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Central Compact Objects (CCO) - radio-quite,  
thermally emitting NS located  
close to geometrical centers  

of some SNRs
Puppis A, ROSAT

Cas A, Chandra

Petre et al. (1996)

Kes 79, Chandra

•  ~11 objects are known 
•  kT ~ 0.2 - 0.5 keV 
•  3 of 11 show pulsations 
•  B < 1010..1011 G



 D. Klochkov / Neutron star in HESS J 1731-347 / G353.6-0.7 33

Physical motivation to study CCOs

NSs in SNRs
~11 radio pulsars 
(Helfand 1998)

~11 CCOs 
(Gotthelf et al. 2013)

several AXP/SGRs 
(Mereghetti 2013)

A substantial fraction of NSs are born as low-magnetized CCO (?)

Together with XDINSs („M7“), 
CCOs provide an “undisturbed” 
view of the NS surface (or even 
better because of low B) → 
constraints on fundamental 
NS parameters
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Figure 7. Mass–radius region compatible with the distance to the CCO, obtained
from the wabs × nsagrav fits. The black strip corresponds to D = 3.3–3.5 kpc,
while the white strips leftward and rightward of the black strip correspond to
D = 3.1–3.3 and 3.5–3.7 kpc, respectively. The dotted lines correspond to
R = Rg and R = 1.5Rg , where Rg is the gravitational (Schwarzschild) radius;
the solid lines, g14 ≡ g/1014 cm s−2 = 10 and 0.1, correspond to the maximum
and minimum gravitational accelerations for which the nsagrav models are
available. The M(R) curves for two models of strange quark matter equation of
state, SQM1 and SQM3, are shown by dashed curves. The dash-dotted curves
are the loci of constant R∞ (note that R∞ → R for M → 0).

Thus, the emission from the CCO could, in principle, be
interpreted as emerging from a SQS atmosphere which could
form above a normal-matter crust (Glendenning & Weber 1992).
The main problem with this interpretation is the very low star’s
mass. For instance, if the SQS is formed as a result of a phase
transition in a NS, we would not expect the SQS mass to be
lower than ≈ 1 M⊙. One might speculate that the SQS was
formed directly in the SN explosion, but we are not aware
of SN models that would result in such a low-mass compact
remnant. On the other hand, we cannot be sure that such a
scenario is impossible. Therefore, we believe that the SQS
interpretation, however exotic it looks, should not be dismissed
until rejected by further observations. A possible way to check it
would be very deep observations in the near-IR (more suitable
than the optical because of the high extinction), which could
detect the Rayleigh-Jeans tail of thermal emission from the bulk
of the NS surface. If the small region associated with the CCO
X-ray emission is, in fact, just a heated area on the NS surface,
while the rest of the surface is substantially colder, the near-IR
observation could detect this colder emission and prove that its
size is much larger than that seen in X-rays. The current deepest
near-IR limit, inferred from HST NICMOS observations, is H >
24.6 (Fesen et al. 2006), but the emission from the NS surface is
expected to be even fainter, i.e., deeper observations are required
to detect it. The SQS interpretation would also be called into
question if future X-ray observations show this object to be an
anti-magnetar. (Although anti-magnetars might, in principle, be
SQSs, the more conventional NS interpretaion is preferable until
proven otherwise, according to the Occam’s razor.)

4.4. Summary

To summarize, we believe that the anti-magnetar interpre-
tation of the Cas A CCO, similar to the three other CCOs
proven to be anti-magnetars, is currently the most plausible.
In this interpretation, the CCO’s emission with the bolometric
luminosity L∞

bol ∼ 6 × 1033 erg s−1 emerges from a NS atmo-

sphere with nonuniform effective temperature, relatively low
magnetic field, B ! 1011 G, and very slow spin-down. The
origin of the temperature nonuniformity is not clear, as well
as for the other anti-magnetars; it might be caused by a much
stronger toroidal magnetic field in the NS crust. The most di-
rect way to check the anti-magnetar interpretation is to measure
the CCO’s period and period derivative and/or detect spectral
features that could be interpreted as harmonics of the electron
cyclotron frequency.

There is no observational evidence of the Cas A CCO being a
magnetar similar to the currently known SGRs and AXPs. We,
however, cannot rule out the possibility that it is an immature
magnetar, whose ultrastrong magnetic field is hidden in the NS
interiors and does not make a strong effect on the observable
properties. If this is the case, the Cas A CCO may eventually
turn into an “ordinary” magnetar, but we consider this hypothesis
rather speculative.

Finally, we cannot firmly reject the possibility that the Cas A
CCO is a SQS, with a radius of ≈ 5 km and a mass ! 0.8 M⊙,
covered by a normal-matter crust and an atmosphere with
kT ∞

eff ≈ 0.18 keV and L∞
bol ≈ 4 × 1033 erg s−1. It remains

unclear how the SQS with so low mass could be formed. Future
observations will help check this interpretation.

We thank Slava Zavlin for calculating nsagrav models for
a broader parameter domain, Dany Page for providing the NS
and SQS M(R) relations for various equations of state, Leisa
Townsley for the discussions of the CTI effects in ACIS, Nanda
Rea for the discussion of the RCS spectral model, Sandro
Mereghetti for the discussion of the XMM-Newton observation
of Cas A, and Oleg Kargaltsev, Zdenka Misanovic and Bill
Joye for their useful advice on the data analysis. Support for
this work was provided by the National Aeronautics and Space
Administration through Chandra Award Number GO6-7055X
issued by the Chandra X-ray Observatory Center, which is
operated by the Smithsonian Astrophysical Observatory for and
on behalf of the National Aeronautics Space Administration
under contract NAS8-03060. The work was also partially
supported by NASA grant NNX09AC84G.
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CCO in HESS J1731-347
XMM-Newton

No magnetar-like activity
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Picture from from 
Abramowski et al. 2011)

The distance lower limit:  ~3.2 kpc 
(Abramowski et al. 2011)

Scutum-Crux 	

arm ~3 kpc

4

CCO in HESS J1731-347: distance & emitting area

Norma-Cyg 	

arm ~4.5 kpc

LO
S

Search for pulsations down to 
0.2 ms: 

No pulsations with A>11.5% 
!
!

Emission comes from the 
entire NS surface. 

!
!

Carbon atmosphere fit is 
consistent with  

D = 3.2 and 4.5 kpc!
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ABSTRACT

Context. ...TBD...
Aims. ...TBD...
Methods. ...TBD...
Results. ...TBD...

Key words. neutron stars – supernova remnants – stars: atmospheres

Table 1. Summary of observations of XMMUJ173203.3�344518

Date Satellite exposure time res.
[ksec]

2007 Feb 23 Suzaku 41 8 s
2007 Mar 21 XMM-Newton 25 70 ms (PN)
2008 Apr 28 Chandra 30 3.2 s
2009 Feb 4 Swift 1.4 2.5 s
2009 Mar 9 Swift 1.4 2.5 s
2010 May 18 Chandra 40 2.85 ms
2012 Mar 2 XMM-Newton 24 0.03 ms (PN)
2013 Mar 7(⇤)

XMM-Newton 72 70 ms (PN)
2013 Oct 6(⇤)

XMM-Newton 61 70 ms (PN)
(⇤)The new observations analyzed in this work.

1. Introduction

...From the CCO ISSI proposal...

2. Observational data and the long-term flux history
of XMMUJ173203.3�344518

Since 2007, the CCO in HESS J1731�347 has regularly been
observed with the XMM-Newton, Chandra, Suzaku, and Swift

orbital observatories. Most of the observatios are targeted at the
supernova remnant HESS J1731�347 . A short log of available
observations is provided in Table 1. In this work, we focus on the
analysis of the last two XMM-Newton observations listed in the
table. We also re-analyse the 2007 XMM-Newton observations
using the latest processing software and calibration in order to
combine the data with those taken in 2013 (see next Section).

The new observations extend the long-term monitoring of the
source flux which now covers almost seven years. Figure 1 shows
the measured fluxes as a function of time. The Chandra 2010

data point is taken from Halpern & Gotthelf (2010). The error
bars indicate statistical errors only. The di↵erences between the

flux measurements with di↵erent instruments or with the same
instrument in di↵erent observing models (imaging/timing) reach
⇠20%. They can, however, be explained by imperfect absolute
flux calibration of individual instruments or observing modes1.
The only data points on Fig. 1 which can formally be directly
compared are the XMM-Newton observations in 2007 and 2013.
All three observations have been performed in the imaging Full

Frame

2 mode. The measured fluxes in these observations are
consistent within the statistical errors. The averaged flux over
the three observations (indicated by the horisontal dotted line) is
2.58 ⇥ 10�12 erg cm�2 s�1. Summarizing the results above, we
conclude that the available flux measurements are consistent with
the source flux being constant over the period covered by the
observations. The lack of any long-term variability is a common
property of CCOs.

3. Upper limits on the pulsed fraction

...Upper limits from all three non-timing observations (ta-
ble?)

4. Spectral analysis

4.1. Spectral reduction

...mention the test with di↵erent BG-regions....

4.2. Fit with Carbon atmosphere

4.3. Fit with hydrogen atmosphere

5. Conclusions
Acknowledgements. VS acknowledges the support by the German Research
Foundation (DFG) grant SFB/Transregio 7 "Gravitational Wave Astronomy" and
Russian Foundation for Basic Research (grant 12-02-97006-r-povolzhe-a) ** Up-
date! **

1
http://xmm2.esac.esa.int/docs/documents/CAL-TN-0052.ps.gz

2
http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb/epicmode.html

Article number, page 1 of 2page.2

Observations (2007-2013)
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New M/R-constraints with the new data

2007 + 2013a + 2013b, ~100 ks 
(Klochkov et al. 2014 in prep.) 
2007 (Klochkov, et al. 2013), ~22 ks)

D fixed to 3.2 kpc
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Constraints on the distance

D limited to be ≥ 3.2 kpc
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Fit with H-model

D fixed to 10 kpc!
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Carbon, summary

3.2 kpc

4.5 kpc
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Conclusions

CCOs are vary promising laboratories for studying neutron 
stars. 
The amount of XMM-Newton data on the CCO in HESS 
J1731-347 has increased by a factor of five. The new 
analysis lead to following results: 
!
•~7.5% upper limit on pulsed fraction for P > 0.14 s 
• no long-term variability/cooling 
• C or H atmosphere spec. fit is clearly preferred over BB-fit 
• hydrogen atm. fit lead to unrealistic distances, RNS, and MNS 
• with the carbon atm. fit, the data prefer D < 5..6 kpc 
• new constraints on the neutron star M and R 
• most „conventional“ EoSs require a distance of 3-4 kpc  
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Long-term flux monitoring: ~7 years 
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Long-term flux monitoring: ~7 years 
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Long-term flux monitoring: ~7 years 
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Search for pulsations

March 2013 (AO11), useful exp.: ~44 ks 
Rayleigh Z12-statistics: no periodic signal above 99% c.l. 
!
The 99% upper limit on the pulsed fraction of the source 
signal in 0.35-5.5 keV for sinusoidal pulsations down to 
2x70ms = 0.14s is 7.5% (for the total signal - 7.1%)  
  

Timing observations in 2012 (AO10), useful exp.: ~22 ks 
The 99% upper limit on the pulsed fraction of the source 
signal in 0.35-10 keV for sinusoidal pulsations down to 0.2ms 
is 11.5% (for the total signal - 8.3%, Klochkov et al. 2013)  
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Search for pulsations

Puppis A
1E 1207.4−5209

Kes 79

99% Upper limit
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Systematics due to BG-region selection
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Fit with H-model
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