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Dense Nuclear Matter in a Strong Magnetic Field

Somenath ChakrabartyDebades Bandyopadhyaynd Subrata Pal

'Department of Physics, University of Kalyani, Kalyani 741235, India and IUCAA, P.B. 4, Ganeshkhind, Pune 411 007, India
2Saha Institute of Nuclear Physics/AF Bidhannagar, Calcutta 700 064, India
(Received 16 July 1996

We investigate in a relativistic Hartree theory the gross properties of cold symmetric nuclear matter
and nuclear matter in beta equilibrium under the influence of strong magnetic fields. If the field
strengths are above the critical values for electrons and protons, the respective phase spaces are strongly
modified. This results in additional binding of the systems with distinctively softer equations of state
compared to the field free cases. For magnetic field”® G and beyond, the nuclear matter in beta
equilibrium practically converts into a stable proton-rich matter.  [S0031-9007(97)02880-9]

PACS numbers: 26.60.+c, 21.65.+f

Large magnetic fields3,, = 10'>-10'* G have been neutron star interior and on the thermodynamic properties
associated with the surfaces of supernovas [1] and neutraf strange quark matter and baryon inhomogeneity in the
stars [2,3]. On the other hand, extremely large fields coul@arly Universe [10] have been also investigated.
existin the interior of a star. Itis presumed from the scalar Motivated by the existence of strong magnetic fields
virial theorem [4] that the interior field in neutron stars which quantize the motion of the electrons, we investigate
could be as high as'10'® G. Besides, the matter density in this Letter its influence on the gross properties of dense
in the neutron star core could exceed up to a few times thauclear matter appropriate to the interior of a neutron
nuclear matter density. At such high fields and/or mattegtar. This may have profound implications on cooling
density, constituents of matter are relativistic. Moreoveryates, mass-radius relationship of neutron stars. It is
the energy of a charged particle changes significantly ijiso instructive to extend the calculations to values of
the quantum limit if the magnetic field is comparable top, = 102° G where along with the electron, the proton
or above a critical value. The critical field i.S defined motion is Strong|y quantized_ Fields of such magnitude’
as that value where the cyclotron quantum is equal t@ppropriate to the neutron star interior, could largely
or above the rest energy of the charged particle, whichnodify the proton phase space in the quantum limit.

for electrons isBly ) = 4.4 x 103 G, and for protons it  Though such a high field is hitherto unestimated, it may

is BY)') ~ 102 G. Theoretical studies of free electron possibly exist in the core of the neutron star.

gas in intense magnetic fields relevant to the neutron star We therefore consider strong magnetic field effects
crust have been carried out by several authors using then nuclear matter and a system composed of neutrons,
Dirac theory [4] as well as Thomas-Fermi and Thomas®rotons, and electronsn{fo-e system) in beta equilib-
Fermi-Dirac models [5]. The intense fields were shown tgium within a relativistic Hartree approach in the linear
drastically reduce photon opacities and greatly accelerate-w-p model [11]. In the beta equilibrium case, the
the cooling rates in neutron stars [6]. It has been alsglectrons are assumed to move freely in the strong
demonstrated [7,8] that the magnetic fields have significarmagnetic field, whereas the produced neutrinos/antineu-
effects on the weak interaction rates and the abundanc&dnos escape from the system. In a uniform magnetic
of light elements in the early Universe. The influence offield B,, along the z axis, the Lagrangian is given
extremely large fields on neutron matter [9] relevant to thedy
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in the usual notation [11]. HereD# = a* + igA*, | [ —ia,d/dx + ay(py — gBux)
where the choice of gauge corresponding to ¥ H 10(r) )
the constant B,, along the z axis is Ay =0, toazpe t pm UO’P]fl’.wl’z(x) - € f,,}_,,,:(X). (2)

A = (0,xB,,,0). The general solution for protons is The equation of motion for neutrons is obtained by setting
Y(r) o« e~ inytivag o (x), where f, , (x) is the the chargey = 0 and replacingUg}, by U{!, in Egs. (1)

four-component spinor solution. The Dirac-Hartreeand (2); the corresponding solution is a plane wave. It may
equation for protons in a magnetic field is then given by be mentioned that the Dirac theory for free electrons in a
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homogeneous magnetic field was first studied by Rabi [12}: = m,, = m, = 939 MeV, and U = —(g5/me)?ns.
and can be obtained by puttiag!, = 0in Eq. (2). Sinceé  The total scalar density iss = n\" + 3", with
we confine to cold systemd (= 0), only positive energy
. . ; ) . N " 1/2
spinors are considered. These in the chiral representation ;) m £ m1/2 “ wy + On
= M}’l @I‘l —m ln * ’ (5)

[13] are of the forms s =52 "
(ef + Pl p, (x) o) ) 1/2
. e By % B Vmax ,LL* + @p,v
1) _ —i/2vqB,, IV—l;[Jv(x) n(p) — M 9Om In L , (6
fpj"p‘"(X) Ny _m*lv;liy(x) ’ (3) ’ 272 v=0 ’ (’n>x<2 + 2Vqu)l/2 ( )
0
0 Where 0, = u* - m*z_ an(_j 0,, = ,u;z -
o —m*I, -1 (x) m*? — 2vgB,,. The interaction energy den-
_ Py . H . .
p‘_’l,z(x) =N, —iJ2vqB,, I,,;,,y(x) , (4) S|t13/ Uy for grotons and 2neutrons is gl\zen by
(GH + pz)Iv—l'p (x) UO;p = (gw/mw) ng + (gp/mp) P3/4 and UO;n =
g , - (gw/mw)an - (gp/mp)2p3/41 _Wh'ere p3 = np = Ny
where N, = 1/\2e0 (el T po), and el = The total baryon number density is = n,, + n,, with

. ; 3/2 Bu v 1/2
el — Ufl, = (p? + m* + 2vgB,)'* is the effec- n, = On'"/3m*>andn, = 7537 ¢,0pv. Herevp,

tive Hartree energy, withr the Landau principal quantum is the largest integer not exceedifg’’ — m**)/(2¢By),
number which can take all possible positive integerand the effective chemical potential, is € at the Fermi
values including zero. The functiofy,., (x) is similar  surface. The Landau level degeneracy fagtpris 1 for
in form as in Ref. [13]. The effective nucleon mass» = 0 and 2 forv > 0. The total energy density of the

*

m* = m + U¥, where the nucleon rest mass is taken asystem is given by

2 2 2 * 1/2
8 2. 8w 2., 8 o 1 37y 1/2 ¥ %y 1/2 x4 P + On
€ — ne + ny + +—12 @ - m @ - m ln - .
zm%r N zmz) B 8m% pP3 ) My Uy MUy m*
i * 1/2 Vi 1/2
qBn * ;M 1/2 2 Hp + Op.v qBm 1/2 2 Met+ Ocly
+ —F @] +m In { ——— + -— O + m In { ———— . (7
477_2 ;)gl’ |:/‘Lp p,v DV m;’y 477_2 V=0g1/ Me e,v e,v Moy ( )
|
Here O,, = u2 — m2 —2vgB,, and mj, = tials u, andu, are related to their respective Fermi mo-

m;*> + 2qvB,,, wherem;s denoten*s(m.s) fori = p(e).  mentak!” and k%" by wy, = U, + [k2 + m2, 12
The first three terms of Eq. (7) correspond to the inter- du. = UE + [x™2 4 %2 1/’2 Theref th’ )
action energy densities far, w, and p mesons. The and s A [kr m™*] /. _'heretore, the neu-
last three terms are the expressions for kinetic energ al p meson field affects the chemlcal composition inside
densities forn, p, e. The total pressure is given by e neutron star through the different proton and neutron

P = s (E/A)/iny, whereE/A s the total energy per YUIO% PUSRETS T IE EVIMEAERENSEL
baryon.  For symmetric nuclear matter (SNM), WhereCou lin cgnstants and mesons mzfsses are taken from
n, = n, = ng/2, m* is evaluated self-consistently for a ping

H 2 2 —
given ny and B,,. On the other hand, the-p-e system | 0/OWIZ and Serot [14] to beg,,(m/my)* = 35747,

2 2 _ 2 2 :
under the beta equilibrium and the charge neutrality conSw(m/my)” = 273.87, and g, (m/m,)* =97. This

" ‘L : . yields nuclear matter saturation density at
ditions is in particular |mporta(1€n)t(cf)or the neutron star. Forno — 0.1484 fm— with a binding energy of 15.75 MeV

these two cases, whdh, = Bm’ , the charge neutrality and a bulk symmetry energy of 35 MeV. In the top

conditionn, = n. gives panel of Fig. 1, the variation of effective nucleon mass

(e)
= = m"/m with baryon densityng/n, is displayed. Curves
2 8.0, = > 5.0 @) aandbre he SNM fd, = dBy"
= = present the SNM case féy, = 0 andBn ",

respectively. It is found that foB,, = 0, m™ decreases

(e)(c) : (p)(c)
WhenB,, = Bu ", but appreciably smaller thabi "~ ~, radually withngz while for B the decrease is rela-

a large number of Landau levels are populated and the re- - L ;
lations are almost similar to the field-free case. However Ively muF:h faster. beYO”dB =~ no. This _'S attributed to
when B,, significantly affects the electrons so thakax the drastic reduction in the proton Fern;)l momentkl%,
is small (0), the protons are also affected. EmployingWhereas the neutron Fermi momentnkr% is unaffected
Eq. (8) in conjunction with the3-equilibrium condition By B and is identical to the Fermi momentuky for
Mn = jp + m., One can obtaim* self-consistently fora B = 0. Consequently, at anyz, u, is smaller than

givennp andB,,. The proton and neutron chemical poten- 4,- These are reflected in the larger valuemgf and
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hence in the magnitude &ff for nonzero magnetic field, as exhibited by curvee and f for B, = B,(n”)(”) and
in contrast to the field free case. By further increasinglOBganc) respectively. In contrast to th@, = 0 case
) . m )

(p)(c) % . .
B, to 10Bx ", m*/m for SNM (curvec) undergoes a for nonzeroB,,, even though the contribution from the

further reduction beyond the density3n. . scalar density is increased, the relatively larger decrease
For an-p-e system, curvel in the top panel of Fl(g- 1 in kinetic energy density especially for protons results
shows the variation of:*/m atB,, = 0. If B,, < Bn C), in the excess binding. Furthermore, it is observed that

the variation ofm™ remains virtually unaltered from the with increasingB,,, the minima of the binding energy
field free case (not shown in the figure). If the field curves, where the pressufe = 0, shift towards higher
is further increased t®%” and 108\, the m*/m  densities. This is clearly seen in the inset of Fig. 2 where
values are significantly reduced as evident from cueves the pressuré is displayed as a function of energy density
andf of the figure. Furthermore, in the presenceByf,  ¢: curvesato f correspond to the same valuesBf as in
the m* values here are found to be much smaller tharfig- 2. The causality conditionP/de = 1 is fulfilled by
those for SNM. This may be attributed to the neutron-all the cases considered here. It is evident from Eq. (7)
proton asymmetry in the system. that the kinetic energy density fo'r protons is strongly
The energy per baryorE/A with varying baryon _suppressed, ar_1d t_hﬁ meson term is strongly enhance_d
density nz/no is exhibited in Fig. 2. Curves andb, N thg magnetic field. The latter term has a negative
respectively, correspond t&, = 0 and 10B) for contribution to the pressure. On the_ other hamdan_d
SNM. It is observed that the strong magnetic field” meson terms 4; = 0 for SNM) Wh'Ch. Increase with
(p)(c) . o ng, compensate the reduction in the kinetic energy and
B, = Bu  causes additional binding O(f ;2? nuclear ie scalar meson terms in the pressure at higher density
matter withE/A =~ —41 MeV for B,, = 10Bx . The  to produce zero pressure compared to Bje—= 0 cases.

usual binding energy curve farp-e system in absence pq the np-e system, considerable suppression k¥’

of magnetic field (curve) shows no binding. When the 54, in the magnetic field accentuates the above effect:
field is slightly quantizing, the systerp):s) still unbound 4 4 consequence, it is more bound with the minimum
as indicated by curvel for B,, = 10*B» " it is only  occurring at a higher density than the SNM.

sightly softer thanc. However, when both protons and  The proton fraction in neutron star matter is crucial in
electrons are strongly quantized By,, then-p-e system  determining the direct URCA process which leads to the
is strongly bound, and the binding increases Wi  cooling of neutron stars [15,16]. In the bottom panel of

Fig. 1, the proton fractiorY,, = n,/ng is shown for the

n-p-e system forB,, = 0 (solid line) and for10*BY

10° <o T T T T (dashed line). The proton fraction is observed to be
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. 2 e (MeV fm ]
107" E a 10" Mevim ) 1o 600
£ b 2
* t,F'\10
E S € 500
1072 E -q > 10'
c s 400
o 10°
10° } } } ! 'f 107 300 9
) ) ) ) ) g
1.0 [ mtmaTaT AT = — e — s — e — =
TSI I 200 Z
0.8 | - m
5o 06 | . 100
0.4 - o
- -100
) 1 . | 1 1
0 1 2 3 5
ng/ N, ng/ N,

FIG. 1. The variations of effective nucleon mag$/m (top FIG. 2. The energy per barydiy/A as a function ofiz/n, for
panel) and proton fractiorY, (bottom panel) with baryon different values o,,. In the inset, the pressu®is shown as
densityng/n for different values of magnetic field,,. a function of energy density for different values of3,,.
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enhanced in the latter case. For the direct URCA processgres will survive even in more sophisticated calculations

the inequalityk's + k'’ = k", which corresponds to With a more refined equation of state. It will be worth in-

Y, = 0.11 for B,, = 0 [16], should be satisfied. In the vestigating the influence of a quantizing field on the quark
linear o-w-p model withB,, = 0, this condition is satis- Matter in a relativistic Hartree-Fock model.

fied atng = 1.5n9 and thus rapid cooling by direct URCA

process can occur. On the other hand,Bgr = Bﬁ,f’)(c),

the proton fraction shown by the dotted line in the figure

is found to be considerably enhanced. The drastic fall in

the proton Fermi momentum entails a substantiak p [1] V. Ginzburg' H|gh Energy Gamma Ray Astrophysics
conversion; as a result, the system is converted to a highly ~ (North-Holland, Amsterdam, 1991).

proton-rich matter. Moreover, it has been demonstrated in[2] I. Fushiki, E. H. Gudmundsson, and C.J. Pethick, Astro-
Fig. 2 that such systems are energetically more favorable. phys. J.342 958 (1989).

Therefore, if the magnetic field is strong enough0?° G, [3] C. Woltjer, Astrophys. J140Q, 1309 (1964); J. Trimper

possible existence of stable “proton matter” may be en- \3\t/ha|.i Astro?hxls-t J. '—ftt- 519,22'3-30;40(1%3)5 _VE/)- Aé-
visaged. If the field is further increased 108" the eatonet al,, Nature (London)289 (1979); D. E.

. ! Gruber et al., Astrophys. J. Lett.240, L127 (1980);
proton fraction (shown by the dash-dotted line) saturates 1 A mihara et al. ﬁa%/ure (London)??zla 250 E1990§'

to a value of 0-9%)3(’21).’3 2(3)”0- G. Chanmugam, Annu. Rev. Astron. Astroph@§, 143
When B,, = Bm ', vmax for various values ofng (1992).
and B,, is found to follow the relationshipriax ~ (4] D-dl-ai fand S-L-thShapiFO, Astrophys. 383 745 (1991),
(e) (c) and references therein.
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and this is found to be in conformity with the values  AStophys. J.176 739 (1972); S. TsurutaPhysics
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