. (2018) used a similar model with
identical antipodal hot spots, but their model features
anisotropic emission, as expected from a nonmagnetic hydro-
gen atmosphere. This will tend to produce slightly larger pulsed
fractions than our isotropic emission model.

Doroshenko et al. (2018) and Wu et al. (2021) calculated
theoretical pulsed fractions for viewing angles 0° < < 90°,
not the full 180° range. Their models feature two antipodal
spots with different temperatures and sizes, but since they did
not consider the full range of v their results are biased by the
arbitrary choice of whether the hotter spot is the “near” one or
the “far” one. Our modeling, as well as the modeling of
Suleimanov et al. (2017), uses identical antipodal emitting
regions, so the results are symmetric with respect to the
interchange of the two hot spots, and it is sufficient to calculate
pulsed fractions in the restricted range 0° < ¢ < 90°.

In the absence of detected X-ray pulsations, it is impossible
to know what type of emission model is more realistic for a
given CCO. If the spectrum can be described by a two-
blackbody model, the two temperatures could still be coming
from adjacent regions of the NS surface, as Bogdanov (2014)
demonstrated is the case for the CCO in Kes 79; or, the two
temperatures could actually correspond to two disconnected
regions on the NS surface, as Alford et al. (2022) demonstrated
is the case for the CCO in Puppis A. The emission from the
CCO in Puppis Ais consistent with an isotropic emission
pattern, while the emission from the CCO in Kes 79is
consistent with a very anisotropic emission pattern. Never-
theless, our modeled pulsed fractions on the left of Figure 7 are
still similar to the model results of Suleimanov et al. (2017) and
Doroshenko et al. (2018), which assume anisotropic emission.
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It is the assumption that £ is randomly distributed in space, or
not, that accounts for our different conclusions about CCOs
having uniform-temperature surfaces. Since our spectral fits
presented in Section 2 show that the surface temperatures of
CXOU J085201.4—461753 and 1WGA J1713.4—3949 cannot
be uniform, we conclude that ¢ is likely not random.

Doroshenko et al. (2018) actually contemplated the possi-
bility that some process aligns the magnetic field of the NS
with the rotation axis, but wondered why the same process
would not affect the pulsating CCO population. We have
evidence that there is such an effect, and that it also aligns the
hot spots seen on the pulsating CCOs. Alford et al. (2022)
found that the primary hot spot on RX J0822.0—4300 is likely
very close to its rotation axis, with a most probable value of
&~ 6°. Bogdanov (2014) found that an emission model with a
hot spot <10° from the rotation axis can reproduce the energy-
dependent pulse profiles of the CCO in Kes 79, while the 64%
pulsed fraction is due to highly anisotropic emission.
Anisotropic emission can be produced in strongly magnetized
(ZIO12 G) atmospheres (see, e.g., Pavlov et al. 1994; Zavlin
et al. 1995). A strongly magnetized atmosphere might be
expected at the spot where a strong crustal field is channelling
heat. The CCO in PKS 1209-51/52 has a 9% pulsed fraction,
and its pulse profiles show no energy-dependent phase
changes. This indicates that the observed emission is likely
from just one region on the NS surface, and that this region is
likely near the rotational pole.

Posselt & Pavlov (2022) found that a nonmagnetic hydrogen
atmosphere model fits the Cas A CCO spectra equally as well
as the carbatm model, with the emitting area of the hydrogen
model covering a small fraction of the NS surface. They found
that while cooling of the atmosphere is implied by the carbon
atmosphere model, a hydrogen atmosphere model implies that
the size of the emitting region(s) on CXOU J232327.9
4584842 are shrinking.

Finally, there are two candidate CCOs whose spectra we
have not analyzed in this paper because their X-ray emission is
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Figure 7. Left: pulsed fractions as a function of the geometric angles ¢ and &, for a CCO emission model with two small identical antipodal hot spots. Pulsed fraction

contours indicate the parameter space that is ruled out for several CCOs, because their pulsed fraction upper limits fp

max

are less than the pulsed fraction f,, predicted by

the model. Right: for various probability distributions D(€), we plot the probability that f,, < f;““" for a randomly selected CCO.

too faint to draw strong conclusions regarding their spectra.
These candidates are found in the G296.8—0.3 and SN 1987A
SNRs (Sanchez-Ayaso et al. 2012; Page et al. 2020).

5.2. Can a Central Compact Object Avoid Gaining One
Optical Depth of Hydrogen for (at Least) Hundreds of Years?

In order to develop a carbon atmosphere, a CCO must (i) be
hot enough for efficient DNB, and also (i) avoid accreting
hydrogen or helium at a rate comparable to the rate that H and
He are consumed by DNB. A CCO may meet the first criteria
since CCOs are very young NSs, but it is not obvious that their
positions within SNRs would allow them to meet the critical
second criteria of low accretion rates. The youngest, hottest
period of a CCO’s lifetime occurs when the mean density of the
surrounding supernovae ejecta is highest. Also, their very weak
pulsar winds, as evidenced by their lack of surrounding pulsar
wind nebulae, will not help reduce their accretion rates.

The Bondi-Hoyle rate provides an order-of-magnitude
estimate of CCO accretion, given a CCO velocity and the
mean density of the surrounding ejecta. We estimate the mean
density in the inner region of a SNR using Equations (1)
through (3) of Blondin et al. (2001), derived from the self-
similar driven wave solutions of Chevalier (1982). The Cas A
SNR in particular is only ~350 yr old and therefore its mean
ejecta density, which evolves as 7, is still high. Hobbs et al.
(2005) found that pulsar birth velocities are well described by a
Maxwellian distribution with a mean of 400 &40 km s~ !, and
Mayer & Becker (2021) measured CCO proper motions and
found that they are consistent with being drawn from this same
distribution. For the CCO in Cas A they measured vy =
570 £ 260 km s~ ', consistent with a previous Vpi A2 350 km
s~' measurement based on a determination of the kinematic
center of the SNR (Thorstensen et al. 2001; Fesen et al. 2006).
Observations and modeling of Cas A indicate that the
explosion energy Egy =~ 2 x 103! erg and the ejecta mass
M.j~3 M (Vink et al. 1996; Willingale et al. 2003; Orlando
et al. 2016; Laming & Temim 2020). Assuming the NS
velocity, vns, iS much greater than the sound speed, the
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Bondi-Hoyle accretion rate for a 1.4 M, NS is

~3/2 5/2
M=12 x 101| —EN Mo
2 x 107" erg 3 M,

-3 _
% t ( VNS ) 3 g yrfl.
350 yr 500 km s~

Therefore, in order to produce and maintain a carbon
atmosphere, the ejecta density along the Cas A CCO trajectory
would have to be approximately three orders of magnitude less
than the mean SNR density. While the accreted ejecta is
unlikely to be pure hydrogen, Bildsten et al. (1992) found that a
NS accreting CNO elements will produce significant atmo-
spheric hydrogen through spallation.

5.3. Effects of Magnetic Field Structure and Evolution on
Surface Thermal Emission

Localized hot spots on NSs are naturally explained by
anisotropic heat conduction due to strong crustal magnetic
fields (see, e.g., Greenstein & Hartke 1983). Thermal
conductivity is higher parallel to the B field; radially directed
crustal fields will be thermally connected to the NS interior,
and crustal B fields parallel to the NS surface will act as
insulators.

It is unclear if the hot spots on CCOs correspond to the
location of the dipole field axis or to other field components. In
either case, spin-down measured dipole B fields for CCOs are
smaller than those of normal radio pulsars. COOs may have
intrinsically weak dipole fields, or they may have been born
with dipole fields comparable to normal radio pulsars, with
their fields promptly “buried” by hypercritical accretion
following the supernova explosion. Here, we will consider
the intrinsically weak dipole field and buried dipole field
scenarios separately.

In the first scenario, CCOs could simply be born with weak
global dipole fields, and strong, localized crustal magnetic
fields, preferentially formed close to their rotation axes.
Dynamos are likely necessary to create magnetar-strength
fields (see, e.g., Spruit 2008), and correlations between rotation
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and magnetic fields are expected both during pre-collapse
stellar evolution (Heger et al. 2005) and in proto-NSs
(Nagakura et al. 2020). An advantage of this scenario is that
the same physical processes can create both the weak dipole
field and the stronger localized components, and correlations
with NS rotation rate and rotation axis could arise naturally in a
dynamo mechanism. Magnetic field amplification in NS births
is an active area of research, and the details of such a
mechanism would need to be worked out in detail.

There are two primary challenges for this intrinsically weak
dipole field scenario. First, Kaspi (2010) noted that the CCOs
in Kes 79 and Puppis A are in an underpopulated region of the
P—P diagram. If CCOs are common, this region of the
P — P diagram should be dense with their descendants. Kaspi
(2010) noted that selection effects cannot explain the under-
density of radio pulsars in this region of the P — P parameter
space. A plausible solution is that NS radio luminosity may be
dependent on spin-down power (Faucher-Giguere & Kaspi
2006), creating a selection bias against discovering NSs in the
region of the P — P diagram occupied by CCOs.

The second missing element of the intrinsically weak dipole
field scenario is a mechanism that produces weaker CCO
dipole fields than the dipole fields of normal radio pulsars.
Faucher-Giguere & Kaspi (2006) found that the birth period
distribution of normal radio pulsars has a mean of ~300 ms and
a dispersion of o ~ 150 ms. So, the birth spin periods of CCOs
may be comparable to normal radio pulsars, and this parameter
alone would not explain their different spin-down measured
dipole fields. The difference in dipole field strength would have
to depend on the progenitor’s seed field or some other
unknown parameter.

Now, we consider the second scenario, where CCOs are born
with B fields comparable to normal radio pulsars, and then
these fields are buried by hypercritical accretion following the
supernova explosion. In this scenario, the underdensity of radio
pulsars in the P — P diagram near CCOs is naturally
explained: the eventual reemergence of the buried field
increases P and the CCO moves up the diagram toward the
normal radio pulsars.

If CCOs are produced by B-field burial, then their hot spots
likely correspond to the poles of the buried dipole field. Here
we discuss what mechanism could be aligning their dipole
fields with their rotation axes to produce the correlation
observed in CCOs. It has long been known that electro-
magnetic torques can decrease the magnetic inclination angle
of a NS, with calculations by Michel & Goldwire (1970)
showing that these torques can align the rotational and
magnetic axes, initially separated by an angle, &, on a NS in
vacuum, on an exponential timescale, T;'ﬁcgn, comparable to the
spin-down timescale, To:

Taien = 1.570 cOs 2 &, 7
where
Ic3 By Y} P, Y
7':—'2:108( 0 ) ( 0 ) I, 8
0T e 100G) \100ms/ ” ®

and the sine of the inclination angle decreases exponentially:
sin § = sin &, exp (—1 /Tjign)- 9)

More recently, Philippov et al. (2014) calculated the change
of inclination angle using MHD simulations that include
magnetospheric torques, and found that the inclusion of
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magnetospheric effects decreases the rate of change of
inclination angle from an exponential to a power law. The
calculations by Michel & Goldwire (1970) and Philippov et al.
(2014) show that electromagnetic and magnetospheric torques
act too slowly to significantly change the inclination angles of
CCOs from their birth values, since CCOs are only hundreds or
thousands of years old, as determined by their associations
with SNRs.

A faster alignment mechanism was presented by Dall’Osso
& Perna (2017), who studied the coupled interior viscosity and
magnetic field evolution of a NS, and found that it could
produce small inclination angles on ~300 yr timescales. This
mechanism is therefore fast enough to produce small inclina-
tion angles on CCOs. Whether the mechanism increases or
decreases the initial inclination angle depends on the
magnetically induced ellipticity, mass, radius, and initial spin
period, so it may be the case that the values of these parameters
applicable to CCOs tend to produce small inclination angles.
For a 1.4 M, 12 km radius CCO, with a ~100 ms spin period
similar to the CCOs in Kes 79 and Puppis A, this mechanism
will produce a small inclination angle if the magnetically
induced ellipticity e = a few x 107, For a longer spin period,
such as the 424 ms spin period of the CCO in PKS 1209-51/
52, a small inclination angle would be produced if the
magnetically induced ellipticity ez >a few x 1075 A large
buried field could then explain both the existence of hot spots
on CCOs and their small inclination angles.

5.4. Directions for Future Work

A better understanding of the physical properties of CCOs
will require more detections of their rotational periods and
period derivatives. These measurements can be made with
either longer X-ray timing observations, or a new instrument.
There is a specific need for a new instrument that could mask
out the very bright SNR emission surrounding the Cas A CCO,
while retaining the timing, spatial resolution, and throughput of
(at least) Chandra. If more rotation periods are detected, then
energy-dependent pulse profile modeling can further constrain
the surface emission geometries of CCOs.

CCOs are perhaps the least understood class of young NSs.
This poses a theoretical challenge, since CCOs represent a
significant fraction of NS births. Somehow, a significant
fraction of young NSs end up with low spin-down measured
dipole fields, and larger, crustal fields preferentially located
near their rotational poles. This correlation requires further
investigation, and a theoretical explanation.

6. Summary

We have shown that the CCOs in G347.3—0.5, Vela Jr., and
G353.6—0.7 must have nonuniform temperature surfaces with
one or more small hot spots, as opposed to UTCAs. This is
because G347.3—0.5 and Vela Jr. are located at distances too
close for a uniform-temperature carbatm model to give a
reasonable NS radius, and the X-ray spectrum of G353.6—0.7
is inconsistent with the carbatm model. Since the three
pulsed CCOs in Puppis A, Kes 79, and PKS 1209—51/52 were
previously known to have multitemperature surfaces, at least
six of the dozen known CCOs must have multitemperature
surfaces. We demonstrated that the X-ray spectra of the three
pulsed CCOs can be fitted with UTCA models of appropriate
NS area, despite having manifestly nonuniform surface
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temperatures. We then calculated new upper limits on CCO
X-ray pulse modulation using the best available data on the
unpulsed CCOs. Taken together, our spectral and timing
analyses indicate that there is no definitive evidence that any of
the remaining unpulsed CCOs has a UTCA. To account for the
possibility that all CCOs have localized, hot regions on the NS
surface, we developed a model where these hot spots are
located preferentially near the rotational poles, and are
consistent with an exponential distribution with a scale factor
A~ 20°. Strong crustal magnetic fields are required to produce
CCO hot spots, and the correlation of these magnetic fields
with the NS rotation axis requires further investigation.
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