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Probing neutron star physics using accreting neutron stars

Alessandro Patrunoa

Astronomical Institute ”Anton Pannekoek”, University of Amsterdam, 1098XH Amsterdam, The Netherlands

Abstract. We give an obervational overview of the accreting neutron stars systems as probes of neutron star

physics. In particular we focus on the results obtained from the periodic timing of accreting millisecond X-ray

pulsars in outburst and from the measurement of X-ray spectra of accreting neutron stars during quiescence. In the

first part of this overview we show that the X-ray pulses are contaminated by a large amount of noise of uncertain

origin, and that all these neutron stars do not show evidence of spin variations during the outburst. We present

also some recent developments on the presence of intermittency in three accreting millisecond X-ray pulsars

and investigate the reason why only a small number of accreting neutron stars show X-ray pulsations and why

none of these pulsars shows sub-millisecond spin periods. In the second part of the overview we introduce the

observational technique that allows the study of neutron star cooling in accreting systems as probes of neutron

star internal composition and equation of state. We explain the phenomenon of the deep crustal heating and

present some recent developments on several quasi persistent X-ray sources where a cooling neutron star has

been observed.
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Probing the neutron star 

physics with accreting 

neutron stars (part 1)
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Lecture 1: outline
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How to probe the NS physics 

with NS LMXBs ? 
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X-ray binaries: the Roche potential
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The family of NS X-ray binaries
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Low mass X-ray binaries
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Accreting millisecond pulsars
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The funnel stream 
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Accreting millisecond pulsars
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How to create a sinusoidal 

profile
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Observations: the lightcurves
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The AMXPs family
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Pulse profiles
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The timing residuals
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SAX J1808.4-3658: do we really observe a spin torque ? 
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To spin or not to spin ? 
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Basically all the AMXPs show “timing noise” at some degree.

What is the origin of this ‘noise’ ? 

Noise is does not mean “measurement noise” (boring) but some unknown origin of the 

phenomenon. Can be hiding the best part of the physics there !

���� �
���������

����M�N$N+7�6OPN C�,�

��=�M�XP��6$P %
:

��=�M$W"W�6�7 ]�	���
:

��=�M�N$X�"W7 ]�	����,�

��=�M�N�7�667 C�,�

@A<�M$$"W�BPW67 %
:

�#@E��M�XPO+W�"P$N ��

EPJ Web of Conferences

03005-p.12



The origin of “timing noise”

Timing noise might be the most important and interesting Timing noise might be the most important and interesting 

part of the NS physics. Itpart of the NS physics. It’’s not just a s not just a ‘‘measurement noisemeasurement noise’’ !!! !!! 
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Why not all the NS-LMXBs

pulsate ? 
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Intermittent pulsar 1: HETE 
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The measure of the spin (part 2)

Thermonuclear explosions, 

a.k.a. Type I X-ray busrts
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Burst oscillations: nuclear 

powered pulsars

����M�N$N+7�6OPN�)
���	���������
�����
�)��	�!���)��
����	��
�)�����
������

���������	�!���)��
�������

Hzsburst 401����

��
:��	��

<������	��

Dense Matter In Heavy Ion Collisions and Astrophysics (DM2008)

03005-p.17



Do submillisecond pulsar exist ?

What is the spin distribution of 

NS in LMXBs ?

Nuclear powered pulsars + Accretion powered 

pulsars have a spin drop off at ~730 Hz
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Do submillisecond pulsar exist ?
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Something more on the spin equlibrium
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The lack of submillisecond pulsars
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Probing the neutron star 
physics with accreting 
neutron stars (part 2)

Alessandro Patruno
University of Amsterdam

The Netherlands

  

How to probe the NS physics 
with NS LMXBs ? 

• X-ray spectra (cooling, cyclotron resonance, etc…)

• Coherent timing (pulse profile shape, torques, timing noise, glitches)

• Thermonuclear bursts

• Aperiodic variability (oscillation modes, QPOs)

Use of three wonderful satellites: Chandra, XMM-Newton, RXTE
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Outburst vs. quiescence

� During an outburst we observe:
    1.   disc + NS surface emission
    2.   the outburst luminosity is given by 
    3.   the quiescent luminosity is given by
    4.   the average mass transfer rate is       

    therefore:
outbq

qqoutboutb

tt

tMtM
M

+

�+�
=

��
�

outbM�

qM�

So we need to measure four observables (assuming L and Mdot are 
related) to determine the average mass transfer rate

Typical outburst X-ray luminosity:  ~1e36 – 1e37  erg/s

Typical quiescent X-ray luminosity:  ~1e33 erg/s

  

The quiescent emission
Transiently accreting NSs in quiescence in quiescence 
have usually soft BB-like X-ray spectra

The harder part is usually fitted with 
with a power law of photon index 1-2

INTERPRETATION: 

Black body-like component comes from the heat released from the NS surface

Power law component is of unknown origin and remains unexplained (continued 
accretion, shock from a pulsar wind, others)
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How to fit a quiescent spectrum ? 
BB vs. NSA models

The spectrum of a NS is not a pure BB for two reasons:

2. There is an atmosphere with a chemical composition, a magnetic field.

3. The free free absorption (absorption of a photon by the free electron in 
the Coulomb field of a ion) is proportional to 3�

�

  

Heating and cooling of NSs
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1

Incandescent luminosity:

pnuc mMeVQ /5.11��

The accreted material sinks to a 
depth of ~900 m and then burns 
via pycnonuclear reactions and 

beta captures

EPJ Web of Conferences

03005-p.24



  

The crust-core coupling
� A fraction f or heat flows into the core
� A fraction 1-f flows into the crust

The core has high thermal conductivity and heat 
capacity � temperature is almost unchanged

The crust has high thermal conductivity and low heat 
capacity � temperature significantly incresed 
by the heat flow

ffQ
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The quasi persistent transients

Two transient LMXBs show very long outbursts with length of the order

of ~1-10 yr.  This means that the quiescent luminosity is very high with 
respect to the normal transients with outburst length of ~1 month

~1 month outburst. 
Long recurrence time

~1 month outburst

Short recurrence time

Very long outburst ~2.5 
yr. Recurrence time 
unknown

Deep crustal heating can thus break the core-crust coupling and make the crust 
much hotter than the core
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How many quasi persistent 
transients do we know ? 

Turned off in Spetember 2001 
after an outburst of ~2.5 years

MXB 1659-29 

Turned off in February 2001 
after an outburst of ~12.5 years

KS 1731-260

Quiescent since 1999 after at 
least 12 years in outburst

X 1732-304

Quiescent since 1983 after at 
least 11 years in outburst

4U 2129+47

Detected in outburst since 
February 2001

XTE J1759-220

Detected in outburst since 
September 1988

GS 1826-238

Detected in outburst since 
February 1985

EXO 0748-676

StatusSource name

  

KS 1731-260

In quiescence all the LMXBs are very faint ! Luminosities of ~1e32-1e33 erg/s
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MXB 1659-29

Very recent new Chandra 
observation on 2008 Apr. 27

The total quiescent monitoring 
now extends up to 6.6 yrs 

  

Power law vs. exponential decay: the 
situation ‘till early 2008

KS 1731-260 MXB 1659-29

Flux and Temperature well fitted by an exponential decay plus a 
constant offset (set by the core temperature)

  y(t)=y(t)=aa exp[-(t-t0)/ exp[-(t-t0)/bb] + ] + cc

 a = normalization 
constant

 

b = e-folding time

 c = constant offset 
(set by the core 
temperature)
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The thermal relaxation timescale 
and the surface temperature

In KS 1731 we have not In KS 1731 we have not 
reached the equilibrium reached the equilibrium 

between the core and the crust between the core and the crust 
yet. yet. 

The constant flux level indicates The constant flux level indicates 
a ~70(2) eV surface a ~70(2) eV surface 

temperature and an e-folding temperature and an e-folding 
timescale of 325(101)timescale of 325(101)

Some residual slope 
is still possible

  

The new observation of MXB 1659-29
Before April 2008 After April 2008

Power law model does not fit the data !
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New constraints for MXB 1659

141(3)58(1)45(1)54(1)Constant level 
(c, eV )

437(43)473(24)485(27)472(23)e-folding time 
(b, days)

176(11)82(2)54(1)73(2)Normalization 
(a, eV)

BBNSA (D=13kpc)NSA (D=5kpc)NSA (D=10 kpc)

  

How model dependent is the result ? 

sergLserg /102/102 3229
�<<�

�

1. e-folding timescales are consistent with each other with any model assumed

2. Shape of the cooling curve independent from the distance

3. Core temperature can be inferred from the relaxed surface emission, by integrating the 
thermal structure of the crust.

4. Core temperature: 3.5x10^7 K (kT ~ 7 keV) deep He layer overlying a pure Fe layer)

                                    8.3x10^7 K (kT ~ 3 keV) shallow He layer overlying a layer of heavy         
                  .                             rp-process ashes

Modified URCA predicts:

Incandescent luminosity observed (for D=10kpc) ~ 33106��iL
Therefore even in the most optimistic case there is a factor 30 in difference 
between what predicted by the minimal cooling paradigm and the observed 

luminosity
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1. Enhanced neutrino & high 
thermal conductivity of the crust ?
Rutledge et al. 2002 calculated 
detailed cooling curves for KS 
1731-260 using the mass 
accretion history of the source.

High crust thermal 
conductivity

Enhanced cooling

  

Enhanced neutrino & high thermal 
conductivity of the crust ?

With the current observation we can’t confirm (yet ?) that KS 1731-260 requires 
enhanced cooling emission. It can be fit with a power law model or an exponential 

decay equally well. The only requirement is an high thermal conductivity of the crust 

Beta capture can produce nuclei in excited states � deexcitation can generate 
extra heat � no enhanced cooling required
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Exponential vs. power law

Red curve � KS 1731-260

Black curve � MXB 1659-29

Power law model definitely 
ruled out for MXB 1659, but 

still possible for KS 1731

MXB 1659 more massive than 
KS 1731 ? 

  

SAX J1808.4-3658
Outbursts last for ~1 month 

Recurrence time quite well known: ~2.5 yr (observed outbursts in the 
1996, 1998, 2000, 2002, 2005)

Low magnetic field: B~1e8 G Distance of approx. 2.5 -- 3.5 kpc

Very low luminosity in quiescence: ~5e31 erg/s

Known mass transfer rate: Mdot~1e-10 Msun/yr

ONE OF THE BEST KNOWN LMXBs !

-Pulsations

-- Thermonuclear bursts

-- Bursts oscillations

-- Twin kHz QPOs

-- Fast cooling

-- Multiple outbursts
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Minimal cooling paradigm 

sergLbol /1033
�

Note: the problem here is different ! We’re 
not trying to measure the surface 

temperature evolution with time, we are 
trying to observe the 

minimum luminosity of the source for  a 
given mass transfer rate

Quasi persistent sources (KS 1731, MXB 1659) are HOT, 
and emit a HIGH flux in the early stages of quiescence

Normal transients (SAX J1808.4) can be COLD and emit 
a LOW flux during quiescence  

sergLbol /105 31
��

How fast does it 
cool ? 

How cold is it ? 

  

Minimal cooling paradigm

1.0e31<610.15(4)2001 & 
2006

1.1e31<340.132001 & 
2006

1.2e31<350.132006

2.4e31<420.132001

L 
(erg/s)

kT 
(eV)

NH 
(1e22 
cm^-2)

Epoch
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Sources of error
� Distance D=3.5(1) kpc � 6% uncertainity
� Mass and radius � 3% (M=1.4 R=10 Km to M=2.0 R=12 Km)
� Mass transfer rate assumed to be the observed one

Assuming 50% uncertainty in 
mass transfer rate and distance 
still requires enhanced cooling 
for SAX J1808. Observations 

need to be highly biased from an 
unknown source of error to 
move SAX J1808 from the 
enhanced cooling region

  

Why the thermal component is not residual 
accretion ?

� Accretion shows variability on short timescale while we 
see a smooth exponential decay

   Therefore the surface emission is quite robust
� If residuals accretion takes place, we expect variation 

on the observed quiescent luminosity from cycle to 
cycle

Major sources of uncertainity: 

2. Distance (and therefore the X-ray Luminosity)

3. Recurrence time (and therefore the AVERAGE mass transfer rate)
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Reading

� Yakovlev & Pethick
� Page, Geppert & Weber
� Cackett et al. 
� Chackett et al. 
� Brown & Bildsten
� Rutledge et al. 
� Heinke et al. 
� More references will appear later…check on the 

website 
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