
Physics Letters B 668 (2008) 1–5

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Nuclear limits on gravitational waves from elliptically deformed pulsars

Plamen G. Krastev ∗, Bao-An Li, Aaron Worley

Department of Physics, Texas A&M University-Commerce, PO Box 3011, Commerce, TX 75429, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 14 May 2008
Received in revised form 23 July 2008
Accepted 31 July 2008
Available online 9 August 2008
Editor: W. Haxton

Gravitational radiation is a fundamental prediction of General Relativity. Elliptically deformed pulsars are
among the possible sources emitting gravitational waves (GWs) with a strain-amplitude dependent upon
the star’s quadrupole moment, rotational frequency, and distance from the detector. We show that the
gravitational wave strain amplitude h0 depends strongly on the equation of state of neutron-rich stellar
matter. Applying an equation of state with symmetry energy constrained by recent nuclear laboratory
data, we set an upper limit on the strain-amplitude of GWs produced by elliptically deformed pulsars.
Depending on details of the EOS, for several millisecond pulsars at distances 0.18 kpc to 0.35 kpc from
Earth, the maximal h0 is found to be in the range of ∼ [0.4–1.5] × 10−24. This prediction serves as the
first direct nuclear constraint on the gravitational radiation. Its implications are discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gravitational waves are tiny disturbances in space–time and are
a fundamental, although not yet directly confirmed, prediction of
General Relativity. They can be triggered in cataclysmic events in-
volving (compact) stars and/or black holes. They could even have
been produced during the very early Universe, well before any
stars had been formed, merely as a consequence of the dynamics
and expansion of the Universe. Because gravity interact extremely
weakly with matter, gravitational waves would carry a genuine
picture of their sources and thus provide undisturbed information
that no other messenger can deliver [1]. Gravitational wave astro-
physics would open an entirely new non-electromagnetic window
making it possible to probe physics that is hidden or dark to cur-
rent electromagnetic observations [2].

(Rapidly) rotating neutron stars could be one of the major can-
didates for sources of continuous gravitational waves in the fre-
quency bandwidth of the LIGO [3] and VIRGO (e.g., Ref. [4]) laser
interferometric detectors. It is well known that a rotating object
self-bound by gravity and which is perfectly symmetric about the
axis of rotation does not emit gravitational waves. In order to gen-
erate gravitational radiation over extended period of time, a rotat-
ing neutron star must have some kind of long-living axial asym-
metry [5]. Several mechanisms leading to such an asymmetry have
been studied in literature: (1) Since the neutron star crust is solid,
its shape might not be necessarily symmetric, as it would be for
a fluid, with asymmetries supported by anisotropic stress built up

* Corresponding author.
E-mail address: pkrastev@sciences.sdsu.edu (P.G. Krastev).

during the crystallization period of the crust [6]. (2) Additionally,
due to its violent formation (supernova) or due to its environment
(accretion disc), the rotational axis may not coincide with a princi-
pal axis of the moment of inertia of the neutron star which make
the star precess [7]. Even if the star remains perfectly symmet-
ric about the rotational axis, since it precesses, it emits gravita-
tional waves [7,8]. (3) Also, the extreme magnetic fields presented
in a neutron star cause magnetic pressure (Lorenz forces exerted
on conducting matter) which can distort the star if the magnetic
axis is not aligned with the axis of rotation [9], which is widely
supposed to occur in order to explain the pulsar phenomenon. Sev-
eral other mechanisms exist that can produce gravitational waves
from neutron stars. For instance, accretion of matter on a neutron
star can drive it into a non-axisymmetric configuration and power
steady radiation with a considerable amplitude [10]. This mecha-
nism applies to a certain class of neutron stars, including accreting
stars in binary systems that have been spun up to the first insta-
bility point of the so-called Chadrasekhar–Friedman–Schutz (CFS)
instability [11]. Also, Andersson [12] suggested a similar instabil-
ity in r-modes of (rapidly) rotating relativistic stars. It has been
shown that the effectiveness of these instabilities depends on the
viscosity of stellar matter which in turn is determined by the star’s
temperature.

Gravitational wave strain amplitude depends on the degree to
which the neutron star is deformed from axial symmetry which, in
turn, is dependent upon the equation of state (EOS) of neutron-rich
stellar matter. At present time the EOS of matter under extreme
conditions (densities, pressures and isospin asymmetries) is still
rather uncertain and theoretically controversial. One of the main
source of uncertainties in the EOS of neutron-rich matter is the
poorly known density dependence of the nuclear symmetry en-
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ergy, Esym(ρ), e.g., [13]. On the other hand, heavy-ion reactions
with radioactive beams could provide unique means to constrain
the uncertain density behavior of the nuclear symmetry energy
and thus the EOS of neutron-rich nuclear matter, e.g., [14–17,26].
Applying several nucleonic EOSs, in this Letter we calculate the
gravitational wave strain amplitude for selected neutron star con-
figurations. Particular attention is paid to predictions with an EOS
with symmetry energy constrained by very recent nuclear labora-
tory data. These results set an upper limit on the strain amplitude
of gravitational radiation expected from rotating neutron stars.

The pulsar population is such that most have spin frequencies
that fall below the sensitivity band of current detectors. In the fu-
ture, the low-frequency sensitivity of VIRGO [45] and Advanced
LIGO [46] should allow studies of a significantly larger sample of
pulsars. Moreover, LISA (the Laser Interferometric Space Antenna)
is currently being jointly designed by NASA in the United States
and ESA (the European Space Agency), and will be launched into
orbit by 2013 providing an unprecedented instrument for gravita-
tional waves search and detection [2].

2. Formalism

In what follows we review briefly the formalism used to cal-
culate the gravitational wave strain amplitude. A spinning neutron
star is expected to emit GWs if it is not perfectly symmetric about
its rotational axis. As already mentioned, non-axial asymmetries
can be achieved through several mechanisms such as elastic defor-
mations of the solid crust or core or distortion of the whole star by
extremely strong misaligned magnetic fields. Such processes gen-
erally result in a triaxial neutron star configuration [3] which, in
the quadrupole approximation and with rotation and angular mo-
mentum axes aligned, would cause gravitational waves at twice
the star’s rotational frequency [3]. These waves have characteristic
strain amplitude at the Earth’s vicinity (assuming an optimal ori-
entation of the rotation axis with respect to the observer) of [18]

h0 = 16π2G
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where ν is the neutron star rotational frequency, Izz its principal
moment of inertia, ε = (Ixx − I yy)/Izz its equatorial ellipticity, and r
its distance to Earth. The ellipticity is related to the neutron star
maximum quadrupole moment (with m = 2) via [19]
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where for slowly rotating (and static) neutron stars Φ22 can be
written as [19]

Φ22,max = 2.4 × 1038 g cm2
(

σ

10−2

)(
R

10 km

)6.26(1.4M�
M

)1.2

. (3)

In the above expression σ is the breaking strain of the neutron
star crust which is rather uncertain at present time and lies in the
range σ = [10−5–10−2] [18]. To maximize h0 in this work we take
σ = 10−2 which might be too optimistic. From Eqs. (1) and (2) it
is clear that h0 does not depend on the moment of inertia Izz ,
and that the total dependence upon the EOS is carried by the
quadrupole moment Φ22. Thus Eq. (1) can be rewritten as

h0 = χ
Φ22ν

2

r
, (4)

with χ = √
2045π5/15G/c4. In a recent work we have calculated

the neutron star moment of inertia of both static and (rapidly) ro-
tating neutron stars. For slowly rotating neutron stars Lattimer and
Schutz [20] derived the following empirical relation
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Fig. 1. (Color online.) Pressure as a function of density for symmetric (upper panel)
and pure neutron (lower panel) matter. The green area in the upper panel is the
experimental constraint on symmetric matter extracted by Danielewicz, Lacey and
Lynch [22] from analyzing the collective flow in relativistic heavy-ion collisions.
The corresponding constraint on the pressure of pure neutron matter, obtained by
combining the flow data and an extrapolation of the symmetry energy function-
als constrained below 1.2ρ0 (ρ0 = 0.16 fm−3) by the isospin diffusion data, is the
shaded black area in the lower panel. Results are taken partially from Ref. [22].

This expression is shown to hold for a wide class of equations of
state which do not exhibit considerable softening and for neutron
star models with masses above 1M� [20]. Using Eq. (5) to calculate
the neutron star moment of inertia and Eq. (3) the correspond-
ing quadrupole moment, the ellipticity ε can be readily computed
(via Eq. (2)). Since the global properties of spinning neutron stars
(in particular the moment of inertia) remain approximately con-
stant for rotating configurations at frequencies up to ∼ 300 Hz
[21], the above formalism can be readily employed to estimate the
gravitational wave strain amplitude, provided one knows the exact
rotational frequency and distance to Earth, and that the frequency
is relatively low (below ∼ 300 Hz). These estimates are then to be
compared with the current upper limits for the sensitivity of the
laser interferometric observatories (e.g., LIGO).

3. Results and discussion

We calculate the gravitational wave strain amplitude h0 for
several selected pulsars employing several nucleonic equations of
state. We assume a simple model of stellar matter of nucleons and
light leptons (electrons and muons) in beta-equilibrium. For many
astrophysical studies (as those in this Letter), it is more convenient
to express the EOS in terms of the pressure as a function of density
and isospin asymmetry. In Fig. 1 we show pressure as a function of
density for two extreme cases: symmetric (upper panel) and pure
neutron matter (lower panel). We pay particular attention to the
EOS calculated with the MDI [23] (momentum dependent) inter-
action because its symmetry energy has been constrained in the
subsaturation density region by the available nuclear laboratory
data. The EOS of symmetric nuclear matter with the MDI inter-
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