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ABSTRACT
The viscosity-driven �spin-�ip� instability in newly born magnetars with interior toroidal
magnetic �elds is re-examined. We calculate the bulk viscosity coef�cient (� ) of cold, npeµ
matter in neutron stars (NS), for selected values of the nuclear symmetry energy and in the
regime where �-equilibration is slower than characteristic oscillation periods. We show that:
(i) � is larger than previously assumed and the instability time-scale correspondingly shorter;
(ii) for a magnetically induced ellipticity �B � 4 × 10�3, typically expected in newborn
magnetars, spin-�ip occurs for initial spin periods �2�3 ms, with some dependence on the NS
equation of state (EoS). We then calculate the detectability of GW signals emitted by newborn
magnetars subject to �spin-�ip�, by accounting also for the reduction in range resulting from
realistic signal searches. For an optimal range of �B � (1 � 5) × 10�3, and birth spin period
�2 ms, we estimate an horizon of �4, and �30 Mpc, for Advanced and third generation
interferometers at design sensitivity, respectively. A supernova (or a kilonova) is expected as
the electromagnetic counterpart of such GW events. Outside of the optimal range for GW
emission, EM torques are more ef�cient in extracting the NS spin energy, which may power
even brighter EM transients.

Key words: dense matter � equation of state � gravitational waves � magnetic �elds � stars:
magnetar � supernovae: general.

1 IN T RO D U C T I O N

The �rst detections of GWs from binary black holes (BHs; Abbott
et al. 2016, Abbott et al. 2017a) and from a binary neutron stars (NS)
merger (Abbott et al. 2017d) have opened a new era in physics and
astronomy. Newly born magnetars have long been discussed as a
class of compact objects of potential relevance for current and future
GW detectors (Cutler 2002, Stella et al. 2005, Corsi & M·esz·aros
2009, Dall�Osso, Shore & Stella 2009, Dall�Osso et al. 2015).

The ability of newborn magnetars to emit a distinctive GW sig-
nal, the properties of such signals, and their rate of occurrence, are
sensitive to the NS properties; therefore, they hold the potential to
probe the physics of NS interiors. Cutler (2002) �rst pointed out
that millisecond spinning NS with predominantly toroidal interior
B-�elds, for example, magnetars, may be subject to a secular in-
stability �rst discussed by Jones (1976), which favors intense GW
emission. Schematically,1 a strong toroidal �eld deforms the NS
shape into a prolate ellipsoid, which undergoes freebody preces-

� E-mail: sim.dall@gmail.com
1see Cutler (2002) and Jones (1976) for more details.

sion. Dissipation of the precession energy, due to the NS interior
viscosity, will drive the symmetry (magnetic) axis of the ellipsoid or-
thogonal to the spin axis, thus maximizing GW emission ef�ciency.
This is often referred to as2 �spin-�ip instability�; the prolate shape
of the ellipsoid, induced by a strong toroidal magnetic �eld in the
NS core, is essential for the instability.

The B-�eld strength in magnetar cores can only be inferred from
observations of the galactic population. Based on the energetics of
the 2004 December 27 Giant Flare of the Soft Gamma Repeater
SGR 1806-20, Stella et al. (2005) derived a lower limit �1016 G
for the volume-averaged B-�eld at birth. Makishima et al. (2014),
based on the possible precession of the Anomalous X-ray Pulsar 4U
0142+61, estimated B �1016 G at �104 yr age. Such magnetic �eld
in the core of newborn magnetars would give rise to GW signals
detectable from well beyond the Milky Way.

Key to strong GW emission is that �ipping of the symmetry axis
be fast compared to other mechanisms like, for example, magnetic
dipole radiation, that tap the same energy reservoir as GWs, i.e.

2Even though, in the observer�s frame, it is the magnetic symmetry axis that
�ips.
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the NS spin. Thus, an effective source of viscosity is crucial. To
further study this scenario, Dall�Osso et al. (2009) considered bulk
viscosity in pure npe NS matter soon after birth, at temperatures
�1010 K, when the NS crust has not yet formed.

These authors concluded that: (i) for birth spin �1�3 ms, the
instability is suf�ciently fast if the interior B-�eld is3 Bint, 16 � 4
and the exterior dipole Bd, 14 � 5; (ii) GW signals are detectable
with Advanced LIGO/Virgo from Virgo cluster distances. Given an
estimated magnetar formation rate �1 yr�1 within that volume, this
may lead to an interesting rate of detectable events, in particular,
for Bint, 16 � 1, Bdip, 14 < 3, and birth spin periods <2.5 ms.

Here, we improve on previous work in several ways: In Section 2,
we calculate the bulk viscosity coef�cient of npeµ matter, for three
representative choices of the NS equation of state (EoS), showing
that it is generally larger than previously assumed. In passing, we
address doubts raised about the effectiveness of bulk viscosity. In
Section 3, we summarize the formalism used to model spin-�ip
as a consequence of viscous dissipation of freebody precession,
and calculate numerically the time evolution of the tilt angle of
the magnetic axis, along with the corresponding GW luminosity.
In Section 4, using our new results, we re-asses the detectability
of newborn magnetars with current and future GW detectors, and
further comment on perspectives for the detection of associated EM
signals.

2 BULK V ISCOSITY IN THE N S C ORE

Fluid bulk viscosity is due to pressure/density variations from equi-
librium. In a precessing NS, such �uctuations are excited at the
precession frequency. In �-stable NS matter, pressure depends on
the local density and charged particle fraction: when a �uid ele-
ment is displaced from equilibrium, the ensuing compression will
activate �-reactions, to establish a new pressure and chemical equi-
librium. Bulk viscosity is thus characterized by two time-scales: the
perturbation period, Tp = 2�/�, equal to the precession period, and
the relaxation time-scale �� = 2�/�� , on which chemical equilib-
rium is restored. For npe matter, the bulk viscosity coef�cient is4

(Lindblom & Owen 2002)
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where P, nb are the total pressure and baryon density, z = ���
and x = np/nb the proton fraction. Equation (1) highlights the de-
pendence of bulk viscosity on the perturbation frequency, chemical
composition, density, and pressure pro�les of the NS structure.

The different regimes � equation (1) has two main regimes of �
as a function of z:

i) z � 1, �low frequency� limit. Chemical equilibrium is es-
tablished quickly compared to the perturbation period (Tp). Thus,
deviations from chemical equilibrium cannot grow much and en-
ergy losses remain very limited, resulting in a small bulk viscosity
coef�cient, which scales like � � z;

ii) z � 1, �high frequency� limit. Chemical imbalance is erased
over a time much longer than the perturbation period. During each
cycle, deviations from chemical equilibrium grow almost freely: the

3From here on, Qn � Q/10n.
4Equation (1) is valid for any �uid with relativistic components. For practical
purposes, in the case of npeµ matter, we will adopt a slightly different
expression which is derived from equation (1).

Table 1. Different choices for the symmetry energy S	 and power-law index

 . Case I matches closely the results for the APR EoS. Cases II and III are
for illustration purposes.

CASE Sv[MeV] 
 S	 [MeV] �

I 15.5 1/2 32.5 0.59
II 14.5 1/3 31.5 0.525
III 13.5 1/4 30.5 0.503

small dissipation due to �-reactions builds up only in a large num-
ber of cycles, eventually damping the perturbation. In this regime
� � z�1.

These two regimes join smoothly around z � 1, where the bulk
viscosity coef�cient � (z) reaches a maximum.

Standard expression � z � 1 is typically the relevant regime in
NS (e.g. Haensel, Leven�sh & Yakovlev 2000, 2001, Lindblom &
Owen 2002, Dall�Osso et al. 2009), unless T > 1010 K. In particular,
assuming a NS made of pure npe matter, and treating each particle
species as a �uid of non-interacting, fully degenerate fermions, the
standard expression for the bulk viscosity coef�cient (Sawyer 1989)
can be derived from equation (1) for z � 1

� (std) � 6 × 10�59�2T 6��2. (2)

Equation (2) can be improved in two ways: (i) a more realistic
description of NS matter, which accounts for the interactions among
baryons, by specifying the NS EoS; (ii) the inclusion of additional
particles, expected to appear in the NS core at large densities (e.g.
Haensel et al. 2000, Lindblom & Owen 2002). Muons will be �rst
produced in �-reactions once the electron Fermi energy exceeds
the muon rest-mass �105 MeV. The exact density threshold for
muon production depends on the NS EoS and has a typical value
� � 2.3 × 1014 g cm�3. We will not consider further particles, that
might appear in the core at � > 8 × 1014 g cm�3.

2.1 Nuclear symmetry energy

Baryon interactions in the NS EoS are described in terms of EN(nb,
x), the nucleon energy per baryon, at baryon number density nb =
nn + np. If EN(nb, 0) is the energy of pure neutron matter and EN(nb,
1/2) the energy of symmetric matter, then the former exceeds the
latter by the symmetry energy, S0(nb). For intermediate x-values, the
excess energy is obtained interpolating between these two limits

EN (nb, x) � EN (nb, 1/2) + S0(nb)(1 � 2x)2. (3)

S0(nb) has a kinetic and a potential energy component

S0(u) = Sku2/3 + Svu
, (4)

the latter incorporating baryons interactions. In equation (4), u =
nb/ns, ns � 0.16 fm�1 is the baryon number density at the nuclear
saturation density �s � 2.7 × 1014 g cm�3, Sk = 17 MeV and Sk
+ Sv = S0(us). The index 
 � 0.2�1 (Steiner, Lattimer & Brown
2010) parametrizes the uncertain scaling of the potential energy
with density. equation (4) is often written as S0(nb) = S	(nb/ns)� ,
where S	 = Sk + Sv � 30�34 MeV positively correlates with �
� 0.45�0.7 (Lattimer & Prakash 2016). Here, we consider three
representative choices of (Sv , 
 ) that span the range of uncertainty
on both parameters: chosen values are reported in Table 1. Case I
gives a relatively stiff EoS approximating the

APR EoS (Akmal, Pandharipande & Ravenhall 1998). Cases
II and III give a progressively softer EoS, consistent with a NS
maximum mass �2 M� (e.g. Demorest et al. 2010).
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