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INTERNAL HEA TING AND THERMAL EMISSION FR OM OLD NEUTR ON
STARS: CONSTRAINTS ON DENSE-MA TTER AND GRA VIT ATIONAL

PHYSICS

Andreas Reisenegger,1 Rodrigo Fern�andez,2 and Paula Jofr�e1

RESUMEN

La composici�on de equilibrio de la materia en estrellasde neutronessealcanzamediante interaccionesd�ebiles
(decaimiento beta directos e inversos), las cuales proceden lentamente. Si se perturba la densidad de un
elemento de materia, �este se relajar�a al nuevo estado de equilibrio qu��mico mediante reaccionesque ocurren
fuera del equilibrio y por lo tanto producen entrop��a. �Esta es parcialmente liberada mediante la emisi�on de
neutrinos, mientras una fracci�on similar calienta la materia y eseventualmente radiada como fotonest�ermicos.
Examinamos dos posiblescausasde tales perturbaciones de densidad: 1) la reducci�on progresiva de la fuerza
centr��fuga al reducirse la velocidad de rotaci�on de estasestrellas (en particular pulsaresde milisegundos),que
lleva a calentamiento rotoqu��mico, y 2) una hipot�etica variaci�on temporal de la constante de gravitaci�on G,
predicha por algunas teor��as de la gravedad y modelos cosmol�ogicosactuales (calentamiento gravitoqu��mico).
Si s�olo interaccioneslentas puedenocurrir en la estrella (reaccionesUrca modi�cadas, con o sin apareamiento
de Cooper), el calentamiento rotoqu��mico puededar cuenta de la emisi�on ultravioleta observada del pulsar de
milisegundosm�as cercano,PSR J0437� 4715, la cual tambi�en proveeuna cota a jdG=dtj del mismo orden que
las mejoresdadasen la literatura.

ABSTRA CT

The equilibrium composition of neutron star matter is achieved through weak interactions (direct and inverse
beta decays), which proceedon relatively long time scales. If the density of a matter element is perturb ed, it
will relax to the new chemical equilibrium through non-equilibrium reactions, which produce entropy that is
partly releasedthrough neutrino emission,while a similar fraction heats the matter and is eventually radiated
as thermal photons. We examined two possible causesof such density perturbations: 1) the reduction in
centrifugal force causedby spin-down (particularly in millisecond pulsars), leading to rotochemical heating,
and 2) a hypothetical time-variation of the gravitational constant G, as predicted by sometheories of gravit y
and current cosmologicalmodels (gravitochemical heating). If only slow weak interactions are allowed in the
neutron star (modi�ed Urca reactions, with or without Cooper pairing), rotochemical heating can account for
the observed ultraviolet emissionfrom the closestmillisecond pulsar, PSR J0437� 4715,which also provides a
constraint on jdG=dtj of the sameorder as the best available in the literature.

Key Words: DENSE MA TTER | PULSARS: GENERAL | RELA TIVITY | STARS: NEUTR ON |
STARS: ROT ATION

Neutron star matter is composed of degenerate
fermions of various kinds: neutrons (n), protons
(p), electrons (e), probably muons (� ) and possi-
bly other, more exotic particles. (We refer to elec-
trons and muons collectively as leptons, l .) Neu-
trons are stabilized by the presenceof other, sta-
ble fermions that block (through the Pauli exclusion
principle) most of the �nal states of the beta de-
cay reaction n ! p + l + �� , making it much slower
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of Toronto, ON M5S 3H8, Toronto, Canada.

than in vacuum. The large chemical potentials � i (�
Fermi energies) for all particle species i also make
inverse beta decays, p + l ! n + � , possible. The
neutrinos (� ) and antineutrinos ( �� ) leave the star
without further interactions, contributing to its cool-
ing. The two reactions mentioned tend to drive the
matter into a chemical equilibrium state, de�ned by
� npl � � n � � p � � l = 0.

If a matter element is in someway driven away
from chemical equilibrium (� npl 6= 0), free energy
is stored, which is released by an excessrate of
one reaction over the other. This energy is partly
lost to neutrinos and antineutrinos (undetectable at
present), and partly used to heat the matter. The
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44 REISENEGGER, FERN �ANDEZ, & JOFR �E

Fig. 1. (tak en from FR05) Evolution of the internal tem-
perature and chemical imbalances for a 1.4M � star cal-
culated with the A18 + � � + UIX* EOS (Akmal et al.
1998), with initial temperature T1 = 108 K, null ini-
tial chemical imbalances,and magnetic dipole spin-down
with �eld strength B = 108 G and initial period P0 = 1
ms.

heat is eventually lost as thermal (ultra violet) pho-
tons emitted from the stellar surface.

We have consideredtwo forcing mechanismsthat
can perturb the chemical equilibrium in neutron
stars, causingpossibly observable radiation:

1) Rotochemical heating (Reisenegger1995,1997;
Fern�andez & Reisenegger 2005, hereafter FR05;
Reiseneggeret al. 2006): Many neutron stars are
observed as pulsars, whoseregular pulsesindicate a
very stable rotation rate that slowly decreaseswith
time at a precisely measurablerate. Thus, the cen-
trifugal force decreasesprogressively, and the neu-
tron star matter is compressed,increasingthe chem-
ical potentials � i by di�eren t amounts (due to dif-
ferent particle masses,concentrations, and interac-
tions), causing �nite values for � npe and � np� . An
imbalance between the reaction rates tries to keep
up with the changing equilibrium, releasingenergy
that heats the star.

2) Gravitochemical heating: A number of theo-
rists have suggestedthat perhapsthe so-called\fun-
damental constants" of Nature vary with cosmologi-
cal time. Many experiments have beenperformed to
constrain such changes,in particular those of New-
ton's gravitational constant, G. A changein the lat-
ter would also causeprogressive, structural changes
in a neutron star, like those consideredin the pre-
vious paragraph, with identical consequences,whose
magnitude dependson that of the time derivative _G.

Figure 1 shows the typical evolution of a mil-
lisecond pulsar subject to rotochemical heating. It

Fig. 2. (tak en from FR05) Quasi-steady e�ectiv e tem-
peratures T 1

s;eq for di�eren t EOSs and stellar masses,for
the spin parameters of PSR J0437-4715. Dashed lines
are 68% and 90% con�dence contours of the blackbody
�t to the emission from this pulsar (Kargaltsev et al.
2004). Bold lines indicate, for each EOS, the massrange
allowed by the constraint of van Straten et al. (2001),
M P S R = 1:58 � 0:18M � .

�rst cools down from its high birth temperature,
while the chemical potential imbalances� npl slowly
increasedue to the decreasingrotation rate. Even-
tually , theseare so high that the increasedreaction
rates can keepup with the ongoingcontraction, leav-
ing the chemical imbalance at a constant level, at
which also the energyreleasedby reactionsand that
emitted from the surface compensate, keeping the
temperature at a constant and, in principle, pre-
dictable value. For the nearest millisecond pulsar,
Figure 2 comparessuch predictions (for variousequa-
tions of state [EOSs] and neutron star masses)to
the temperature inferred from an HST observation.
Similar results can be obtained for gravito chemical
heating with various assumedvaluesof _G, constrain-
ing the latter through the sameobservation (Jofr�e et
al., paper in preparation).
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