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Rotational energy conversion and thermal evolution of neutron stars *
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Abstract: Pulsars are rapidly spinning, strongly magnetized neutron stars. Their electromagnetic dipole radiation

is usually assumed to be at the expense of the rotational energy. In this work, we consider a new channel through

which rotational energy could be radiated away directly via neutrinos. With this new energy conversion channel, we

can improve the chemical heating mechanism that originates in the deviation from β equilibrium due to spin-down

compression. The improved chemical and thermal evolution equations with different magnetic field strengths are

solved numerically. The results show that the new energy conversion channel could raise the surface temperature of

neutron stars, especially for weak field stars at later stages of their evolution. Moreover, our results indicate that

the new energy conversion channel induced by the non-equilibrium reaction processes should be taken into account

in the study of thermal evolution.
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1 Introduction

A pulsar is a highly magnetized, rotating neutron star
(NS). The period of a pulsar is extremely stable but it
is not constant. The spin-down of a pulsar is usually
considered to result from electromagnetic dipole radia-
tion [1, 2]. By tracking the long term rotational and
thermal evolution of NSs, we can study the nature of
dense matter. For example, Zheng et al. [3] investigated
the cooling of color-superconducting color-flavor locked
(CFL) phase strange stars, with the effect of deconfine-
ment heating and the existence of a Cooper pair breaking
and formation (PBF) process. With the help of bright-
ness constraints from young compact objects, Ref. [3]
supplied a constraint on the existence of CFL phases in
strange stars. Negreiros et al. [4] investigated the effects
of rotation on the thermal evolution of NSs in detail,
and their results show that the rotational evolution is
linked to a reorganization of particle composition in the
stellar interior, which leads to the switching on of exotic
neutrino emission processes.

During the rotational and thermal evolution of NSs,
several heating mechanisms may become important, es-
pecially in the later stages of the evolution. These in-
clude chemical heating [5–7], compositional transitions
in the crust [8], release of strain energy stored by the

solid crust due to spin down deformation [9], r-mode
dissipation heating [10, 11] and deconfinement heating
[3, 12, 13]. The energy resources of these heating mech-
anisms are closely related to the rotational evolution of
the stars. Some of them are directly connected with the
conversion of rotational energy. For example, the heating
energy of the chemical heating mechanism comes from
the rotational energy, which is converted into heating
by storing rotational energy in terms of chemical energy
[5], and the energy of r-mode dissipation heating comes
from the dissipation of rotational energy due to viscous
damping [11].

Sa’d and Schaffner-Bielich [14] investigated the dis-
sipation of the density oscillations of condensed matter
present in the interior of compact stars. They suggested
that the energy of the r-mode dissipates not only through
non-equilibrium effects but also via neutrino emission.
The latter mechanism constitutes another source of the
bulk viscosity, the so-called radiative viscosity. The re-
sults show that, in the case of non-strange quark matter,
this effect is 1.5 times larger than that of the bulk vis-
cosity [14]. Yang et al. [15, 16] studied the non-linear
effects of radiative viscosity of npe matter for both the
direct Urca process and modified Urca process in NSs. In
Ref. [17], the authors extended radiative viscosity to su-
perfluid matter. Moreover, Jaikumar and Sandalski [18]
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showed that non-equilibrium neutrino rates associated
with the r-mode fluctuation could change the thermal
and rotational evolution of isolated strange stars con-
siderably. The above works show that energy dissipa-
tion is not only through non-equilibrium effects, but that
neutrino emissions should be considered when deviation
from β equilibrium is considered.

Several different processes could lead to a departure
from β equilibrium, including a changing rotation rate
[5, 7], radial pulsation [19], gravitational collapse [20, 21]
and the time-variation of the gravitational constant [22].
As discussed above, the energy dissipation via neutrino
emission induced by deviation from β equilibrium is
caused by stellar pulsation. The purpose of this paper
is to discuss the effect of this new channel induced by
pulsar spin down, through which the rotational energy
of the NS can be taken away directly by neutrinos.

In a rotating NS, chemical heating originates in the
departure from β equilibrium due to spin down com-
pression. When the departure takes place, there exists
not only a net reaction rate of β decay and its inverse,
but also an increase of total neutrino emission [23]. The
net reaction rate and total neutrino emission increment
have an equivalent effect on releasing the stored chemical
energy, i.e., chemical energy can be taken away through
either of the channels. This is different from the previous
understanding of chemical heating, which suggested that
the conversion of rotational energy into heat takes place
first and then the neutrinos take away the internal energy
of the stars. Therefore, the chemical heating mechanism
scenario mentioned in Ref. [5] should be improved. In-
creased neutrino emissivity could escape directly from
the star and change the amplitude of chemical deviation
along with the change of net reaction rate and spin-down
rate.

We will discuss the effect of the new channel through
which rotational energy can be converted into heat and
neutrinos. The thermal evolution of NSs is also dis-
cussed. The paper is organized as follows. Section 2
introduces our improvements to the modeling rotational
energy conversion, and the corresponding evolutionary
equations will also be introduced. Section 3 presents the
numerical results, and comparisons of the old scenario
with the improved one. Discussion and conclusions are
given in Section 4.

2 Rotational energy conversion and im-

proved model

The original framework of chemical heating was de-
scribed by Reisenegger et al. [5]. Here we describe the
fundamental equations and the improvements related to
the rotational energy being taken away by neutrinos. We
consider a simple model of NS, consisting of npe matter.

For a normal NS, the simplest weak interaction pro-
cess that could proceed in the core is the direct Urca
process [23],

n→p+e+ν̄e, p+e→n+νe. (1)

This is the most powerful neutrino process that can po-
tentially lead to the cooling of a NS. It contains two suc-
cessive reactions: β decay and electron capture. These
processes are only possible in NSs if the proton fraction
exceeds a critical threshold. Otherwise energy and mo-
mentum cannot be conserved simultaneously for these
reactions [23]. If this were the case, the modified Urca
process would prevail:

n+N→p+N+e+ν̄e, p+N+e→n+N+νe, (2)

where N is an additional spectator nucleon (either a neu-
tron or a proton) that allows energy and momentum con-
servation.

The outcome of these reactions is a neutrino pair
which carries energy away by escaping from the star.
The composition remains unchanged if the rates of the
direct and inverse reactions are equal, which happens
in the β-equilibrium state (β equilibrium condition is
µn = µp+µe) [23]. In the absence of this equilibrium,
the rates of direct and inverse reactions are different,
and the reactions affect the nuclear composition, driving
matter towards the equilibrium. While the star spins
down, the internal density of the star will increase. This
density variation will change the chemical equilibrium
state throughout the core. If a finite departure from the
chemical equilibrium (δµ=µn−µp−µe) is produced, the
net effect of the reactions is to increase the chemical en-
ergy at the expense of the stored rotational energy. This
is the chemical heating mechanism, a channel through
which the rotational energy of NSs can be converted into
heat [5, 24, 25].

In this work, we are going to discuss the non-
equilibrium β reactions induced by a changing rotation
rate. According to Ref. [5], the time evolution of chemi-
cal potential difference and temperature are given by

δµ̇ = −Exx

(

αn
Enx

Exx

ΩΩ̇

Gρc

+
Γ

n

)

, (3)

Ṫ =
1

E−1
ss T

(

Γδµ

n
−

ε

n
−Ėγ

)

, (4)

where α is a positive and dimensionless number of or-
der unity that depends slightly on radius within the core
of a NS, n is the baryon number density, Enx, Exx and
Ess are partial derivatives of the total energy per baryon
with respect to baryon number density, composition pa-
rameter x=np/n and entropy s per baryon, respectively
(Enx=∂2E/∂n∂x, Exx=∂2E/∂x∂x, Ess=∂2E/∂s∂s), G
is the gravitational constant, ρc is the central density of
the star, Ω and Ω̇ are angular velocity and the deriva-

125104-2



Chinese Physics C Vol. 41, No. 12 (2017) 125104

tives angular velocity respectively, Γ is the reaction rate
of the corresponding reactions, ε is the total emissivity,
and Ėγ represents the energy in photons radiated from
the surface of a NS.

The chemical imbalance increases the phase space
available to the products of the neutrino-emitting re-
actions, and the temperature also affects the chemical
imbalance by determining the rate at which reactions
proceed. This change of emissivity takes rotational en-
ergy away from the deviation from β equilibrium and
increases the rate of energy loss via neutrinos. The in-
creased of neutrino emissivity due to the deviation from
equilibrium will not increase the temperature but radi-
ate away directly in the form of neutrinos. This energy
conversion process is coincident with the one mentioned
in Ref. [14].

With the new energy conversion channel, the evo-
lution functions should be improved at the same time.
Two basic rates are relevant for following the coupled
evolution of T and δµ: the total emissivity ε (energy per
unit volume per unit time) and the net reaction rate Γ
(number of reactions or emitted lepton number per unit
volume per unit time). The changed interaction rates al-
ways lead to an increase of the neutrino emissivity. This
part of increasing neutrino emissivity induced by the de-
viation from chemical equilibrium runs directly out of the
star, and it affects the deviation amplitude of chemical
equilibrium without affecting temperature. Under this
new scenario, the evolution equations can be written as

δµ̇ = −Exx

(

αn
Enx

Exx

ΩΩ̇

Gρc

+
Γ

n
+

∆ε

nδµ

)

, (5)

Ṫ =
1

E−1
ss T

(

Γδµ

n
−

ε0

n
−Ėγ

)

, (6)

where ε0 is the equilibrium emissivity, and ∆ε is neu-
trino emissivity induced by the deviation from chemical
equilibrium. In Eq. 5, the first term in the parenthe-
ses accounts for the change in the chemical equilibrium
state due to spin down, the second term for the change in
the actual chemical state due to reactions, and the third
term is equivalent to the stored chemical energy that is
taken away directly by neutrinos. In Eq. 6, Γδµ/n and
ε0/n represent the stored chemical energy released by
the corresponding reactions and the energy radiated by
neutrinos and anti-neutrinos during the reactions respec-
tively. The improved evolution functions show that the
chemical potential difference has changed, so the tem-
perature evolution of the star is subsequently affected.

3 Numerical results

In this section, we are going to give the numerical
results of the thermal evolution of a NS with chemical
heating under the old scenario (mentioned in Ref. [5]), as

well as the improved scenario. For comparison, we use
the same parameters for the star mentioned in Ref. [5].
The corresponding parameters are set as follows: the
equation of state used here is PAL [26] and for de-
riving the Enx, Ess and Exx, and n = 2n0, α = 0.73,
ρc =3mnn0 = 8.0×1014 g·cm−3, and the initial rotation
period Pi=1 ms and initial temperature Ti=1011K. The
surface temperature of the stars is related to internal
temperature by a coefficient determined by the scatter-
ing processes occurring in the crust. We apply a for-
mula Ts=3.08×106g1/4

s,14T
0.5495
9 , which is demonstrated in

Ref. [27], where gs,14 is the proper surface gravity of the
star in units of 1014cm s−2. In principle, magnetic fields
may change the relation of surface temperature and in-
ternal temperature. However, Potekhin et al. [28] have
shown that the effect is negligible if the field strength is
lower than 1013G. So this relation is a good approxima-
tion for our case. In order to reveal the effect of the new
channel for energy conversion, we discuss the turning on
of the direct Urca process and modified Urca process re-
spectively.

Defining u=δµ/(πkT ), for direct Urca processes [5]

εd(T,δµ)=εd(T,0)

(

1+
1071u2+315u4+21u6

457

)

, (7)

Γd(T,δµ)δµ=εd(T,0)
714u2+429u4+42u6

457
, (8)

and for modified Urca processes [5]

εm(T,δµ)=εm(T,0)

(

1+
22020u2+5670u4+420u6+u8

11513

)

,

(9)

Γm(T,δµ)δµ=εm(T,0)
14680u2+7560u4+860u6+24u8

11513
,

(10)
where ε(T,0) is the equilibrium neutrino emissivity rate.

In this paper, we use the equilibrium neutrino emis-
sivity given by [29]

εd(T,0)≈4.3×1021

(

xeqn

n0

)1/3

T 6
8 ergs·cm−3

·s−1 (11)

and

εm(T,0)≈3.5×1013

(

xeqn

n0

)1/3

T 8
8 ergs·cm−3

·s−1 (12)

where n0=0.16 fm−3 is the normal nuclear baryon den-
sity and the subscripts m and d denote the modified Urca
process and the direct Urca process respectively.

Since the star is assumed to be spinning down due to
magnetic dipole radiation (Ω̇ =−B2

pR
6Ω3 sin2θ/(6Ic3)),

we consider three different surface magnetic field
strengths: B=108G,1010G, and 1012G. Figure 1 displays
the evolution curves of effective surface temperature of
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NSs, which are obtained by integrating the coupled evo-
lution equations (5) and (6) (for the old scenario, solving
the coupled equations (3) and (4)). Both the chemical
heating under the old scenario and the improved one are
shown in Fig. 1. We can see from Fig. 1 that the effect of
chemical heating under the improved scenario with inter-
mediate field (1010G) and lowest field (108G, representa-
tive of a millisecond pulsar) is strengthened regardless of
whether the direct Urca process is switched on or not, es-
pecially at later times. For the strongest magnetic field
(1012G, representative of a typical classical radio pul-
sar), the spin-down and heating are substantial only in
the early stage of evolution, and its effect on the thermal
evolution curves is not particularly obvious with chemi-
cal heating under either the old scenario or the improved
one.

The chemical evolution curves of NSs with different
magnetic field strengths are present in Fig. 2. The old
scenario and the improved one are both considered. The
absolute value of δµ under the old scenario is slightly
smaller than with the improved scenario. When the mag-
netic field strength is low, the difference between these
two scenarios decreases in the later evolution stage of
NSs. When the magnetic field is strong, the difference is
stable.

Figure 3 shows the ratio of Γδµ to ∆ε. It shows the
capability of converting rotational energy to heat and
neutrinos. Compared with Fig. 2, we find that the ratio
of Γδµ to ∆ε changes with temperature. As the star gets

older, the ratio of Γδµ to ∆ε increases dramatically, so
the heating term plays a more important role than the
photon-cooling stages.

Fig. 1. Thermal evolution curves of NSs. The dif-
ferent effective surface temperature at infinity T∞

s

is plotted logarithmically as a function of time for
direct Urca reactions (bottom group of lines) and
modified Urca reactions (top group of lines). The
dotted curves represent solutions in the new sce-
nario of chemical heating. The solid curves are so-
lutions obtained by recovering the work of Ref. [5].
The curves correspond to magnetic dipole brak-
ing for different magnetic field strengths at (a)
B=108G; (b) B=1010G; (c) B=1012G.

Fig. 2. Chemical evolution curves of NSs. |δµ|/(πk) is plotted logarithmically as a function of time with modified
Urca reactions (top panel) and direct Urca reactions (bottom panel). The dotted curves are the solutions under the
new scenario of chemical heating. The solid curves are the solutions obtained by recovering the work of Ref. [5]. The
curves correspond to magnetic dipole braking with different magnetic field strengths: (a) B=108G; (b) B=1010G;
(c) B=1012G.
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Fig. 3. The ratio of Γδµ to ∆ε in the new scenario of chemical heating. The ratio is plotted logarithmically as a
function of time with modified Urca reactions (top panel) and direct Urca reactions (bottom panel). The curves
correspond to magnetic dipole braking with different magnetic field strengths: (a) B =108G; (b) B =1010G; (c)
B=1012G.

If the relevant forcing (ΩΩ̇) changes slowly with
time, the star eventually arrives at a quasi-stationary
state, where the rate at which the equilibrium concen-
trations are modified by this forcing is the same as that
at which the reactions drive the system toward the new
quasi-equilibrium configuration, with heating and cool-
ing balancing each other [5]. Properties of this quasi-
stationary state can be obtained by the simultaneous so-
lutions for Eqs. (5) and (6) with Ṫ = δµ̇=0. The exis-
tence of a quasi-stationary state makes it unnecessary to
model the full evolution of the temperature of the star
in order to get the final temperature, since the quasi-
equilibrium state is independent of the initial conditions
(see Fernández and Reisenegger [7] for a detailed analysis
of the rotochemical heating). This implies that, for given
values of ΩΩ̇, it is possible to calculate the temperature
for an old pulsar, that has reached the quasi-equilibrium
state, without knowing its exact age.

Here we are going to give the surface temperature of
the quasi-equilibrium state. Assuming direct Urca pro-
cesses are switched on, the surface temperature of the
quasi-equilibrium state can be written as:

T D
s '1.50599×105

(

Ṗ
−20

P 3
ms

)3/10

,

T nD
s '1.58582×105

(

Ṗ
−20

P 3
ms

)3/10

,

where T D
s is the surface temperature with chemical heat-

ing under the old scenario, T nD
s is the surface tempera-

ture with chemical heating under the new scenario, Ṗ
−20

is the period derivative measured in units of 10−20 and
Pms is the period in milliseconds. The temperature in-
creases by roughly 5.3% when rotation energy is taken
away by neutrinos directly. When only modified Urca
processes are switched on, the surface temperature of
the quasi-equilibrium state can be written as:

T M
s '3.35553×105

(

Ṗ
−20

P 3
ms

)2/7

,

T nM
s '3.44569×105

(

Ṗ
−20

P 3
ms

)2/7

,

where T M
s is the surface temperature with chemical heat-

ing under the old scenario, and T nM
s is the surface tem-

perature with chemical heating under the new scenario.
We find that the temperature increase is 2.69%.

4 Discussion and conclusions

We have introduced a new channel through which ro-
tational energy is radiated away via neutrinos directly.
Considering this new channel of energy conversion, we
studied the thermal evolution of NSs with the traditional
chemical heating and the improved model. Its effects on
a normal NS with direct Urca process and modified Urca
process have been discussed. Investigation of the evolu-
tion of the surface temperature and chemical evolution
of NSs with different magnetic field strengths indicates
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that the improved chemical heating mechanism can raise
the surface temperature of the NSs to a certain extent.
Moreover, when considering non-equilibrium cases, such
as chemical deviations, this kind of energy dissipation
through neutrinos should be considered.

In Ref. [7], the authors gave quasi-equilibrium effec-
tive temperatures obtained from different equations of
state and stellar models. The highest predicted quasi-
equilibrium effective temperature is lower than the black-
body fit to the UV emission of PSR J0437-4715 by about
20%. The quantitative results presented in our work are
produced by a classical NS model in which some detailed
features of real NSs are neglected. However, this simpli-
fied model can exhibit the main qualitative effects of the
new channel of the conversion of rotational energy. Fur-
thermore, consideration of the improved chemical heat-
ing mechanism in our work may help us to understand
or constrain fundamental physics problems, or explain
the observations of older millisecond pulsars with high

surface temperatures [30–32]. Moreover, we can use it to
discuss the thermal evolution of NSs in detail, including
the presence of exotic particles, and the structure of the
stars combined with spin evolution.

Detailed calculations, including the determination of
the reaction rates of superfluid matter which is out of
chemical equilibrium, are needed in order to make pre-
cise predictions for specific stellar models as mentioned
in Ref. [24]. At the same time, particular equations of
state and structure of the NS help us get further de-
tails about the energy conversion processes [15]. The
inclusion of superfluidity is likely to raise the predicted
temperatures, and this will also be the subject of our
future work.
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