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The Problem

• LIGO(+VIRGO+GEO etc.) wants to detect CW 
emission from a (isolated) neutron star

• Such a NS would need to be:

• Nearby: h~1/d
• Quickly rotating: h~1/P2, + finite band, noise curve
• Elliptical: h~ε

• Current analysis on known objects gives only upper 
limits (e.g., Abbott et al. 2009)

• Are there any unknown objects that would be better 
targets?
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emission from a (isolated) neutron star

• Such a NS would need to be:

• Nearby: h~1/d
• Quickly rotating: h~1/P2, + finite band, noise curve
• Elliptical: h~ε

• Current analysis on known objects gives only upper 
limits (e.g., Abbott et al. 2009)

• Are there any unknown objects that would be better 
targets?

Are there any indications of “missing”/
unusual populations?
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Young & fast to find in GW!
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Young & fast to find in GW!

But do not last long: local 
counterparts may be older
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• Almost 2000 radio pulsars known

• Most are <107 yrs, emission is beamed
• Expect ~109 total NS in galaxy (total birth rate 1-3 / 100 years)
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Simple Expectations
• Almost 2000 radio pulsars known

• Most are <107 yrs, emission is beamed
• Expect ~109 total NS in galaxy (total birth rate 1-3 / 100 years)

• How to find the ones that aren’t pulsars?

• Radio searches: limited by dispersion/scattering in ISM
• Finite beams, Lradio depends on P, Ṗ
• But large numbers (models: Lorimer 2011, arXiv:1008.1928)
• GW does not care about beaming or Ṗ (does care about P!)

‣ Soft X-rays:

• Accretion
• Cooling

• Prediction: thousands of isolated NS visible via accretion in ROSAT X-
ray surveys (Treves & Colpi ‘91; Blaes & Madau ‘93)

• Finding: 0 found from accretion; 7.5±0.5 found from cooling
Monday, June 11, 2012



What We Know from X-rays

Pulsars (non-thermal, P<400 ms) INS (thermal, P>3 s)

Crab (48.4 s-1) RX J1856.5-3754 (3.64 s-1)

Vela (3.4 s-1) RX J0720.4-3125 (1.64 s-1)

PSR B0656+14 (1.92 s-1) RX J1605.3+3249 (0.90 s-1)

Geminga (0.54 s-1) RX J0806.4-4123 (0.38 s-1)

PSR B1055-52 (0.35 s-1) RX J1308.6+2127 (0.29 s-1)

PSR J0437-4715 (0.20 s-1) RX J2143.0+0654 (0.18 s-1)

Calvera (0.08 s-1) RX J0420.0-5022 (0.14 s-1)

PSR J0538+2817 (0.06 s-1)

PSR B1951+32 (0.07 s-1)

• ROSAT All-Sky Survey (>0.05 count/sec):

• Soft X-rays (0.1-2.4 keV)
• Efficient way to find young/energetic/nearby neutron stars

old!

v. young!

K
ap

la
n 

(a
rX

iv
:0

80
1.

11
43

); 
K

ap
la

n 
an

d 
va

n 
K

er
kw

ijk
 (

20
09

, A
pJ

, 7
05

, 7
98

); 
Z

an
e 

et
 a

l. 
(2

01
1,

 M
N

R
A

S, 
41

0,
 2

42
8)

old or young?
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=no radio
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Non-Detection of Accreting NS

• Perna et al. (2003, ApJ, 594, 936):

• Inclusion of realistic velocity distribution 
(L~Ṁ~1/v3)

• And accretion suppressed wrt Bondi 
• Weak B of ISM
• Strong B of NS

• Revised expectation consistent with 0 found
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Type
Energy 
Source

E.G. B(G) Age P Close? R O X γ Bad for 
GW?

Refs.

Young 
Pulsar

Spin 
(+heat)

PSR 
B0656

~1012 <107 30ms-8s <300 pc ✓ ✓ ✓ ✓ spin-down 
quickly

INS Heat 
(+B)

RX J1856 ~1013 <106 3s-10s <200 pc ✕ ✓ ✓ ✕
spin-down 
quickly++

Kaplan (arXiv:
0801.1143); Kaplan & 
van Kerkwijk (2009, 

ApJ, 705, 798)

Recycled 
Pulsar

Spin PSR 
J0437

~109 >108 <20 ms <200 pc ✓ ✓ ✓ ✓ spherical?

Calvera Spin? 
Heat?

Calvera <1012 ? 59 ms yes? ✕ ✕ ✓ ✕ ?

Rutledge et al. (2008, 
ApJ, 672, 1137); Zane 
et al. (2011, MNRAS, 
410, 2428); Halpern 
(2011, ApJ, 736 L3)

Magnetar B SGR 
1900+14

>1014 <104 2s-10s no ✓/
✕

✓ ✓ ✓
spin-down 
quickly++

+, far

Mereghetti (2008, 
A&A Rev., 15, 225)

CCO 
(Anti-

magnetar)
Heat Cas A ≲1011 <104 ~200 ms no ✕ ✕ ✓ ✓ born with 

long P?

Halpern & Gotthelf 
(2010, ApJ, 709, 436); 
Halpern & Gotthelf 
(2011; ApJ, 733, L28)

Types of (Isolated) Neutron Stars
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Young Pulsars

• Examples: Vela, Crab, 
Geminga

• P < 400 ms

• Rotation-powered 
(+heat), B~1012 G

• Radio, IR, optical, 
UV, X-ray, γ-ray
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Geminga pulsar: 
young & nearby
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Isolated Neutron Stars

• Example: RX J1856.5-3754

• P = 3-10s

• Residual heat (+ B decay?), 
B~1013 G

• optical, UV, X-ray
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Isolated Neutron Stars

• Example: RX J1856.5-3754

• P = 3-10s

• Residual heat (+ B decay?), 
B~1013 G

• optical, UV, X-ray
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Recycled (ms) Pulsars

• Example: PSR J0437-4715

• P < 100 ms

• Rotation powered, B~109 G, 
old

• Thermal emission in X-
rays from heated polar 
caps?

• Visible at radio, optical, UV, 
X-ray, γ-ray

• Fermi is finding many, Lγ 
related to Ė (Abdo et al. 
2009, 2010, ...)

20

Fig. 13.— Multi-wavelength spectral energy distribution of PSR J0437−4715, showing the raw data.

our models is likely to be a reasonable description of the
temperature distribution over the neutron star surface.

5. DISCUSSION

With the amount of MW data gathered and analyzed,
J0437 has the most comprehensive MW spectrum of an
MSP to date. Also, we have measured the mid-IR-NUV
spectrum of the WD companion, where, thanks to the
precisely determined distance and mass, we perhaps have
the best-characterized WD known. We find that the
WD’s spectrum is remarkably well-described by a Hy-
drogen atmosphere model with effective surface temper-
ature 3950K and surface gravity log g = 6.98. We believe
this to be the best characterization of a low-mass He-core
WD, with known distance and mass.
For the pulsar emission, we have spectral measure-

ments in NUV, FUV, X-rays, and γ-rays. The FUV
spectrum is consistent with thermal emission, and to-
gether with the X-ray data it constrains the surface tem-
perature, 1.25 × 105K ≤ T ≤ 3.6 × 106K, preferring
1.5×105K for a typical R =13km NS, with up to 15%
uncertainty because of unknown reddening.
The spectrum of the pulsar appears to have a broad

hump (in Fν) between 10 and 1000 eV (see Fig. 13) which
we associate with thermal spectrum emitted from the NS
surface. We notice, however, that both the NUV end and
harder X-ray end of the thermal-like spectrum require an
additional component to reduce the otherwise significant
residuals. Interestingly, a single PL with Γ # 1.5–1.6
may be sufficient, and it can also crudely fit the GeV
spectrum with a high-energy cut-off (Figure 15). Thus,
there appears to be a surprisingly simplistic phenomeno-

logical description – a single magnetospheric component
stretches over many orders of magnitude in frequency
while the thermal component accounts for the excess in
10–1000 eV.

5.1. WD companion

The modeling in §3.1.2 demonstrates the high accuracy
of the latest WD atmosphere models. We find that the
WD has a radius of R = (1.87 ± 0.20) × 104 km and
temperature T = 3950 ± 150K for a hydrogen-surface,
M = 0.254M! mass WD. It is one of the coolest WDs
observed to date (e.g., Gates et al. 2004).
The WD falls near the evolution curves for the (he-

lium core) lowest-mass WDs in Serenelli et al. (2001).
The radius is about 40% larger than the theoretical zero-
temperature, zero-rotation radius expected for a pure He
WD (Hamada & Salpeter 1961; Driebe et al. 1998). Tthis
can be seen as a result of the non-zero temperature hy-
drogen envelope also indicated by the shape of the spec-
trum. Moderate magnetization of the WD could also
result in an additional radius increase of up to 10% (Suh
& Mathews 2000).
Hansen & Phinney (1998b) considered the PSR

J0437−4715 system in detail, in order to derive limits
on the age and initial pulsar spin period18. The temper-
ature, surface composition and mass of the WD compan-
ion to PSR J0437−4715 can be used to derive an estimate
on its age. Using Figure 2 of Hansen & Phinney (1998b),

18 The initial spin period refers to the period of pulsation at the
end of accretion activity. Likewise, the age is time elapsed since the
cessation of accretion, while the pulsar has been spinning down.

Durant et al. (2011)

thermal X-raysWD companion

magnetospheric
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Calvera

• Discovered by Rutledge et al. (2008) in search for more INS

• Spectrum from Shevchuk et al. (2009)

• kTBB≈250 eV, but not a good fit

• P=59 ms (Zane et al. 2011)

• B<1012 G (Halpern 2011)

• Visible at X-ray

• Rotation powered(?)/residual heat(?),

• Distance unknown, consistent with ~1 kpc
• Escaped Central Compact Object (CCO)?
• Mildly recycled pulsar (analog of Geminga)?
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Other Types of NS
• Magnetars (2s-10s):

• B decay, B≳1014 G
• Visible at radio, IR, optical, UV, X-ray, γ-ray

• CCOs (100ms-500ms):

• Pavlov et al. (2004); de Luca (2008) for reviews

• Compact Central Objects (in young SNRs)

• Residual heat, B<1011 G (anti-magnetars): Halpern & Gotthelf

• Visible at X-ray

• No local examples of either, but young: could influence old population
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What Else Should Be There?
• Kaplan et al. (2004, 

2006): X-ray search for 
young NSs in supernova 
remnants

• Tight limits on 15 (of 45) 
SNRs, factor of ~10 
below normal cooling

• Accelerated cooling + 
low B➞invisible?

• Would then be in 
accreting sample

• Or something else (high 
v, BH, SN Ia, ...)
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Populations
• INS: 20%-40% of pulsars (visibility augmented by B decay); Kaplan & van 

Kerkwijk (2009)

• Young sources ~consistent with enhanced (x3?) SN rate locally (Popov et 
al. 2005, 2006, ...); but double counting (Keane & Kramer, Gill & Heyl)?

• CCOs: 10%-20% of SNRs (based on sample of Kaplan et al. 2004)

• There should still be other NSs out there (accreting, cooling, ...)

• ROSAT searches (Rutledge et al.; Turner et al.; Agüeros et al.) could have 
found some, but only found Calvera

• ≲30 total remaining in ROSAT (Turner et al. 2010)
• Deeper XMM searches (Pires et al. 2009) identified candidate(s)
• eROSITA will conduct soft X-ray survey with x10 sensitivity of ROSAT 

(launch in 2012/13), expand population to >100
• But ISM + Stefan-Boltzmann make it hard to find nearby, cool objects
• Will help find distant, hot objects instead

• We can’t find invisible objects, but wide diversity apparent in what is found
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