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The nuclear physics of neutron stars

J. Piekarewicz
Department of Physics, Florida State University,
Tallahassee, FL 32306.

Recibido el 13 de abril de 2008; aceptado el 23 de junio de 2008

A remarkable fact about spherically-symmetric neutron stars in hydrostatic equilibrium — the so-called Schwarzschild stars — is that the
only physics that they are sensitive to is the equation of state of neutron-rich matter. As such, neutron stars provide a myriad of observables
that may be used to constrain poorly known aspects of the nuclear interaction under extreme conditions of density. After discussing many of
the fascinating phases encountered in neutron stars, | will address how powerful theoretical, experimental, and observational constraints may
be used to place stringent limits on the equation of state of neutron-rich matter.

Keywords:Nuclear matter; neutron stars; effective interactions.

Un hecho sorprendente acerca de las estrellas de neutrones con simetria esferica y en equilibrio hydrostatico — las llamadas estrellas de
Schwarzschild — es que su dimica solo depende de la ecuatide estado de materia nuclear asirica. Por lo tanto, las estrellas

de neutrones proporcionan una gran diversidad de observables que pueden ser utilizadas para determinar las interacciones nucleares bajo
condiciones extremas de densidad. Despues de introducir varias fases presentes en las estrellas de neutrones, discutire como usar argumentos
tedricos, experimentales y observacionales para limitar la ecuacion de estado de materia nudédcaasim

Descriptores:Materia nuclear; estrellas de neutrones; interacciones efectivas.

PACS: 21.65.+f; 26.60.+c; 21.30.Fe

1. Introduction P L EMM(r) 14 P(r)
dr r2 E(r)
A neutron star is a g_old mine for t_he study of the phase dia- Anr3P(r) 2G M (r) -1
gram of cold baryonic matter. While the most common per- X (14— |1 - —+F ;@
: ) . M (r) r
ception of a neutron star is that of a uniform assembly of
neutrons packed to densities that may exceed that of normal AM )
nuclei by up to an order of magnitude, the reality is far dif- — = AmriE(r) (2)

ferent and significantly more interesting. Indeed, the mere\)/vhereG is Newton's gravitational constant, whil&(r)
fact that hydrostatic equilibrium must be maintained through- 9 ' '

) : E(r), and M (r) represent the pressure, energy density, and
out the neutron star, demandsnagativepressure gradient : .
S ) . enclosed-mass profiles of the star, respectively. Note that
at each point in the star; otherwise the star would collaps e last three terms (enclosed in square brackets) in Eq. (1)
under its own weight. This model-independent fact yields 9 q

o . . ?ave a general-relativistic origin. Remarkably, the only in-
nuclear densities — at least for most realistic equations o o . )
states — that span over 11 orders of magnitude; fiorh put that neutron stars are sensitive to is the equation of state
s . T ) ! of neutron-rich matter. Indeed, changes in pressure and en-
to 10'5g/cm?. Recall that in this units nuclear-matter satu-

ration density equals, = 2.48 x 10Mg/c?. What novels closed mass as a function of radius (left-hand side of the

. o eguations) depend not only on the values of these quantities
phases of baryonic matter emerge under these conditions IS ; » .
atr, but also on the “unknown” energy densiyr) of the

both fascinating and unknown. Moreover, most of the exotic : . . .
: S ._system. Thus, no solution of the TOV equations is possible
phases predicted to exist in neutron stars can not be realized .. . . o )
" until an equation of stateife., a P vs¢& relation) is supplied.
under normal laboratory conditions. Whereas most of these ; . ; . T
i : In this manuscript we discuss the various fascinating
phases have a fleeting existence here on Earth, they becom . . o
. phases of baryonic matter that are predicted to exist in neu-
stable in neutron stars as a consequence of the presence

0 ) . ;
L : tron stars, but inaccessible under normal laboratory condi-
enormous gravitational fields.

tions. After briefly discussion the theoretical models used in
this contribution, we focus on recent theoretical, experimen-
tal, and observational constrains that place stringent limits on

To establish the fundamental role played by the equatiofihe equation of state of neutron-rich matter.
of state on the structure of spherically-symmetric neutron
stars in hydrostatic equilibrium, we start with the Tolman-2_ Anatomy of a neutron star
Oppenheimer-Volkoff (TOV) equations — the extension of
Newton'’s laws to the domain of general relativity. The TOV Neutron stars contain a non-uniform crust above a uniform
equations may be expressed as a coupled set of first-ordbquid mantle. See Fig. 1 for what is believed to be an accu-
differential equations of the following form: rate rendition of the structure of a neutron star.
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FIGURE 2. (color online) A snapshot of a Monte Carlo simula-
tion for a configuration of 4,000 nucleons at a baryon density of
n=0.025 fm ™3 (a sixth of normal nuclear matter saturation den-
sity), a proton fraction o, = Z/A = 0.2, and a temperature of
T =1MeV.
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1 nuclear matter saturation density). At these densities the sys-
tem exhibits rich and complex structures that emerge from
FIGURE 1. A rendition of the structure and phases of a neutron star g dynamical competition between short-range nuclear attrac-

(courtesy of Dany Page). tion and long-range Coulomb repulsion. At the lower densi-
ties present in theuter corethese length scales are well sep-
2.1. The outer crust arated and the system organizes itself into a crystalline lattice

of neutron-rich nuclei. In contrast, at a much higher density
The outer crust is understood as the region of the star spagf the order of half of nuclear-matter saturation density, uni-
ning about 7 orders of magnitude in density; from aboutiormity in the system is restored and the system behaves as
10*g/cm® to 4 x 10" g/en [1]. At these densities, the elec- g uniform Fermi liquid. Yet the transition region from the
trons — which are an essential component of the star in ordegighly-ordered crystal to the uniform liquid mantle is com-
to maintain charge neutrality — have been pressure ionizegjex and not well understood. Length scales that were well
and move freely throughout the crust. Moreover, at thes@eparated in both the crystalline and uniform phases are now
“low” densities, *°Fe nuclei arrange themselves in a crys-comparable, giving rise to a universal phenomenon known as
talline lattice in order to minimize their overall Coulomb re- «coulomb frustration” It has been speculated that the transi-
pulsion. This is the structure of the outermost layer of thetjon to the uniform phasmustgo through a series of changes
crust. However, as the density increases (and one movgs the dimensionality and topology of these complex struc-
away from the surface of the staf)Fe is no longer the most yres, colloguially known a&uclear pastaf2,3]. In Fig. 2
energetically favorable nucleus. This is because the elegg snapshot obtained from Monte-Carlo/Molecular-Dynamics
tronic contribution to the energy increases faster with densitgjmulations of a nuclear system at densities relevant to the
than the nuclear contribution. As a result, it becomes enefinner crust are displayed [4,5]. The figure displays how the
getically advantageous for the energetic electrons to capturgystem organizes itself into neutron-rich clustars. (“nu-
on the protons and for the excess energy to be carried awayej") of complex topologies that are surrounded by a vapor of
by neutrinos. The resulting nuclear lattice is now made of NU{perhaps superfluid) neutrons. Such complex pasta structures
clei having a neutron excess larger than that’sfe. Asthe  may have a significant impact on various transport properties,
density continues to increase, the nuclear system evolves intq,ch as neutrino and electron propagation.
a Coulomb lattice of progressively more neutron-rich nuclei
until a “critical” density of aboutt x 10*'g/cm? isreached. 23 The stellar core
At this point the nuclei are unable to hold any more neutrons;

the neutron drip line has been reached. As the density continues to increase, the neutron-rich nuclei
will “melt” and uniformity in the system will be restored. At
2.2. The inner crust these densities (of the order of 1/3-to-1/2 of normal nuclear-

matter saturation density) the naive perception of a neutron
The inner crust of the neutron star comprises the region fronstar, namely, a uniform assembly of closely-packed neutrons
neutron-drip density up to the density at which uniformity in will be realized, albeit for the presence of a small percent-
the system is restored (approximaté}{d to 1/2 of normal age (of the order of 10%) of protons and electrons required
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to maintain chemical equilibrium and charge neutrality. Al- single isovector mesord/) and the photon4*), Horowitz
though the non-uniform crust displays fascinating and in-and Serot [14] obtained results for the ground-state prop-
triguing dynamics, its structural impact on the star is rathelerties of finite nuclei that rivaled some of the most sophis-
modest. Indeed, the crust accounts for about 10% of the rdicated non-relativistic calculations of the time. However,
dius of the neutron star and for only a few percent of its masswhereas the two dimensionless parameters in the original
Most of the mass of the neutron star is contained in its uni\Walecka model could be adjusted to reproduce the nuclear
form core. Yet the highest density attained in the core desaturation point, the incompressibility coefficient (now a pre-
pends critically on the equation of state of neutron-rich mat-diction of the model) was too largé<{(> 500 MeV) as com-

ter which at those high densities is poorly constrained. Theared with existing data on breathing-mode energies [15]. To
cleanest constraint on the equation of state at high-densitgvercome this problem, Boguta and Bodmer introduced cu-
will emerge as we answer one of the central questions in nubic () and quartic §) scalar meson self-interactions that ac-
clear astrophysicswhat is the maximum mass of a neutron counted for a significant softening of the equation of state
star?Or equivalentlywhat is the minimum mass of a black (K =150+£50 MeV) [16]. Two parameters of the Lagrangian
hole? Note that if the equation of state is “soft”, very high density of Eq. (3) remain to be discussed, namélgnd
densities may be reached in the stellar core. At such high dent,. Both of these parameters are set to zero in the enor-
sities new states of matter may develop as the quarks withimously successful NL3 model, suggesting that the experi-
the hadrons become deconfined. Such an exciting possibilitmental data used in the calibration procedure is insensitive
will not be considered further in this manuscript. to the physics encoded in these parameters. IndeétleM
and Serot found possible to build models with different val-
ues of¢ that reproduce the same observed properties at nor-
mal nuclear densities, but which yield maximum neutron star

Before addressing the role that recent observables play ifasses that differ by almost one solar mass [12]. This re-
constraining various theoretical description of the equatiorfult indicates that observations of massive neutron stars —
of state, we introduce the relativistic mean-field models thafather than laboratory experiments — may provide the only
are used to compute these observables. meaningful constraint on the high-density component of the
Relativistic mean-field descriptions of the ground-stateequation of state. Finally, the isoscalar-isovector coupling
properties of medium to heavy nuclei have enjoyed enorconstant\, was added in Ref. 13 to modify the density de-
mous success. These highly economical descriptions encod¢ndence of the symmetry energy. It was found that models
a great amount of physics in a handful of model parameter¥ith different values ofA, reproduce the same exact prop-
that are calibrated to a few ground-state properties of a repréties of symmetric nuclear matter, but yield vastly different
sentative set of medium to heavy nuclei. An example of suclyalues for the neutron skin thickness of heavy nuclei and for
a successful paradigm is the relativistic NL3 parameter set dhe radii of neutron stars [17]. The Parity Radius Experiment
Lalazissis, Ring, and collaborators [6,7]. (PREX) at the Jefferson Laboratory promises to measure the
The Lagrangian density employed in this work is rootedskin thickness of°*Pb accurately and model independently
on the seminal work of Walecka, Serot, and their many colvia parity-violating electron scattering [18,19]. PREXx will
laborators (see Refs. 8 to 10 and references therein). Sindgovide a unique experimental constraint on the density de-
first published by Walecka more than three decades ago [gpendence of the symmetry energy due its strong correlation
several refinements have been implemented to improve th® the neutron skin of heavy nuclei [20].
guantitative standing of the model. In the present work we

employ an interacting Lagrangian density of the following
form[11-13]: 3.1. Theoretical constraints

3. Constraints on the equation of state

g e . . .
Lint =Y [gs¢ - (gvVH + EPT b, + 5(1 + TS)A#> 7“] ¥ One of the most stringent constraints on the equation of state
of low density neutron-rich matter emerges from theoretical

— E(gs¢)3 _ i(gs¢)4 + < (nguV“)Q considerations, namely, from the universality of dilute Fermi
3! 4l 4 gases with an “infinite” scattering length)( In this limit the
1A (92 by, - b“) (g2VMV”) 3) only energy scale in the problem is the Fermi energy),(
v\Jp v .

so the energy per particle is constrained to be that of the free

The original Lagrangian density of Walecka consisted ofFermi gas up to a dimensionlessiversal constart) that is
an isodoublet nucleon field)) together with neutral scalar independent of the details of the two-body interaction [21].
(¢) and vector {'*#) fields coupled to the scalar densityf)  That s,
and conserved nucleon currenty“s)), respectively [8]. In E 3
spite of its simplicity (indeed, the model contains only two N fgﬁF : (4)
dimensionless coupling constants), symmetric nuclear mat-
ter saturates even when the model was solved at the meale date, the best theoretical estimates place the value of the
field level [8]. By adding additional contributions from a universal constant arourick: 0.4 [21-24].
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e FIGURE 4. (color online) Binding energy per nucleon as a func-
8 > 0.4 0.6 08 10 1o tion of baryon density (expressed in units of the saturation density

1 po = 0.148 fm~3) for symmetric nuclear matter. Theoretical pre-

kF (fm ) dictions are shown for the NL3 [6,7] (green line) and FSUGold [11]
(blue line) models. Shown in the inset is a comparison between the

FIGURE 3. (color online) Equation of state of pure neutron matter equation of state extracted from energetic nuclear collisions [27]

as a function of the Fermi momentum. Predictions are shown forgnd the predictions of these two models.

the accurately calibrated NL3 [6,7] (green line) and FSUGold [11]

(blue line) parameter sets. Shown also are various microscopic depredictions are significantly different. This emerges from a

scriptions — including amodel-independenesult based on the  combination of two factors. First, FSUGold predicts an in-

physics of resonant Fermi gases by Schwenk and Pethick [25] (re¢tompressibility coefficienfs considerably lower than NL3,

region). namely, 230 MeV vs 271 MeV. Second, and more impor-

. . tantly, FSUGold includes an omega-meson self-energy cou-
Although the neutron-neutron scattering length is large . : ; . 27
: : pling [labeled by¢ in Eq. (3)] that is responsible for a signif-
indeed G,, = —18.5 fm), pure neutron matter deviates from : . . . .

o - . icant softening at high density. We now compare the predic-
unitarity due to a non-negligible value of the effective range

of the neutron-neutron interaction.& +2.7 fm). Thus, cor- tions of these two models against results obtained from ener-

. . ; rgetic nuclear collisions that can compress baryonic matter to
rections to the low-density equation of state of pure neutro densities as high as those predicted to exist in the core of neu-
matter must be computed fég ~ r; ! ~ 0.4 fm~!. Such 9 P

corrections have been recently computed by Schwenk antéon stars. The insetin Fig. 4 provides us with such a compar-

Pethick [25], with their results displayed as the red hatched o By analyzing the manner in which matter flows after the

L E - . collision of two energetic gold nuclei, the equation of state
region in Fig 3. Also shown are the predictions of two micro- ; .
. o . : of symmetricnuclear matter was extracted up to densities of
scopic models based on realistic two-body interactions, on . . : :
. : . -to-5 times saturation density [27]. Figure 4 seems to rule
of them being the venerated equation of state of Frledmanut overly stiff equations of state (such as NL3). And while
and Pandharipande [26]. Finally, the predictions of NL3 and : y q ’

FSUGold are also shown. Itis gratifying that the softening of't Is gratifying that FSUGold is C(_)n5|stent with this an_aly5|s,
one must stress that the connection between energetic nuclear

the symmetry energy of FSUGold — caused by mcorporat'collisions and the equation of state of cold nuclear matter is

ing constraints from breathing-mode energies [11] — appears

) . . . model dependent.
consistent with the physics of resonant Fermi gases. Such a
powerful universal constraint should be routinely and explic—3 3. Observational constraints
itly incorporated into future determinations of density func-

tionals. Indeed, such a constrain appears to rule out many g recent observation that seems to suggest a hard equation

the models displayed in Fig. 2 of Ref. 20. of state is that of the low-mass X-ray binary EXO 0748-
676. Note that such a binary system consists of a neutron
3.2. Experimental constraints star accreting mass from a normal (hon-compact) compan-

ion. The first constraint on the equation of state from such
Energetic nuclear collisions may be used to constrain than object came from the detection of gravitationally red-
high-density behavior of nucleonic matter. To illustrate thisshifted absorption lines in Oxygen and Iron by Cottam and
point we display in Fig. 4 the binding energy per nucleon ofcollaborators [28]. By measuring a gravitational redshift of
symmetrionuclear matter as a function of the baryon densityz = 0.35, the mass-to-radiusatio of the neutron star gets
as predicted by both the NL3 and FSUGold models. Note thafixed at M//R ~ 0.15 (with M expressed in solar masses
both models reproduce the equilibrium properties of symmetandR in kilometers). By incorporating additional constraints
ric nuclear matter and display the samqeantitativebehavior  arising from Eddington and thermal fluxes, a recent analysis
at densities below the saturation point. Yet their high-densitypy Ozel seems to placgmultaneousimits on the mass and

Rev. Mex. Fs. S54 (3) (2008) 104—109
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ST T T 7 T T T T T 1 T T T T 1 the high-density component of the equation of state. How-

n ever, at a very recent conference celebrating the 40th anniver-

= sary of the discovery of pulsars in Montreal, Nice reported a

n significantly reduced value for the mass of PSR J0751+1807,

— namely, M (PSR J075141807) ~ 1.34+0.2 M. This re-

g | e — vised result is denoted by the red hatched region in Fig. 5

= 1 N L Lo and no longer invalidates any of the theoretical models under
+*

=

]
I

consideration.

4. Conclusions

05— |=— FS%IGold 2|

- Neutron stars are unique laboratory for the study of cold bary-

T L o o | S : p onic matter over an enormous range of densities. After an in-
R, (km) troduction to the “anatomy” of a neutron star, | relied on re-

_ _ _ cent theoretical, experimental, and observational constraints
FIGURE 5. (color online) Constraints on the mass-vs-radius re- to elucidate important features of the equation of state of
lationship of neutron stars. Displayed in red is tegently re-  neytron-rich matter. As mentioned in the Introduction, the
visedregion allowed by the_ an_aly5|s of Nice and collaborators [31]. only physics that spherically-symmetric neutron stars in hy-
The black and orange solid lines result from the analyzes of EXO . S e . -

drostatic equilibrium are sensitive to is the equation of state

0748-676 byOzel [29], and Villarreal and Strohmayer [30], re- . .
spectively. Also shown are the theoretical predictions from the of neutron-rich matter [see Egs. (1 and 2)]. This makes

NL3 [6,7] (green line) and FSUGold [11] (blue line) models. neutron stars gold mines for the study of baryonic matter.
The various constraints utilized in this contribution emerged

radius of the neutron star in EXO 0748-676. That is,from the universal behavior of dilute Fermi gases with large

M > 2.10 + 0.28 M, and R > 13.8 + 1.80 km [29]. scattering lengths [25], heavy-ion experiments that probe the
These limits are indicated by the black solid line in Fig. 5.high-density domain of the equation of state [27], and astro-
An earlier determination of the spin frequency of the samdiomical observations that place limits on masses and radii of
neutron star by Villarreal and Strohmayer [30], when com-neutron stars [29,31]. On the basis of these comparisons, it
bined with the rotational broadening of surface spectral lineswas concluded that FSUGold meets all the challenges, even

yields an independent determination of the stellar radius ofvhen no attempt was ever made to incorporate these con-
R~ 11.54:3-? km. This estimate, when combined with the Straints into the calibration procedure. The promise of new

gravitationeil redshift, yields the orange line in Fig.5. Fi- terrestrial laboratories (such Bacilities for Rare lon Beams
nally, mass-vs-radiupredictions from the NL3 and FSUG- together with improved observations with existent and future
old models are displayed in Fig. 5. The results clearly in-missions (such a€onstellation X offers the greatest hope
dicate the significantly harder character of the equation ofor determining the equation of state of cold baryonic matter
state predicted by NL3 relative to FSUGold. This, even wherin the near future.
both models predict practically identical properties for exis-
tent ground-state observables of finite nuclei. Acknowledgments
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