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Total number of NSs in the Galaxy:  
• radio pulsars: ~          (Manchester et al. , 2005)
• X-ray binaries:~         (Liu et al. 2006, 2007)

The vast majority of NSs is not observed!

∼ 109

103

102

Characterization of NS population:
• using radio pulsars → obs. biases due to unknown 
distribution of B-filed strength and geometry, 
uncertain emission mechanism
• using XRBs → obs. biases due to uncertain details 
of binary evolution scenario(s)
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Total number of NSs in the Galaxy:  
• radio pulsars: ~          (Manchester et al. , 2005)
• X-ray binaries:~         (Liu et al. 2006, 2007)

The vast majority of NSs is not observed!

∼ 109

Characterization of NS population:
 Isolated X-ray emitting neutron stars potentially 
provide an independent way to study the NS 
population of the Galaxy. 
     Not strongly affected by magnetic field or binary 
evolution.

103

102
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• Isolated thermally emitting NSs 
   (“Magnificent Seven”); F. Haberl, 2007

• Magnetars (AXP/SGR), 10+4; S. Mereghetti, 2008

• Compact Central Objects (CCO) in SNRs, 8;
   E. V. Gotthelf & J. P. Halpern, 2007
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• Isolated thermally emitting NSs 
   (“Magnificent Seven”); F. Haberl, 2007

• Magnetars (AXP/SGR), 10+4; S. Mereghetti, 2008

• Compact Central Objects (CCO) in SNRs, 8;
   E. V. Gotthelf & J. P. Halpern, 2007
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X-ray emission is characterized by BB-continuum 
with little photo-electric absorption

2 Frank Haberl

Table 1 X-ray and optical properties of the Magnificent Seven

Object kT Period Amplitude Optical PM Ref.
eV s % mag mas/year

RXJ0420.0–5022 44 3.45 13 B = 26.6 1
RXJ0720.4–3125 85-95 8.39 8-15 B = 26.6 97 2,3,4,5,6
RXJ0806.4–4123 96 11.37 6 B > 24 7,1
RBS 1223(a) 86 10.31 18 m50ccd = 28.6 8,9,10,11
RXJ1605.3+3249 96 6.88? ? B = 27.2 145 12,13,14,15
RXJ1856.5–3754 62 − <1.3 B = 25.2 332 16,17,18,19
RBS 1774(b) 102 9.44 4 B > 26 20,21,22

(a) = 1RXSJ130848.6+212708
(b) = 1RXSJ214303.7+065419
References:
(1) Haberl et al. (2004a) (2) Haberl et al. (1997) (3) Cropper et al. (2001)
(4) Haberl et al. (2004b) (5) de Vries et al. (2004) (6) Motch et al. (2003)
(7) Haberl & Zavlin (2002) (8) Schwope et al. (1999) (9) Hambaryan et al. (2002)
(10) Kaplan et al. (2002a) (11) Haberl et al. (2003) (12) Motch et al. (1999)
(13) Kaplan et al. (2003a) (14) van Kerkwijk et al. (2004) (15) Motch et al. (2005)
(16) Walter & Matthews (1997) (17) Walter & Lattimer (2002) (18) Burwitz et al. (2003)
(19) van Kerkwijk & Kulkarni (2001b) (20) Zampieri et al. (2001) (21) Zane et al. (2005) (22) Komarova (2006)

2004). The ROSAT PSPC spectra with low energy res-
olution were consistent with Planckian energy distribu-
tions with blackbody temperatures kT in the range 40
– 100 eV and little attenuation by interstellar absorp-
tion. More recent high resolution observations of the two
brightest objects RXJ1856.4–3754 (Burwitz et al. 2001)
and RXJ0720.4–3125 (Paerels et al. 2001; Pavlov et al.
2002; Kaplan et al. 2003b) were performed using the low
energy transmission grating (LETG) aboard Chandra
and the reflection grating spectrometers (RGS) of XMM-
Newton. In particular the high signal to noise LETG
spectrum from a 500 ks Chandra observation of RXJ1856.4–
3754 did not reveal any significant deviation from a black-
body spectrum (Burwitz et al. 2001, 2003). The statis-
tical quality and energy band coverage of the RGS and
LETG spectra of RXJ0720.4–3125 are however insuffi-
cient to detect subtle narrow features in the spectrum
(Paerels et al. 2001).

Four of the M7 exhibit clear pulsations in their X-
ray flux, indicating the spin period of the neutron star
(RXJ0420.0–5022, RXJ0720.4–3125,RX J0806.4–4123 and
RBS 1223) and there is evidence that also RBS 1774 is
a pulsar (Zane et al. 2005). A possible candidate period
for RXJ1605.3+3249 needs future confirmation. A sum-
mary with blackbody temperatures derived from (phase-
averaged) EPIC-pn spectra, spin periods, amplitudes for
the flux modulation, optical brightness and measured
proper motions is given in Table 1 together with key
references for each object. Despite extensive searches in
ROSAT data (e.g. Rutledge et al. 2003; Chieregato et al.
2005; Agüeros et al. 2006) no further neutron star with
similar characteristic properties was found.

The first significant deviations from a blackbody spec-
trum were reported by Haberl et al. (2003) from EPIC
spectra of RBS 1223. A broad absorption feature near
300 eV was interpreted as proton cyclotron resonance ab-

sorption. Apart from this absorption line with an equiv-
alent width of 160 eV the X-ray spectrum of RBS 1223 is
blackbody-like. Haberl et al. (2003) also suggested that
changes in the soft part of the X-ray spectrum of the
pulsar RX J0720.4–3125 with pulse phase reported by
Cropper et al. (2001) are caused by variable cyclotron
absorption (Haberl et al. 2004b). Cyclotron resonance
absorption features in the 0.1–1.0 keV band are expected
in spectra from strongly magnetized neutron stars with
field strengths in the range of 1010−1011 G or 2×1013−

2×1014 G if caused by electrons or protons, respectively
(see e.g. Zane et al. 2001; Zavlin & Pavlov 2002). Varia-
tion of the magnetic field strength over the neutron star
surface leads to a broadening of the line (Ho & Lai 2004).

The relatively long spin periods in the range of 3.45 s
− 11.37 s (the majority of radio pulsars has periods less
than 1 s) were the first indicator for strong magnetic
fields. If the stars were born with millisecond spin pe-
riods, age estimates from neutron star cooling curves
(Page et al. 2006) and proper motions (tracing the neu-
tron star back to a likely birth place, Motch et al. 2006)
of typically 106 years require B fields of the order of 1013

G to decelerate the rotation of the stars to their current
periods. This was recently confirmed by the accurate de-
termination of the pulse period derivative Ṗ of 0.698 ×

10−13 s s−1 and 1.120×10−13 s s−1 for RXJ0720.4–3125
and RBS 1223, respectively (Kaplan & van Kerkwijk 2005a,b).
In the magnetic dipole braking model this yields charac-
teristic ages of 1.9× 106 years and 1.5× 106 years and B
field strengths of 2.4 × 1013 G and 3.4 × 1013 G, respec-
tively. Such strong fields supports the picture in which
the broad absorption lines – if due to cyclotron resonance
– at least for RXJ0720.4–3125 and RBS 1223 are caused
by protons.

Haberl, 2007:
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interpret these results as indicating that the Vela pulsar is a low
mass neutron star with a thick light element envelope and in
which neutrons and protons are paired in the entire core. On the
other hand, they could favor a neutron star whose core neutrons
have a Tc of the order of 109 K, without any constraint about
the proton pairing and the stellar mass, but this star must have
a heavy element envelope with at most 10!13 M" of light ele-
ments at the surface (see Fig. 16).

PSR 1706!44 is in a similar situation, but with larger
uncertainties both in T and in L1, due to the large distance and
age uncertainties. Confirmation of its association with the su-
pernova remnant G 343.1!2.3 (McAdam et al. 1993) would
help constrain both its distance and age.

7.4. Barely Detected and Undetected Objects

Sources that have negligible or no observed thermal emis-
sions, listed in Table 3 and plotted in Figure 2, are compared
with our results in Figure 30. The upper luminosity limits for
the two objects CXO J232327.8+584842 (in Cas A) and PSR
J0154+61 are well within the prediction of the minimal sce-
nario, whereas the limit of PSR J1124!5916 is on the lower
side, but still compatible.

Most interesting are the two stars PSR J0205+6449 (in
3C 58) and RX J0007.0+7302 (in CTA 1), whose upper limits
are clearly below our predictions. The remaining four objects,
with no pointlike emissions of any kind observed to date,
would provide definitive evidence for enhanced cooling if it
could be shown that neutron stars in fact exist in any of them.

8. COMPARISON WITH OTHER WORKS

The literature on neutron star cooling is extensive and dates
back to the early 1960s. Detailed studies of the ‘‘standard’’
cooling of isolated neutron stars have been presented, e.g., by
Nomoto & Tsuruta (1987), van Riper (1988), and Schaab et al.
(1996), but none of these works had included the neutrino
emission from the PBF process. Models incorporating the PBF
process were first presented by Schaab et al. (1997) and sub-
sequently by Page (1998). These two works, however, did not
explore effects of various EOSs and/or various sets of pairing
gaps within the framework of the ‘‘standard’’ scenario. Our

present results are in agreement with the results of Nomoto &
Tsuruta (1987), van Riper (1988), and Page (1998) when sim-
ilar input physics are used and allow a close comparison.

We find, however, large differences with the results of
Schaab et al. (1996) and Schaab et al. (1997) during the photon
cooling era in which the models of these authors cool much
more slowly than our models. This discrepancy is probably
attributable to differences in the specific heat. For example,
during the photon cooling era, the Schaab et al. models in
which pairing is considered cool in almost the same way as
models in which the effects of pairing are neglected. The
models without pairing have luminosities about 1 order of
magnitude higher than our corresponding models at ages in the
range 106–107 yr.

Extensive calculations of the effect of the PBF process have
been presented by Levenfish et al. (1999) in a simplified model
in which both the p 1S0 and n 3P2 gaps were assumed to be
constant in the entire core of the star. This simplification of
uniform Tc (which implies that protons are paired in the entire
core of their stars, whereas in our models the protons in the
central part of the star are unpaired for 1.4 M" stars) has the
effect of overestimating the neutrino emission by the PBF
process. Their results are consistent with our findings in that
they obtain somewhat cooler stars. For example, they can reach
log T1

e ¼ 5:8 at age t ¼ 104 yr, whereas our coolest model
with n 3P2 gap of our model ‘‘a’’ has log T1

e ¼ 5:9 at the same
age.

Subsequent works of Yakovlev et al. (2002) and Yakovlev
& Haensel (2003), which explored more realistic, density-
dependent gaps, obtained results that are in good agreement
with ours. For models in which no enhanced neutrino emission
is at work, these two works obtain a minimal log T1

e of 5.9,
as we do, at an age of t ¼ 104 yr.

Several recent works, Kaminker et al. (2001, 2002),
Yakovlev et al. (2001), and Tsuruta et al. (2002), studied the
cooling of neutron stars within the ‘‘standard’’ scenario (in-
cluding the PBF processes), but with enhanced neutrino emis-
sion at high density. In addition, they did not explore the range
of parameters that are considered here. Consequently, these
studies cannot be compared to the minimal scenario presented
here.

In a recent review, Yakovlev & Pethick (2004) have exam-
ined standard and enhanced cooling in an attempt to fit all the
data within one model. In this work, the data on individual
objects are fitted by treating the mass of the star as a free pa-
rameter. Models in which the n 3P2 gap is taken to be van-
ishingly small (Schwenk & Friman 2004) are favored, together
with a p 1S0 gap that persists up to very high densities and with
a Tc of the order of 7 ; 109 K. This latter feature is incom-
patible with all calculations of this gap we report in Figure 9,
but is not absolutely excluded. Our models for 1.1 M" with
nucleon pairing in the entire core (see Fig. 29) are similar to
those of Yakovlev & Pethick with nonvanishing n 3P2 gaps,
whereas our models of heavier stars with extensive neutron
pairing but a large volume of unpaired protons are similar to
their models with vanishing n 3P2 gaps and extensive proton
pairing (see Fig. 28).

9. DISCUSSION AND CONCLUSIONS

We have presented a detailed study of the thermal evolution
of an isolated neutron star using what we term as the minimal
cooling scenario. This scenario is an extension of the well-
known ‘‘standard cooling’’ scenario to include the effects of
nucleon pairing and complements neutrino emission by the

Fig. 30.—Global comparison of the upper luminosity limits for sources
lacking apparent thermal emissions with cooling trajectories, satisfying the
minimal cooling scenario. The area with the darkest gray shading contains
models with heavy-element dominated envelopes, whereas that with the in-
termediate shading contains models with light-element envelopes. The region
with the lightest shading contains models with intermediate compositions.

COOLING OF NEUTRON STARS 645No. 2, 2004

Population modeling 
(assuming different cooling 
scenarios) is difficult as ages 
are only determined in a few 
cases (Kaplan et al. 2007). 
To test theoretical models 
one needs sufficient number 
of sources!

Page et al. 2004

Turner et al., 2010:  the number of isolated thermally 
emitting NSs in RASS/BSC is 7÷50;
eRoseta should find 240÷1500!
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Both classes are 
associated with SNRs.
The SNR population of 
the Galaxy is going to 
increase, also using TeV-
range (recent discoveries 
by H.E.S.S., future 
observations with CTA)

- can also be detected in eRosita survey.

Preliminary analysis of TeV data by H.E.S.S. collaboration

CCO in HESSJ 1731-347, 
Pühlhofer, Klochkov, Santangelo, in prep.
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detected by XMM/PN

From simple BB-fit:

Distance to SNR:
~3.2 kpc 
(Tian et al. 2008)

D10 km � 30 kpc

D15 km � 45 kpc.

Modification of the spectrum by NS atmosphere gives
lower limit (V. Suleimanov, priv. comm.):
                           D ~19 kpc !
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Several compact object types not discovered yet:

• Isolated accreting NSs (Bondi-Hoyle accretion)
   MHD-simulations show that      given by Bondi formula should be   
    reduced by       , consistent with essentially no such sources  
    detected by ROSAT. But eRosita might find some!

• Isolated BHs (accretion or some exotic emission)
   probably some unidentified EGRET sources (Punsly et al. 2000)

• Isolated NSs on the propeller stage 
   (Blondin & Popov 2010)
• Extragalactic magnetars.

Ṁ
10−3
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Composite X-ray (red)/optical 
(blue & white) image of the spiral 
galaxy M74 (Liu et al.)

- sources with                 
erg/s, Eddington luminosity 
for a              black hole 
(Fabbiano 1989)

If emitting isotropically, 
M
- “Intermediate Mass Black 
Holes” 

10M⊙

∼ 20÷ 103M⊙

LX � 1039
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ULXs in star-forming galaxies (SFG) within ~30 Mpc 
can in principle be resolved with eRosita:  30´´ 
corresponds to ~1/3-1/2 of the linear size of the 
Galaxy

Prokopenko & Gilfanov (2009) considered:  
• galaxies within 35 kpc
 
• luminosity function of X-ray sources in SFGs for
                              (Grimm et al. 2003)
• distribution of galaxies in star forming rate 
   (Bell 2003)
                    Result:  

LX � 1039 erg s−1 → FX � 2× 10−14 erg s−1cm−2

LX � 1039 erg s−1

NULX � 85
Thursday, July 22, 2010
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M 51 (star-forming galaxy at 7.5 kpc)
Chandra                        eRoseta (simulated)    

NORMAL GALAXIES 303
 

1 arcmin

1 arcmin

Fig. 5. Images of the galaxies NGC 4038/4039 (top) and М51 (bottom) in the 0.5–2 keV band. The original Chandra images
are shown on the left; the modeled images of these galaxies to be obtained in the 4-year all-sky survey are shown on the right.
The modeled images were convolved with a Gaussian (1σ) ≈ 10′′ in width to smooth out the statistical Poissonian noise.

with a factor of ∼2 lower star formation rate and
located a factor of ∼2–3 closer, the contribution from
the most luminous sources can be resolved. Note that
the example of the Antennae galaxies illustrates the
most unfavorable situation—the fraction of the ultra-
luminous sources within 35 Mpc located in galaxies
with comparable and higher star formation rates will
not exceed ∼20%.

CONCLUSIONS

We analyzed the main statistical properties of nor-
mal galaxies to be detected in the all-sky survey by
the eROSITA X-ray telescope of the Spectrum-X-
Gamma observatory.

(1) The expected numbers of normal late-type
(∼star-forming) and early-type (∼elliptical) galaxies
to be detected in the 0.5–2 keV (2–8 keV) band
are ∼7200–10 000 (∼300–400) and ∼8400 (∼80),
respectively. All or almost all of the galaxies enter into
the existing far-infrared (IRAS) and near-infrared
(2MASS) sky surveys. The sample of star-forming
galaxies will be approximately equivalent to that in
the IRAS catalog of infrared sources. Thus, a large

homogeneous sample of normal galaxies with mea-
sured X-ray, near-infrared, and far-infrared fluxes will
be formed as a result of the eROSITA all-sky survey.

(2) Approximately 90% of the galaxies in the
survey are located within !200–400 Mpc, with
the most probable distance (the maximum of the
differential distribution) for both types of galaxies
being ∼70–90 Mpc. Ten percent of the brightest
galaxies are located closer, at distances ∼30–40 Mpc,
while 10% of the faintest galaxies are distributed more
uniformly up to distances !300–500 Mpc.

(3) The maxima of the luminosity distributions
dN/d log L are reached at luminosities log L ∼ 40.6
and log L ∼ 41 for star-forming and elliptical galax-
ies, respectively. Thus, star-forming galaxies with a
relatively high star formation rate, SFR ∼ 20M! yr−1,
and massive elliptical galaxies with a stellar mass
log M∗ ∼ 11.3 will be most probable in the survey.
The soft X-ray emission from the latter is attributable
mainly to a hot interstellar gas.

(4) The expected number of ultraluminous X-ray
sources (LX > 1040 erg s−1 in the 0.5–8 keV band)
in galaxies within 35 Mpc is ∼85. In this case, ∼80%

ASTRONOMY LETTERS Vol. 35 No. 5 2009

Prokopenko & Gilfanov 2009
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• Heavily obscured galactic  
   XRB/SFXT discovered    
   with INTEGRAL (see e. g.  
   Chaty 2008 for a review) 
   Before INTEGRAL only a few  
    HMXBs were known to have a    
    supergiant OB-companion.  After 
    launch of Spectrum-GR the   
    population of obscured XRB/SFXT  
    might grow significantly

• Study of broad band spectra of galactic XRBs   
  (CRSFs!),  AXPs, SGRs; cross-calibration with MAXI
  all-sky monitor

SFXTs observed by INTEGRAL Sergei A. Grebenev

Figure 1: IBIS/ISGRI 20-60 keV light curves measured in 2003-2004 during first detected outbursts of 6
most reliable SFXTs (epoch “0” corresponds to UT 2003, August 10.4505 and 27.0495 for IGR J16479-4514
and XTE J1739-302, September 9.4695, 9.5895 and 17.2695 for SAX J1818.6-1703, AX J1749.1-2733 and
IGR J17544-2619, and 2004, September 7.4103 for IGR J16465-4507). Points in the central (±0.5 day) part
of the curves are given with better temporal resolution (∼ 103 s) and connected with a solid line (for clarity).

sources of persistent X-ray emission LX ∼ 2.3×1036 P∗−4/3 ṁ∗ v−4∗ erg s−1 due to accretion from
the dense stellar wind (in the case of circular orbits and without centrifugal inhibition of accretion).
Here ṁ∗ = Ṁw /10−5 M% yr−1 and v∗ = vw/103 km s−1 are the wind ejection rate and velocity,
P∗ = Pb /10 days. We assume that mass and radius of the neutron star M1 = 1.4 M%, R1 = 10 km.

Fig. 1 shows the light curves from 6 SFXTs of the list measured with the IBIS/ISGRI in-
strument on board INTEGRAL during their first X-ray outbursts. Most of the curves demonstrate
strong flaring activity of the sources and have rather short details in profile, although the curve of
AX J1749.1-2733 is sufficiently smooth. The intensity of sources rises by 4–5 orders of magnitude
during a very short time. Each outburst lasts for about 1 day in total. Such a duration is the main
distinctive feature of SFXTs. The only exception is IGR J11215-5952 with the outbursts lasted for
∼ 5 days, but this source may be non-typical and flare up when its compact object approaches the
perigee [10]. Other SFXTs have rather long intervals of recurrence (months or years) significantly
exceeding their orbital periods. Many SFXTs do not show any regularity in the outbursts at all.

The short life-time does not allow SFXTs to form an accretion disk with a size comparable
with the binary separation. It is obvious that the outbursts are connected with some type of instable
accretion from the wind of an optical star. However, accretion from the wind occurs on a free-fall
timescale which is usually much shorter (< 103 s) than the characteristic life-time of SFXTs.

3

Grebenev 2008
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