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Neutron Star
Neutron star vs. a city

Figure courtesy M. Coleman Miller

Radius ~ 10 - 20 km

Mass ~ 1.4 - 2.0 solar mass

Core density ~ 5 -10 times the
nuclear density

Magnetic field ~ 107 - 1015  G

Spin frequency (in some binary
stellar systems)

~ 300 - 600 Hz

Some of the most extreme conditions of the universe exist in neutron 
stars.
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Neutron Star: Surface and Interior

Figure courtesy D. Page

Core density > nuclear density


Exotic matter???

No terrestrial experiments seem 
possible at such high densities and 
relatively low temperatures.

Many equation of state (EoS) 
models for the neutron star core 
matter are available in the 
literature. We need to constrain 
these models by observing neutron 
stars.

The constituents of neutron star interiors remain a mystery after 40 
years.
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How to constrain EoS models?

Lattimer & Prakash (2001)

Mass, radius and spin frequency, or three independent structural parameters of the 
same neutron star are to be measured in order to constrain equation of state
models.

Neutron Star
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Low-mass X-ray Binary (LMXB)

Equipotential surfaces in a binary system
Courtesy: Bhattacharya & van den Heuvel (1991)

Artist’s impression of a low-mass X-ray binary
Courtesy: NASA website

Chandra image of KS 1731-260
Courtesy: NASA website

X-rays  from inner accretion disk and neutron star surface.

Orbital period: minutes to days

Age ~ Billion years

Neutron star magnetic field ~  107 to 109 G

Neutron star spin ~ 300 to 600 Hz
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Thermonuclear X-ray Bursts

Unstable nuclear burning of accreted matter on the neutron 
star surface causes type I (thermonuclear) X-ray bursts.

Burst light curve

Accretion on neutron star

Energy release:
Gravitational ≈ 200 MeV / nucleon
Nuclear ≈ 5 MeV / nucleon

Why is unstable burning needed?

Rise time ≈ 0.5 - 5 seconds
Decay time ≈ 10 - 100 seconds
Recurrence time ≈ hours to day
Energy release in 10 seconds
≈ 1039 ergs

Sun takes more than a week 
to release this energy.



Accumulation of accreted matter for hours  Unstable nuclear burning for
seconds  Thermonuclear X-ray burst.

http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6V3S-4Y5GY2H-1&_image=fig2&_ba=2&_user=2763128&_coverDate=04/15/2010&_rdoc=1&_fmt=full&_orig=search&_cdi=5738&_issn=02731177&_pii=S0273117710000451&view=c&_acct=C000058740&_version=1&_urlVersion=0&_userid=2763128&md5=ea77d3ae493304b2257f05c25cdf4f95


Parameters which set the ignition condition:

(1) chemical composition of accreted matter,
(2) temperature (~ 108 K),
(3) column depth (~ 108 gm cm-2), and
(4) initial conditions set by the previous bursts.

Thermonuclear X-ray Bursts

Various regimes of burning:
(1) At T > 107 K : Mixed hydrogen and helium burning triggered by 

thermally unstable hydrogen ignition; hydrogen burns via the 
CNO cycle.

(2)  At T > 8 x 107 K, hydrogen burns in a stable manner via hot 
CNO cycle:
12C(p,)13N(p,)14O(+)14N(p,)15O(+)15N(p,)12C

(3) When helium ignition condition is met, and hydrogen is depleted,
(happens at a small window of accretion rate) pure helium bursts
occur (identified by high intensity, short duration and long 
recurrence time) : 3 12C



Thermonuclear X-ray Bursts

(4) At higher accretion rates, hydrogen will be present 
during helium ignition, and mixed hydrogen and 
helium burning will happen.  

High temperature of the helium flash
causes break-out reactions from hot CNO
cycle: 15O(,)19Ne and 18Ne(,p)21Na.

As a result, hydrogen burns
via the rp process: a series of 
successive proton
captures and  decays.

(5) At very high accretion rates, the helium burning temperature    
sensitivity becomes weaker than cooling rate’s sensitivity. So the    
stable burning sets in.

rp process: dominant path of 
the nuclei as they move up 
the proton-rich side of the 
valley of stability (Schatz et 
al. 2001)



Various aspects of bursts

 In principle, neutron star radius can be measured 
from the observed bolometric flux (Fobs) and  
blackbody temperature (Tobs), and the known 
source distance (d):

Robs=d.(Fobs/(T4
obs))

1/2

 But there are systematic uncertainties:
(1) unknown amount of spectral hardening;
(2) effect of unknown gravitational redshift;
(3) unknown distance;
(4) if part of the surface emits.

T = Tobs.(1+z)/f         z > 0; f ~ 1.0 - 2.0
R = Robs.f

2/(1+z)      1+z = [1 - ( 2GM/Rc2)]-1/2{

Burst spectra

Continuum Burst Spectroscopy

 Burst spectra are normally well fitted with a blackbody model.

Atmospheric chemical composition, surface gravity, 
temperature  f (primary problem)

London, Taam & Howard (1986)

Gravitational redshift



Continuum Burst Spectroscopy: problem  from observation

During burst rise, thermonuclear flame spreading happens, and the entire neutron star
surface may not emit. But during burst decay, entire neutron star surface is expected to
emit. Therefore, the burning area inferred from the continuum spectroscopy should 
remain constant during burst decay, and should be useful to measure the neutron star 
radius. But, observationally we find that the inferred burning area can both increase
and decrease apparently erratically. Without understanding this erratic behavior, we 
cannot hope to measure the neutron star radius using continuum spectroscopy.

First discovery of a pattern in the
apparently erratic behavior:

The correlation is extremely robust. 

Bhattacharyya, Miller and Galloway (2009)

R  Robs.f
2

The correlation may be because of the 
systematic variation of the atmospheric 
chemical composition (and hence the f 
evolution) between the short and long 
bursts.

Various aspects of bursts

This new pattern will have 
impact on the nuclear physics 
and fluid dynamics of bursts.

It can also significantly reduce
the systematics due to unknown f.



Fast Timing Properties of X-ray Bursts (Burst Oscillations)

What are burst oscillations?
These are millisecond period variations
of observed intensity during thermonuclear 
X-ray bursts.

What is their origin?  
Asymmetric brightness pattern on the 
spinning neutron star surfaces.

Neutron star spin frequency 
= Burst oscillation frequency

Hot spot

Burst light curve

The vertical dashed line
gives the lower limit of the 
stellar radius-to-mass ratio 
with 90% confidence.

XTE J1814-338
(RXTE-PCA data)

Various aspects of bursts

Spinning neutron star Bhattacharyya et al. (2005)

http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6V3S-4Y5GY2H-1&_image=fig2&_ba=2&_user=2763128&_coverDate=04/15/2010&_rdoc=1&_fmt=full&_orig=search&_cdi=5738&_issn=02731177&_pii=S0273117710000451&view=c&_acct=C000058740&_version=1&_urlVersion=0&_userid=2763128&md5=ea77d3ae493304b2257f05c25cdf4f95


Various aspects of bursts Unusually frequent bursts

Plausible explanations:

(1) Successive  bursts from  layers 
of accumulated  accreted 
matter?

(2) Burning  temporarily stalled  by 
waiting  points in the chain of 
nuclear  reactions?

Either of them will be important
for nuclear physics.

These frequent bursts are not observed from  short period  binaries.
This implies that  hydrogen  burning processes play a crucial role for 
these  bursts. 

Keek et al. (2010)



Various aspects of bursts

Smale (2001)

Photospheric Radius Expansion (PRE) 
bursts

The burst is so strong that the 
radiative pressure pushes the  
photosphere or the neutron star 
atmosphere  away from the stellar 
surface temporarily. 

Can some amount of heavy 
elements generated by the burst 
escape from the neutron star?



Various aspects of bursts

Long bursts

In’t Zand et al. (2009)

The long tail might be due 
to the cooling of deeper  
neutron  star layers,  
which  were  heated up 
through inward  
conduction of heat  
produced  by the burst.



Various aspects of bursts

Superbursts: a challenge for nuclear physicists!

Strohmayer and Brown (2001)

Released energy  ~ 1042 ergs
Recurrence time  ~  years
Decay  time  ~  1-3  hours

Believed to be caused by  12C fusion  at a 
column  depth  of  ~1012 g cm-2 

Problem: 12C cannot  survive, and should be destroyed by rp process. 
12C will be converted to 15O by a part of the hot CNO cycle, and then will 
permanently come out of it by the breakout reaction and proton capture: 
15O(α,)19Ne(p,)20Na destroying the carbon.

Some  suggested solutions:  (1) CNO abundance in the burning layer is at least four 
times the solar abundance.
(2)  Resonance  may exist at the astrophysically relevant energy, where the reaction 
cross section seem to experimentally unknown (entry of nuclear 
experimentalists!).



Various aspects of bursts
Unique bursts from a Terzan 5 transient NS LMXB:

gravitational (type II) or nuclear (type I)?

Chakraborty and Bhattacharyya, 2011, arXiv:1101.0181

Left: Bursts and non-burst levels on various 
days throughout the outburst.  

Right: Comparisons of the  burst profiles of  
various days with the Oct 13 burst. The Oct 13 
burst is very likely  to be a thermonuclear 
burst.

For all the bursts from this source:
The ratio of non-burst fluence to burst fluence
~ 50-90.  This is the upper limit  of the ratio of 
the  gravitational energy released per nucleon 
to nuclear energy released per nucleon. This  
latter ratio is expected to be about 40.

This  ratio is  typically ≤ 4 for the type II bursts 
from the rapid burster and GRO J1744-28.

Our results suggest that the bursts  from the 
Terzan 5 source are nuclear.

http://xxx.lanl.gov/abs/1101.0181


ASTROSAT

(India’s proposed multiwavelength 
astronomy space mission)

In its time, only astrosat
will have the capability to 
study burst oscillations. It  
will also be the best 
instrument to study 
continuum burst spectra.

Various aspects of bursts



Importance of bursts

(1) Measurement  of neutron star parameters  (and  hence  probing  
supranuclear stellar core matter)  from the  spectral  and  timing 
analyses  of bursts.

(2) The  outer  crust   (~ 10-4 solar mass)  is entirely replaced  in  about 106

years (the  lifetime  of  these  sources  is about 109 years ).  Therefore,  
the crust  contains  the  ashes  of  bursts,  and  the crust  temperature  
distribution  might depend  on bursts. Therefore,  the crust  (nuclear) 
physics  of  these  neutron stars crucially  depends on bursts.

(3) The  accretion  of  many of these  sources  occur  in phases.  In 
between two such  phases,  the neutron  star cools.  The  observation 
of such  crust  cooling  could  lead to constraints  on neutrino  cooling, 
and hence  on the  stellar interior  structure.  However,  the crust  
cooling depends on  the crust  composition, which  in  turn depends  
on  the bursts.



Importance of bursts

(4)  Bursts  can be  useful  for astrophysical  measurements, and to  
probe the  strong gravity regime.

(5)   While  convection  (fluid  dynamics) affects nuclear reactions by     
redistributing  temperature and elements, convection  can itself
depend  on composition, and hence on nuclear reactions.   
Bursts  provide  unique  opportunity  to study such interaction  
in extreme conditions.

(6) Detailed modelling of  bursts  critically  requires  nuclear  data and  
theoretical  calculations,  especially  those for  very unstable  proton  
and  neutron rich  nuclei. For  burst rp process modelling, masses,  half –
lives, reaction rates, thermal population  of excited states for the  
relevant elements and energies should be available. For example, 
because of the mass related  lifetime uncertainties, the  combined 
effective lifetime of the waiting  points  64Ge, 68Se and 72Kr can vary 
between 29-108 sec for 1.4 GK.

Waiting points may introduce observable dips in burst intensity 
profiles.



Importance of bursts

Nuclear physics : ignition condition, nuclei produced, energy 
generated, duration of burning,..

Fluid dynamics : spreading of burning all over the surface, bringing
heavy nuclei to the photosphere,…





Astrophysics : spectral and timing properties of the photosphere,
effect of radiative transfer, Doppler and relativistic
effects, light bending,…

Extreme  environments: very strong magnetic field, radiative pressure, gravity

A unique multidisciplinary field!
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