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ABSTRACT The spin properties of the ground—state dense baryon 
matter are discussed in the nucleon as well as in the quark phase. 
Predictions for magnetic properties of neutron stars possessing a 
ferromagnetic core are given. Astrophysical measurements of the 
magnetic fields of neutron stars are reviewed. An attempt is made 
to reproduce the data with the ferromagnetic core model. 



1 INTRODUCTION 

Spin and Magnetic properties of dense matter are of particular 
importance for the neutron star physics. There exist serious 
indications that the ground state of baryon setter at high 
densities can possess nontrivial spin properties. Let us explain 
that the baryon matter is a uniform-density system of nucleons or 
«ruarks at zero temperature subject to external pressure. High 
densities here mean densities of the order of nuclear saturation 
density n_a 0.17 fm~ , and higher. The systen should in principle 
be described by QCD, unfortunately, this theory is much too 
difficult to be solved even for a single baryon with present 
computing power. However, there are several qualitative 
predictions of QCD, one of them being that the nucleon matter 
undergoes a deconfining phase transition as the density is 
increased and the system becomes a gas of quarks. This means that 
the baryon matter is the nucleon matter below the phase transition 
and is the quark, matter at higher densities. The transition 

density is estimated to lie between, say, 3n_ and lOn^, which is a 
density range typical for neutron star cores. 

The interactions in the nucleon phase are due to exchange of 
я, u and p mesons between nucleons [1]. Thie leads to strongly 
spin dependent nuclear forces. The spin interactions are strong 
enough to lead in some cases to a spontaneous polarization of at 
least a fraction of the nucleons [2]. In Sect.2 we describe 
briefly, how the nucleons can acquire a spontaneous polarization. 
The spatial spin ordering can also appear in the constituent-quark 
phase [3], where still the lightest meson, the pion, is present. 



This is however a «ore mode1-dependent phenomenon. We shall 

comment on this very shortly in Sect.2. 

If the ground state configuration of the baryon matter is 

spin-polarized it can produce a macroscopic magnetic field since 

the nucleons as well as quarks possess magnetic moments. In the 

ground state there are no net electric currents: all the spatial 

components of cqnserved currents should vanish in the ground 

state. Hence the polarized spins are the only source of the 

magnetic field. 

Our task here is to study how magnetic fields can be used to 

explore the baryon matter ground state. The baryon matter at low 

temperature exists in neutron stars [4]. They are believed to 

represent the latest stage of evolution of massive stars and are 

formed by the collapse of the core of evolved stars. In Sect.3 we 

study neutron stars with ferromagnetic cores and we discuss 

qualitative predictions of the ferromagnetic core model (FCM). 

The reai baryon matter in neutron stars differs somewhat from 

our idealized system. The main difference is the presence of 

electrons (and muons) which is an unavoidable consequence of the 

charge neutrality and beta stability. This "contamination" can be 

taken into account easily as far as its influence on the magnetic 

field generated in the star is considered. There is however a more 

serious problem of the inherited (frozen) magnetic field. This 

field is a remnant of the magnetic field present in the progenitor 

star, which ended its life in the supernova explosion caused by 

the collapse of the iron core. If the magnetic flux survives the 

explosion it can contribute to the magnetic moment of the neutron 

star. 



In Sect. 4 the observations of the magnetic fields of neutron 

stars are reviewed. In the last section the model is compared to 

the data. 

2 SPIN-POLARIZED PHASES IN DENSE BARYON MATTER 

In the following we will concentrate on the baryon matter relevant 

to neutron stars. This means that in the nucleon sector we 

consider only strongly «symmetric nuclear matter i.e. the neutron 

matter containing a small admixture of protons. It turns out that 

the beta stability and charge neutrality require presence of a 

small proton fraction in the neutron star matter [4]. This is 

usually a few percent admixture, which decreases with increasing 

density. The quark matter relevant to neutron stars is in a good 

approximation a mixture of equal number of up and down quarks. 

2.1 MAGNETIC PROPERTIES OF STRONGLY ASYMMETRIC NUCLEAR MATTER 

The purpose of this section is to examine magnetic properties 

of strongly asymmetric uniform nuclear matter. By strongly 

asymmetric nuclear matter we mean dilute solutions of protons in 

neutron matter with proton concentration ranging from zero up to a 

few percent. The interior of a neutron star is composed of 

neutrons and a small fraction of protons. Here we focus on the 

stability of the strongly asymmetric nuclear matter against spin 

fluctuations. In particular we establish conditions for the 

strongly asymmetric nuclear matter to be unstable to small spin 

osci1lations. 

The stability of pure neutron matter with respect to a 



ferromagnetic phase transition is guaranteed, in terns of the 

NN NN 
Landau parameter GQ , as long as G. >-l. Calculations show [5] 

NN 

that G_ is positive which ensures the stability of pure neutron 

matter against spin fluctuations. 

Strongly asymmetric nuclear natter is not a simple 

one-component Fermi liquid, like pure neutron matter. The nature 

of the system is determined by the behaviour of the proton 

impurities in neutron matter. When the proton impurities remain 

nonlocal i zed the system can be treated as a two-component Fermi 

liquid, with two different Fermi momenta. However, if there is a 

tendency for protons to become localized, the system exhibits a 

more comply behaviour. Clearly, the proton effective mass is a 

crucial quantity to determine the properties of the system. Below 

we shall present arguments in favour of proton localization in a 

neutron matter. 

The localization of protons could occur only at very low 

proton concentrations. When the proton fraction increases the 

proton wave functions will eventually start to overlap 

delocalizing the protons. 

We shall postpone the problem of the proton localization to 

the next subsection. In the following we proceed with a 

phenomenological analysis and consider two extreme cases: 

localized and nonlocal i zed proton impurities in neutron matter. 

Here we only explore consequences of the assumption that the 

proton impurities are localized. 

We approximate the effective spin-dependent interaction 

between protons and neutrons by a contact potential [6]: 



vpn я gpn 

In terms of the Landau Fermi-liquid theory gpn corresponds to the 

lowest order Landau parameter gjj11. 
The main contributions to this interaction come from the 

one-pion exchange, the p-exchange and the second-order tensor 
interaction. The effective coupling constant g p n is then а вига of 
contributions of the form 

gP" ~5X *2 = J d3r (g(r) - 1) V* /2/ 

where i refers to the above mentioned processes and V^ is the 
corresponding spin-dependent proton-neutron potential; g(r) is the 
correlation function. The above three contributions» calculated in 
Ref.[l], give the value g p n * -2.0 fm2 . We regard this value as a 
rather rough estimate since we do not take into account the 
induced interaction which could affect g p n in the nuclear medium 

[1]. 
Let us consider a uniform neutron matter of density n^ 

containing a small proton fraction x • n_/(n„ + n_). In order to 
examine the stability of the system to spin fluctuations we 
compare the energy density of the normal, i.e. spin-saturated 
state, and the weakly polarized state. In the polarized state the 
neutron spin excess is 6s„ « б пм' ~ 5nN\/ an<* the corresponding 
proton spin excess is 6s„ * 6n„I - 6n_^. The difference of the 
energy density between polarized state and the normal one is 



bt = 6£N + g
p n 6s N 6s p + 6«p. /3/ 

Here the first term is the change of the neutron energy density 

due to the neutron spin excess * S K - T h e second term is the 

interaction energy due to the spin potential, eq.(l). The third 

term is the change of the proton energy caused by a small 

polarization 6s p. One can notice that the second term can be 

always made negative, irrespective to the sign of the potential 

strength gPn. This makes the system more susceptible to 

instability than the single component system for which the 

ferromagnetic instability can occur only if the potential has a 

negative sign. 

The change of the neutron energy density 6S,. can be 

expressed, to the lowest order in 6s.., in terms of the Landau 

Fermi-liquid theory [7] as: 

Here G. is the spin dependent Landau parameter for pure neutron 

* N 2 
matter and N.. = т„к' /в is the density of states at the Fermi 
level. We can use this expression because neutron matter remains 

most likely liquid [8] in the whole density range relevant to 

neutron stars. 

The third term in eq.(3) S£p is very essential for our 

discussion and below we consider in detail some specific cases. We 

neglect here any nuclear interactions between protons. This is 

certainly a good approximation at low proton concentrations. The 

properties of the system are determined by the proton-neutron and 

neutron-neutron interactions. 



When we neglect the interactions between proton impurities 

the change in the proton energy per unit volume due to 

polarization, 6C p l is solely due to the Pauli principle. If the 

single proton wave functions overlap, the polarization - 5s p leads 

to increase of the kinetic energy density. This is the usual 

Fermi-liquid situation. For non-overlapping single proton wave 

functions one can align the proton spins without changing the 

proton energy density. In this case single protons are localized 

and their wave functions extend to a limited volume. This 

corresponds to &sp = 0. 

One can minimize the energy 8S with respect to bs„ ior a 

given value of 6s . The minimum occurs for 

g p n N 

M 
6 s 

and the change of the energy density at the minimum becomes for 

6£ p = 0: 

6* = "" min = ~ 2 ( 1 «Jill, 

This formula shows that the system with localized protons is 

unstable against small spin oscillations for an arbitrary value of 

the g p n and irrespectively to its sign. 

For low proton concentration x one can use this formula to 

estimate the minimum of the energy of the polarized system. It 

occurs for fully polarized protons, ós. = n_. The corresponding 

8 



neutron spin excess is given by the eq.(5) with 6sp * rip. The 
magnetization of this phase M = д.. bs„ + ц— ̂ s p *s 

where î„ and Ц-, is the neutron and proton magnetic moment, 
respectively. We plot this quantity as a function of the neutron 
density in Fig.l. To calculate the magnetization (7) we use the 

tVN" Landau parameter G„ as calculated by Backman, Kailman and Sjoberg 
[5]. G_ in Ref.[5] is rather flat as a function of the neutron 
Fermi momentum and G a 1.0. For g p n we use the value g p n = -2.0 
fm . At a low neutron Fermi momentum the effective magnetic moment 
per proton, M/n_, is parallel to the proton magnetic moment. At 
higher neutron densities it decreases reaching zero at some 
cri+ical density. Magnetization also vanishes at this densitv. 
Above the critical density the effective magnetic moment per 
proton changes sign being now parallel to the neutron magnetic 
moment, and magnetization as a vector also reverses its direction. 

Turning now to the case of nonlocalized protons we can write 
5 £ p as 

( 6 S P ) 2 тяг ( 6 SP ) 

neglecting any proton-proton interactions (valid at low x). The 
instability condition in this case is obtained adding 5£_ to 5£ . 

r min 
in eq. (6): 



• И V Т7>-<гР1>)21 (6">'2' •• 
This expression shows that the system with nonlocalized protons is 
unstable to spin fluctuations only if the spin interaction gpn is 
higher in magnitude than the threshold value 

At low proton concentration, when the formula (10) is valid 

Np * x 1 / 3N N and 

One can notice that for low proton concentrations gp becomes 
rather high what makes the dilute solutions of nonlocal i zed 
protons more stable against spin fluctuations. At a fixed value of 
the proton concentration the threshold g" decreases with 
increasing neutron density. 

Using the formula (9) to estimate the minimum of the energy 
for lgpnl > gpn we find again that the minimum occurs for fully 
polarized protons, 6s_ = n_. The magnetization is given still by 
eq.(7), and the discussion after eq.(7) applies also to this case. 

2.2 LOCALIZATION OF PROTON IMPURITIES IN NEUTRON MATTER 

We now turn to the behaviour of proton impurities in a 

neutron matter [9]. It is known that the proton chemical potential 

in pure neutron matter is negative as a result of attractive 

10 



proton-neutron interactions. More importantly, however, various 
parametrizations show that it decreases fast with increasing 
neutron matter uensity, reaching a minimum roughly at the 
saturation density. At higher densities the proton chemical 
potential increases and becomes positive at high enough densities 
(Fig. 2). This suggests that a uniform density neutron matter 
surrounding a proton might not be the lowest energy state. A 
single proton in neutron matter can lower its energy by inducing a 
density inhomogeneity around it. This density excess at densities 
below п., and density reduction for densities above n , make the 

1 vi 

proton chemical potential lower and also produce an effective 

potential well, which can influence the proton's wave function. 

There aiso arise repulsive contributions to the energy due to 

the iocs' îi3iî e c:i trie ri'utron matter density, the gradient of 

tne neutron density and the proton momentum. These must be taker, 

into account if one wants to judge if the nonuniform densitv 

eonfiguration is of lower energy. 

Our aim is to compare energies of two phases: a norma! phase 

:ol uniform density; and a phase with localized protons. We wili 

proceed in the spirit of the Wigner-Seitz approximation and di-ide 

the system into cells, each of them enclosing a single proton. For 

simplicity the cells are assumed to be spherical. The volume ..: 

the cell is V = l/np, where the proton density n p = x n for sma i i 

proton fraction x. 

The normal phase is of uniform density п.. + n p and th<-

neutron chemical potential is fj... In the uniform densitv 

configuration protons are not localized and their wave functions 

are plane waves. The energy of the cell, which is a sum of proton 

11 



and neutron energies, reads 

/12/ 

where £(п^,пр) is the energy density of the uniform phase. For 
small proton density, i.e. for low x, we can expand the ene.-~y 
density 

£(nN,np) i f(ns,O) + ^p(nN,0) np. /13/ 

In the following we shall adopt abbreviations £(n„) = £(n...O) for 

the energy density of pure neutron matter and fi_(n..) = #p(n„,0,> 

for the proton chemical potential in pure neutron matter. The 

energy of the cel.l is thus approximately 

V c ( n N ) < 

To compare the energy of the normal phase, where protons are 

nonioca1ized, with the energy of a phase where protons are trapped 

into potential wells, corresponding to the nonuniform neutron 

density distribution, which most likely form a regular 

arrangement, we treat this proton "crystal" in the Wigner-Seitz 

approximation. Let us consider a Wigner-Seitz cell with nonuniform 

neutron matter distribution n(r) surrounding the proton whose wave 

function is %p. In the local density approximation one can 

identify the proton effective potential with the local proton 

chemical potential tfp [9]. The proton's effective potential varies 

12 



locally with neutron matter density n(r). This results in a 

potential well /*p(n(r)) which affects the single proton wave 

function. The energy of the Wigner-Seitz cell E,, is: 

E L « Jd
3r •£(!")[- -5^+ //p(n(r))j*p(r) + |d3r c(n(r) 

V * V 

+ BN jd
3r (tn(r))2. /15/ 

V 

The first term is the energy of the proton confined to an 

effective potential well v
e f f(

r> = /*p(n(r)). This is by 

construction an attractive potential well. When the derivative of 

the proton chemical potential with respect to the neutron density 

is negative, n(r) is assumed to have a maximum at the center. At 

high densities the derivative of the proton chemical potential 

becomes positive and in this case n(r) is assumed to have a 

minimum at the center. 

The two other terms in the eq.(15) describe the contributions 

to the energy due to the local change of the neutron Fermi 

momentum and the gradient of the neutron distribution, 

respectively, in the Thomas-Fermi approximation. Here e(n(r)) is 

the local neutron matter energy per unit volume. The parameter BM 

is the curvature coefficient for pure neutron matter. The 

Thomas-Fermi approximation and the choice of В ы are described in 

detail in [9]. The cell volume V in eq.(15) is the same as in 

In order to decide which is the ground state configuration we 
should compare the energies EQ, eq.(14), and E,, eq.(15), assuming 
the same number of neutrons: 

13 



Jd3r n(r) ж VnN . /16/ 
V 

This means that the neutron density variation 6n(r) • n(r) - n„ 
conserves the baryon number: 

Jd3r 6n(r) - 0 . /17/ 
V 

We assume a simple trial form of the proton wave function and 

the neutron density variation. For the proton wave function we use 

a Gaussian: . 

•р(г) 

Here Rp is the rms radius of the localized proton probability 

distribution. We treat this quantity as a variational parameter 

and minimize ДЕ = E,- E Q with respect to Rp. 

The neutron density variation 5n(r) is chosen to be: 

6n(r) = а ( łp(r)łp(r) - ^ ) /19/ 

and the neutron density is 

n(r) » nN + 6n(r). /20/ 

Here a is the second variational parameter; a > 0 corresponds to 



the neutron density enhancement around the proton. and a < 0 
corresponds to the reduction of the neutron Jensity in the protor 
vicinity as compared with the uniform background. 

Using the trial forms of the proton wave function and the 
neutron density variation the energy difference ДЕ becomes 

4E ' -8i" ^ R P 
Г 3 2 9 f 4 "|-3/2 , 
jd г (£(n(r))-C(nN)) + B ^ * I j |* I ^_ 
V RP 

The first term is the proton kinetic energy. The second term, 

which is attractive, originates from the interaction of the proton 

with the neutron background. The third term accounts for the local 

change of the neutron Fermi momentum. The last term is due to the 

gradient term in the eq.(15). The gradient term plays a 

stabilizing role for small values of R_. 

In Fig.3 we show the minimum energy difference ДЕ as a 
m 

function of the neutron Fermi momentum for two sets of the Skyrme 

force parameters and for two values of the gradient term 

coefficient B,T [9]. Only negative values are indicated. There are 

two distinct density regions where ДЕ < 0. For the first set of 
m 

the Skyrme parameters and for the lower value of B,, these are 
densities below the lower critical density n. a 0 # 3 n n anc' above 
the upper critical density n a 2. 2n... Negative values of ДЕ 
indicate that the localized proton has lower energy than the 
proton whose wave function is a plane wave. The low-density 
localization corresponds to a local density enhancement around the 
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proton (a - 2.0). For densities above п., the proton ie localized 
in a region of lower density as compared with the uniform 
background, i.e. there is a low-density bubble around the proton. 

We have shown above that proton impurities in uniform density 
neutron matter can become localized at certain densities by 
suitable deformations of the neutron background. The chemical 
potential of the localized proton 

/22/ 

is lower than for the nonlocal i zed case for n < n. and n > n . At 

low proton concentrations x we can write the chemical potential of 

nonlocal i zed protons as 

p W + a-n~(V x V /23/ 

2/3 The last term varies as x ' for small x. The chemical potential 
for localized protons does not depend on x for x << x and 

/24/ 

where (iB(n„) is given by eq.(22). This means that for low x the 
configuration with localized protons is preferred energetically to 
the one with nonlocalized protons. At low densities, however, the 
state with the protons confined to the nuclei immersed in a 
neutron gas has still lower proton chemical potential and forms 
the ground state of the system [10]. Thus the state with localized 

16 



single protons is a metastable one for n < п.. Calculations show 
[10] that the nuclei disappear at a density slightly lower than 
the saturation density and at higher densities the uniform state 
with delocalized protons has lower energy. Our results show that, 
for low x, the state with localized single protons has lower 
energy than a uniform' configuration for n > n . This means that in 
the ground state, of the system for n > ny the single protons are 
localized. 

2.3 POLARIZED QUARK MATTER WITH PION CONDENSATE 

Let us finally mention an interesting possibility of 
magnetized quark matter with pion condensate, considered recently 
in Ref.[3]. The quark matter forms the ground state of baryon 
matter at densities above the deconfining transition. If 
deconfinement occurs at a lower density than the chiral symmetry 
restoration, the chirally broken quark matter is the ground state 
of baryon matter in the density range between the two transitions. 
This possibility ib realized in some model calculations [11] • In 
the chirally broken phase the quarks acquire "constituent"-like 
masses generated by the chiral fields exp ctation values, which 
break chiral. symmetry. 

In Ref.[3] calculations of the quark, matter were carried out 
in an effective chiral model of Ref.[12]. Two different phases 
with broken chiral symmetry were distinguished: the normal quark 
matter with nonzero sigma field and vanishing pion field, and the 
pion-condensed phase with space-dependent pion and о fields. The 
latter state has broken parity. At high densities the chiral field 
should vanish and the chiral symmetry would be restored. It was 

17 



found [3] that with model parameters which fit the nucleon 

properties [12], the chirally broken quark matter develops a pion 

condensate. (The possibility of pion condensation in nuclear 

matter was first proposed by Migdal 113] and has been extensively 

studied in the seventies [14].) 

It is our aim here to emphasize the magnetic properties of 

the quark matter with pion condensate. When the neutral pion 

condensate is present, the quark spins are polarized along the 

direction of the pion field wave vector [3J. In the 

nonrelativistic limit all spins of the given flavour are aligned 

as was pointed out by Dautry and Nyman [15]. In the relativistic 

case the spin densities are reduced as compared with the 

nonrelativistic values [3]. This is because re lativistically the 

spin operator does not commute with the boost operator. The ratio 

of relativistic and nonrelativistic spin densities as a function 

of the baryon density is less than unity and decreases with 

increasing density [3]. This makes the magnetization of this phase 

essentially density-independent. We show the magnetization in 

Fig.4, for a specific choice of parameters of the model [3]. It is 

roughly constant in the density range up to 2.0 fa , and equal 

approximately to 6.0x10 Gs. For other choices of parameters this 

value doe6 not change much, 
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3 NEUTRON STARS WITH FERROMAGNETIC CORES 

We can now construct models of neutron stars which have 
terromagnetic cores. There are several ingredients needed to built 
a model of a neutron star [4]. The key ones are the 
Tolman-Oppenheimer-Volkoff equations for gravitationally stable 
configuration and the equation of state of the neutron star 
matter. Different neutron stars (i.e. stars with a different mass, 
radius etc.) are then obtained by selecting different values of 
the baryon density in the center of the star, which is the only-
boundary condition for the TOV equations. Here we shall focus on 
qualitative predictions which do not depend too much on the 
equation of state chosen. 

In Fig.l we show the magnetization of strongly asymmetric 
nuclear matter as a function of baryon density for a few 
concentrations of protons. One can notice that the magnetization 
varies slowly in a density range between n_ and 5r>0- This means 
that if we construct a neutron star model with the central density 
n in this density range then the neutron star will possess a core 
of slowly varying magnetization extending down to the radius R, 
corresponding to the critical density n, < n . This is 
schematically shown in Fig.5. Assuming density-independent 
magnetization the magnetic moment of the core is 

ЙИ = | я R^ M. /25/ 

This moment produces a dipole magnetic field which at the magnetic 
pole on the surface of the star has the value 

19 



в « 2 III -^ . a « « СпгЭ • /26/ 
p RJ 3 R ' 

Here R is the radius of the star. Fig.6 shows this in a simplified 
form. 

For a given equation of state both R_ and R vary with the 
central density n . In general we have R. < R. However for heavier 
stars the two values are rather close to each other and the ratio 
R,/R is close to one. When the mass of the star decreases R 
increases and Rf/R can be significantly reduced. This effect will 
be more pronounced for stiff equations of state. In this case the 
neutron stars are known to have thicker crust than for soft 

equations of state, and the difference between Rf and R is bigger. 
3 3 In Fig. 7 we show the reduction factor Rf/R for a specific 

equation of state. 
One should notice that at n = 6n_ the magnetization (7) is 

zero, and for higher densities it changes sign. If the central 
density of a neutron star is n > n , there appears an inner core 
with opposite polarization and the total magnetic moment starts to 
decrease with increasing central density. At some n = n' the tot-
magnetic moment of the star is zero; the corresponding neutron 
star mass is M'. For n > n1 the magnetic moment of the star 
reverses its direction and В increases fast with central density. 

If the certral density is n < nf then there is no magnetic 
core inside the star and В =0. Let us denote the mass of the 
neutron star with n =n- Ъу M^. 

Qualitative predictions of our model can thus be summarized 
as follows: 
(i) Neutron stars with a mass ft < M. do not possess magnetic core 
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and В -О, 
(ii) Heavier neutron stars with masses in the range M< M < ff , 

x z 
where M is a mass corresponding to n = 6n0> have surface magnetic 
fields given by the formula (26). Since the magnetization M is 
only weakly dependent on density, the main contribution to the 
mass, dependence of В comes through the factor (Rf/R) , Fig. 7. 
(iii) For neutron star masses ПУМ the magnetic field drops very 
sharply and becomes equal to zero at M = M' . 
(iv) If the maximum mass of neutron star M is higher than M', 

max 
then the stars with masses M'< M < M have magnetic fields 

ffldX 

increasing sharply with M, since now magnetization M increases 

with the density, Fig.l. 

In Fig.Ь we show the surface magnetic field as a function of 

the neutron star mass for a specific equation of state. This curve 

shows all the features (i)-(iv). 

A similar analysis can be done for neutron stars with quark 

cores. Magnetization of the quark matter is shown in Fig.4. It is 

very weakly dependent on density, and the magnetic field is now 

exactly given by eq.(26). The only difference as compared with the 

previous case is the magnitude of M, which is by a factor of 50 

higher. Since now magnetization is really density independent, the 

mass dependence of the magnetic field is determined solely by the 

factor (Rj?/R) ; here R 4 is the radius where the magnetized quark 

core ends. The surface magnetic field due to the ferromagnetic 

quark core is shown as a dashed line in Fig.8. 
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4 MAGNETIC FIELDS OF NEUTRON STARS 

There are three well-established classes of astronomical objects 

which astrophysicists identify with neutron stars. These are radio 

pulsars, X-ray pulsars and X-ray bursters. Radiopulsars are 

"young" objects, e.g. the youngest Crab and Vel* pulsars are 3 

years old. X-ray pulsars and X—ray bursters belong to a generally 

older family of neutron stars in binary systems identified by 

X-ray emission from companion-fed accretion {*]. Radio- and X-ray 

pulsars are believed to have strong magnetic fields. The X-ray 

bursters have probably much weaker magnetic fields. 

There also exist emitters of 7-ray bursts whose sources are 

unidentified, but for which neutron stars are likely candidates. 

Most of these old neutron stars are thought to have weak magnetic 

fields, however some features in the r spectrum suggest high 

magnetic fields in some cases. 

We now briefly review the "measurements" of magnetic fields 

for all these objects and give the mass estimates, if available. 

(i) Radio pulsars 

Radio pulsars were soon after discovery identified with 

spinning neutron stars, possessing magnetic moments I1*]. The 

radiated energy is converted from the rotational kinetic energy. 

Thus the radio pulsars snould slow down their rotation, and this 

is observed. This simple model is often used to "measure" the 

magnetic field of the star. For a recent review see [16J. 

The rotating magnetic dipole radiates energy with the rate 
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where w is the rotational frequency and a is the angle between the 
rotation axis and the dipole axis, Fig.6. The last equality comes 
from eq.(26). The rate of loss of the rotational kinetic energy 

dj. T dw /9ft 
dt = * " dT / 2 8 / 

is thus equal to the radiated energy (27). Here I is the moment of 

inertia of the star. One can notice that eqs.(27) and (28) contain 

several unknown quantities, and only some of them can be measured 

for a given pulsar. The only accurately measured quantities are 

the pulsar frequency w and the slowing rate du/dt. The radius R 

and the moment of inertia I of the star are not measured; there is 

however a consensus based on model calculations that we can rather 

safely estimate "typical" values of these quantities [Aj. In 

eq.(27) we have two parameters, В and sina, which describe 

magnetic properties of the star. Using eq.(28) we can determine 

only the product В sina, i.e. we can only "measure" the component 

of Bp, perpendicular to the rotation axis: 

= (BpSina)2 = - 6c3 - L _i_ fe. /29/ 

This equation is a basis to measure the pulsar magnetic 
field. Assuming typical values R a 10 km and I a 1045g cm2 we can 
obtain Bj_ for any pulsar with known period and slow-down rate 
[16]. Most of the observed pulsars, which we know more than 400, 
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have periods in the range 0.1s-2.0s and period derivatives around 
10~ ss . From eq.(29) one finds the values of the magnetic field 
around B_[_ * 10 Gs. The spectrum of Bj_ is rather wide -ind its 
range extends from 10 Gs to 4x10 Gs. There are a few exceptions 
from this general picture. These are millisecond 'juisars, which 

— 19 — 1 have very short periods and period derivatives of 10 ss . This 
a 

results in very low values of the magnetic fields B x л 4x10 -
109Gs [16]. 

There is another observational fact, which must be taken into 
account. One observes, that there is very strong cut-off in the 
pulsar period. No pulsars are observed with the period longer cha.'* 
4.0s. This means that the pulsar luminosity must decrease with 
time faster than in eq.(27) with constant В_ц. То achieve such s 
behaviour the magnetic field Bj_ itself has to decay. Since Ej_ is a 
product of two factors, either of them can "decay" with time. One 
can thus assume that the magnetic moment of the star changes its 
magnitude [17], i.e. В decreases, or that the magnetic axis 
aligns with the rotation axis. Then В remains constant while sina 
tends to zero. The decay of В means that older stars have smaller 
magnetic fields, however this seems to be in contradiction with 
observations [18]. The "alignment" of both axes does not lead to 
any contradictions, and in fact is strongly supported by the 
Beskin model [19]. 

The masses of isolated radiopulsars are not measured. There 
exist a binary pulsar PSR 1913+16, whose companion is also a 
neutron star. The mass of the pulsar was established rather 
accurately to be 1.41 M [20]. This is the canonical neutron star 
mass, as obtained in supernova calculations. 
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(ii) X-ray pulsars 

Dui sat ing X-ray sources can be divided into two groups: 

massive X-ray binaries and low—mass X—ray binaries. The evolution 

in the two cases was rather different. Massive X-ray binaries are 

generally much younger objects, evolving on a time scale of 10 

9 10 
years, than low-mass binaries which are 10 -10 years old [21]. 

The X-ray pulsar mechanism is believed to be as follows (Gosh 

and Lamb [22]). The neutron star accretes the material from the 

normal companion. Because of presence of a strong magnetic field 

tlip accreted matter has to follow the magnetic field lines. This 

leads to small hot spots on the surface of the star, where the 

X-ray emission takes place. The presence of X—ray pulsations 

requires a nonalignment of the magnetic and rotation axes. A 

sufficiently strong magnetic field seems to be necessary to 

channel the accretion flow to polar caps. Estimates of the field 

strengths of disk-fed sources can be obtained if their spin 

periods are close to their equilibrium periods. Gosh and Lamb [22] 

12 13 
find magnetic fields of the order 10 - 10 Gs. Lipunov [23] 

obtains somewhat higher values of magnetic fields in the range 

4.0xl013 - 4.0xl014Gs. 

Trumper et al. [18] have actually measured the magnetic field 

on the surface of the neutron star "directly", by observing a 

cyclotron line in Her X-l at energy between 30keV and 50keV. From 

cyclotron frequency formula one finds the magnetic field in the 

12 
range (3-5)xl0 Gs. This is in a remarkable agreement with the 

fields in radiopulsars. One should however notice that other 

estimates of the magnetic fields in X-ray pulsars give much higher 

values of B x in the range 4.0xl0
13 - 4.xlO14 Gs [23]. These values 
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exceed the typical radiopulsar field by a factor of 100. 

The masses of several X-ray pulsars were obtained by Joss and 

Rappaport [24]. There are however quite big uncertainties in 

pulsar mass determinations in [2*]. The obtained vataes seem to be 

compatible with the canonical mass of 1.4 MQ. 

(Hi) X-ray bursters and nonpulsating X-ray sources 

The third group of objects containing neutron stars is 

significantly different from the two previous ones. The neutron 

star is here also a member of a binary system and there is sn 

accretion of matter from the normal star. However the accretion 

pattern is believed to be quite different than in the X-ray 

pulsars. The accretion of matter occurs over a much larger 

fraction of the neutron star surface than in the case for the 

pulsating X-ray sources. This suggests that if a magnetic field is 

present, it is so weak that it can only affect the accretion flow 

close to the stellar surface (van Paradijs [25]). 

When a sufficient amount of the thermonuclear fuel is stored 

on the surface, a thermonuclear flash occurs, which is observed as 

a burst of X-ray emission. The essential condition for this 

scenario to work, is absence of a strong magnetic field, i.e. the 

magnetic field if present should be much lower than the canonical 

value 10 1 2 Gs. 

The masses of X-ray bursters were determined in a few cases. 

Home, Verbundt and Schneider [26] find the mass of 0.6±0.2 MQ for 

the neutron star in the X-ray source 4U2129+*7. Sztajno et al. 

[27] have presented evidence that the mass of the neutron star in 

the burster 4U17 is significantly lower than the canonical value 
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1.4 M-. Grindiay et al. [28] have statistically determined the 
•с 

mass of globular cluster X-ray sources to be in the interval 
0.9-1.9 M_, which can also indicate that the neutron stars in 
these binaries are lighter than the pulsar masses. On the other 
hand, Fujimoto and Tamm [29] obtain the value 1.45 M£ for the 

neutron star mass in the X-ray burster MXB 1636-536. This is 

exactly the canonical neutron star mass. 

5 FERROMAGNETIC CORE MODEL AND THE OBSERVED MAGNETIC FIELDS OF 

NEUTRON STAKS 

In this section we compare the model described in Sect.3 with the 

empirically determined neutron star magnetic fields from Sect.'». 

Let us first discuss the case of pulsars, i.e. neutron s'.ars with 

strong magnetic fields. One should stress, that oniy oPaervari one 

ot emission and/or absorption features in the X-ray spectra of 

X-ray pulsars give firm informations about the magnitude of tht 

polar field on the surface of the neutron star. The measured 

1° 
fields, В ь (3-5)xlO ~Gs, are in a rather good ajreement with the 

values of В we find using the magnetization of eq.(7j- One should P 
keep in mind, that the polar field given by eq.(26) corresponds to 

maximum (i.e. saturation) magnetization, with all the magnetic 

domains polarized in the same direction. These measurements, given 

the systematic uncertainties due to R and I, are fully compatible 

with the magnetized core model, where the magnet izatici 

corresponds to our neutron matter with polarized proton admixture. 

The values of the magnetic fields of X-ray pulsars obtained by 

Lipunov i'23] are compatible with the fields generated by the 

2? 



polarized quart, core. 

With the magnitude of the polar field determined, we can 

attribute the whole measured spectrum of Bj_ to different values of 

the angle a between the magnetic and rotation axes and diversity 

of the radii and moments of inertia of the neutron stars in 

various pulsars. The "decay" of magnetic fields, advocated by some 

workers to explain pulsar's death, means that the angle a tends to 

zero as the pulsar ages. This leads to weaker fields for older 

pulsars and is in agreement with the very weak fields of 

millisecond pulsars, which are thought to be old neutron star?, 

spun up by the accretion. The argument that the magnetic field of 

pulsars does not change its magnitude is supported by the presence 

of strong magnetic fields in such objects as the pulsing X-ray 

binary Her X-i (Trumper et al. {19]) and rapid burster MXB 

V730--335 (Lewin [29]). The former one is a low mass binary with 

the age 5x10 vr, and the latter one is a member of a globular 

cluster with the age greater than 10 yr. 

In the FCM the neutron stars possessing strong magnetic 

fields have masses higher than the critical mass #_. The mass of 

the binary pulsar PSR 1913+16 and the masses of X-ray pulsars give 

the limit Mf- 1 • * M • A unique prediction of the FCM is that every 

neutron star with a mass ft > Mr possesses a strong magnetic field 

of the order of 1013G. 

We now turn to the case of apparently unmagnetized neutron 

stars in X-ray bursters and unpulsating X-ray sources. In the FCM 

the absence of a magnetic field is related to the low mass of the 

neutron star, M < Mf. This prediction seems to be supported by the 

measurements of some burster masses, which are significantly lower 
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than the pulsar masses. The FCM gives the following prediction as 

far as the evolution of such Jew mass neutron stars is concerned. 

Since these neutron stars accrete matter from a companion over a 

7 8 
;ong period of time, estimated to last 10 -10 yr (Tamm and van 

den Heavel [21]), their mass can increase by several tenths of a 

solar mass (and possibly up to 0.5-1.0 M 0 ) . It is quite likely, 

that the mass will exceed the critical mass M-. At that time the 

strong magnetic field will develop in the star, and there should 

be a burst of electromagnetic radiation associated with this 

switching-on of the spinning magnetic dipole. We conjecture, that 

the presence of the magnetic field in the rapid burster MXB 

1730-335, is a reflection of the magnetic phase transition which 

occurred in the neutron star when its mass passed the critical 

value J»T . Generally, the prediction of the FCM is that as the 

neutron star mass in the X-ray burster exceeds M^ there should 

appear a strong magnetic field, which changes the accretion 

picture, which becomes that of the X-ray pulsars. Thus, in this 

scenario, some of the X-ray pulsars in the low-mass binaries could 

be nonpulsating sources in their past. This could happen in 

particular to Her X-l. Of course, after such a transformation the 

newly created X-ray pulsar will not be seen in most cases since 

the pulsar radiation is strongly beamed. 

There is another interesting prediction of the FCM for young 

neutron stars. If the neutron star is bcrn . with the core 

temperature above the Curie temperature of the ferromagnetic phase 

transition, the star has to cool to the Curie temperature before 

the magnetic phase will appear. From Ref.[2] we estimate the Curie 

temperature to be of the order of 0.1 MeV, i.e. 109K, which is a 
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relatively high value. The internal temperature of the neutron 
star born in the supernova explosion is assumed to drop to 10 К 
shortly (i.e. in a few months [4]) after the bang. This means that 
there should not be much delay between the supernova explosion and 
the swi.tching-on of the pulsar. At temperatures only slightly 
lower than the Curie temperature the magnetization will be, 
however, smaller than the saturation value. One can thus conclude 
that the magnetic moment of the young pulsar should grow with time 
as the neutron star cools. The saturation value will be obtained 
when the core temperature drops sufficiently below the Curie 
temperature. Interestingly enough, exactly this kind of behaviour 
of the magnetic field for two young pulsars Crab and Vela was 
observed. The measured period and period derivative for the two 
pulsars give Bj_ which grow with time. 
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FIGURE CAPTIONS 

Fig.l Magnetization of spin-polarized strongly asymmetric nuclear 
matter as a function of the baryon density. The label 1 and 2 
correspond to proton fraction x • 0.01 and x » 0.02, 
respectively. 

Fig.2 The proton chemical potential in neutron Matter as a 
function of the neutron Fermi momentum. The curves 1 and 2 
correspond to different Skyrme parametrizations of nuclear 
interactions from Ref.[9]. 

Fig.3 The minimum energy difference ДЕ as a function of the 
neutron Fermi momentum for the same Skyrme forces as in Fig.2. 
Solid and dashed lines correspond to BN=31.oMeVfm3 and 

5 B,.=Bo»62.2MeVfm , respectively. н о 

Fig. A Magnetization of the pion-condensed quark matter from 
Ref.[3] as a function of the baryon density. 

Fig.5 Schematic representation of the baryon density profile for 
a neutron star with the ferromagnetic core, i.e. trith the central 
density n > п., and for a nonmagnetic neutron star with the 
central density n < n,. R. is the radius of the ferromagnetic 
core. 

Fig.6 Schematic picture of a neutron star with the ferromagnetic 
core of radius R,. Vertical axis is the rotation axis. A is the 
magnetic moment of the star and В is the surface magnetic field: 
a is the angle between rotation and magnetic axes. The radius of 
the star is R. 

3 Fig. 7 The reduction factor (R./R) as a function of the star 
mass» for 3 different values of the critical density n,. 

Fig. 8 The surface magnetic field of the neutron star as a 
function of the star mass. The scale of В is logarithmic. Solid 
line represents neutron stars with the spin-polarized strongly 
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asymmetric nuclear matter in the core, with Magnetization given by 
eq.(7). Dashed line is for neutron stare with magnetized quark 
core. H. is the mass of the neutron star with the central density 
n = n,. ЛГ is the mass for which the magnetic field vanishes and 
M is the maximum mass of the neutron star, max 
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