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Motivations

Motivation
Properties of ultra-dense degenerate matter

Based on the assumed microscopic properties of the core

matter, many equation of state (EoS) models have been

proposed in the literature.

These models connect the macroscopic properties:

pressure (p) with the mass-energy density (ǫ) in a

degenerate condition.
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Motivation
NS EoS: TOV equation

Tolman-Oppenheimer-Volkoff (TOV) equation

dp(r)

dr
= −

G

c2

[p(r) + ǫ(r)][m(r) + 4πr3p(r)/c2]

r(r − 2Gm(r)/c2)
, (1)

where, m(r) = 4π
∫ r

0
dr ′r ′2ǫ(r ′) is the gravitational mass

(hereafter, mass) inside a sphere of radius r .

For a non-spinning neutron star and for a given EoS model

stellar structure can be calculated by solving the

Tolman-Oppenheimer-Volkoff (TOV) equation.
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Motivation
Observational ways to constrain the EoSs

We need measure at least three independent observable

astrophysical parameters

such as mass (M), radius (R) and spin (S) of the same

neutron star in order to constrain the EoS models, and hence to

understand the supra-nuclear core matter.
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Motivation
Predicted M-R diagram for several NS EoS

Figure : This figure shows the mass-radius (M − R) space of neutron stars (and

strange stars) and the curves corresponding to a few representative EoS models. The

solid curves are for non-spinning stars, while the dashed curves (corresponding to

some of the solid curves) are for a stellar spin frequency of 600 Hz. (Ref:

Bhattacharyya, S. 2010)
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NS mass measurement
precise mass measurement for double NS binaries
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NS mass measurement
mass measurement for WD-NS binaries
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NS mass measurement
mass measurement for eclipsing X-ray pulsars
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ALL-NSs
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BH mass measurement
ALL-BHs
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Kilo-hertz Quasi-periodic oscillations (kHz QPOs)
as a robust observational feature

Kilo-hertz quasi-periodic oscillation (kHz QPO) is one of the

most promising tools to probe strong gravitational effects

(such as ISCO) as well as to constrain neutron star EoSs!
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Figure : These are examples of lower and upper kHz QPOs along with the

continuum PDSs we observed from several neutron star LMXBs with RXTE

PCA. (Ref: van der Klis, M. 2006)
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Physical origin?
upper and lower kilo-hertz Quasi-periodic oscillations (kHz QPOs)

νspin

νspin

orbν

Figure : Frequencies of the upper kHz QPOs are associated with Keplerian

Motion in the inner-most part of the accretion disk, while those of the lower

kHz QPOs are thought to be the beats between the upper kHz QPO

frequencies and magnetic field co-rotating with neutron star surfaces. (Ref:

van der Klis, M. 2006)
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Innermost Stable Circular Orbits (ISCO)
Observational evidences of ISCO?

Figure : Frequency Versus Q-factor plots for six atoll sources.
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Kilohertz Quasi-periodic Oscillations
constraining M − R space

One can constrain the M − R space:

mass dependent upper limit on R :

R ≤ r

upper limit on M :

rISCO ≤ r

where, rISCO is the radius of the ISCO :

M < c3/(2π63/2Gνφ|r ) (2)

(for Schwarzschild spacetime); where, r is the radius of the orbit associated with νu or

νl . These constraints on M − R space are shown in next figures.
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Kilohertz Quasi-periodic Oscillations
How can it constrain EoSs?

Figure : This figure shows the M − R space of neutron stars with the curves

corresponding to a few representative EoS models (same as Figure 1). The shaded

regions show the allowed M − R space using the ISCO model, corresponding to the

upper kHz QPO frequencies as mentioned.
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NS radius measurement
using thermonuclear X-ray bursts
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NS radius measurement
EXO 1745-248
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NS radius measurement
KS 1731-260
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