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Spin polarized neutron matter and magnetic susceptibility within
the Brueckner-Hartree-Fock approximation
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The Brueckner-Hartree-Fock formalism is applied to study spin polarized neutron matter properties. Results
of the total energy per particle as a function of the spin polarization and density are presented for two modern
realistic nucleon-nucleon interactions, Nijmegen Il and Reid93. We find that the dependence of the energy on
the spin polarization is practically parabolic in the full range of polarizations. The magnetic susceptibility of
the system is computed. Our results show no indication of a ferromagnetic transition which becomes even more
difficult as the density increases.
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[. INTRODUCTION may have strong effects on the mean free path of a neutrino
in dense matter and, therefore, it should be taken into ac-
The study of the magnetic properties of dense matter is ofount in the studies of supernovae and proto-neutron stars.
considerable interest in connection with the physics of pul- In this work we employ the Brueckner-Hartree-Fock
sars. These objects, since the suggestion of Gbjdare  (BHF) approximation, using the realistic Nijmegen Il and
generally believed to be rapidly rotating neutron stars withR€id93[15] nucleon-nucleon interactions, to study spin po-
strong surface magnetic fields of the order ofAGauss. Iarlz_ed neutron matter properties s_uqh as the total energy per
Several authors have studied the possible existence of Rfticle and the magnetic susceptibility. We employ the so-
phase transition to a ferromagnetic state on pure neutron sy§alléd continuous prescription when solving the Bethe-
tems at densities corresponding to the theoretically stapl&0ldstone equation. As shown by Soagal. [16], the ef-

neutron stars. Brownell and Callawg®] and Rice[3] con- ects from three-body clusters are dimished in this
(r]escnpnon. We also explore in this work the dependence of

sidered a hard sphere gas model and showed that the grouﬁ]e total energy per particle on the spin polarization, finding

state of the neutron gas becomes ferromagnetickgat e . .
that to a very good approximation this dependence is
~2.3 fm 1. Silverstein[4] and Gstgaard[5] found that the parat;jglic very g pproximat ! P I

inclusion of long range attraction significantly increased the' .o paper is organized in the following way. In Sec. Il the
ferromagnetic transition densitg.g., (tgaard predicted the  {hegretical background of our calculation is briefly reviewed.
transition to occur ake~4.1 fm™* using a simple central The construction of the neutron-neutr@matrices and the
potential with hard core only for singlet spin state€lark  calculation of the total energy per particle are shown in Sec.
[6] and Pearson and Saun|éi calculated the magnetic sus- || A, whereas the magnetic susceptibility is determined in
ceptibility for low densities ke<2 fm™!) using more real- Sec. Il B. Our results are presented in Sec. lll. Finally, a
istic interactions. Pandharipands al. [8], using the Reid short summary and the main conclusions are given in Sec.
soft-core potential, performed a variational calculation arriv-|v.

ing to the conclusion that such a transition was not to be

expected foke<5 fm~1. Early calculations of the magnetic Il. THEORETICAL BACKGROUND

susceptibility within the Brueckner theory were performed ) , i ,

by Bickmann and Kéiman [9] employing the Reid soft-core In this section we briefly show how to evalpate, in the
potential, and results from a correlated basis function calcyBHF approximation, the total energy per particle and the

lation were obtained by Jackse al. [10] with the Reidv magnetic susceptibility of a syst.em of neutrqns in _Whiph we
interaction. A different point of view was followed by Vidau- 2SSume that the density of partl?les with spin pif,is dif-
rre et al. [11], who employed neutron-neutron effective in- ferent from that with spin dowrp".
teractions of Skyrme type, finding the ferromagnetic transi- )
tion atke~1.73-1.97 fm™. A. Energy per particle

In connection with the problem of the neutrino diffusion  Our calculation of the total energy per particle starts with
in dense matter, Fantoet al.[12] have recently employed a the construction ofs matrices, which describe in an effective
new guantum simulation techniquéhe so-called auxiliary way the interaction between two neutrons, for each one of
field diffusion Monte Carlo metho@AFDMC)] using realis-  the spin combinations(i, 7], | T or | |), in the presence of
tic interactions(based upon the Argonneg two-body po-  a surrounding medium. They can be obtained by solving the
tential [13] plus Urbana IX three-body potentifl4]), and following integral Bethe-Goldstone equations:
have found that the magnetic susceptibility of neutron matter
shows a strong reduction of about a factor of 3 with respect G _v Ry Qi1 G
its Fermi gas value. They pointed out that such a reduction TR PRI T g — ey — e +ig 11T
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Qi This quantity is a function op' andp' or, equivalently, of
Gin=VinutViu w—€ —€ +ig thib the total densityp=p'+ p' and the spin polarization, de-
LA fined as
Giine Gr T—p!
G G a=2"F )
Il LTt F
V \Y \% V
:( T ”'”) ( Th1 ”'”) Note that the valueA=0 corresponds to nonpolarized or
Vitrr Vi Virtrr Vi paramagnetic ' =p') neutron matter, wheread ==+1
Q means that the system is totally polarized, i.e., all the spins
SRS EEIE— 0 are aligned in the same direction.
w— 6T - El +1 n
X
0 Qi1 . B. Magnetic susceptibility
w—€ €Ty The magnetic susceptibility of a system characterizes the
G G response of this system to a magnetic field and gives a mea-
X ot ”’”) (1) sure of the energy required to produce a net spin alignment
Girir Gunn in the direction of the field. It is defined as
In the above expressions the fildasy) two subindices IM
indicate the spin projections of the two neutrons in the initial X=\ "o , (6)
H=0

(final) state,V is the bare nucleon-nucleon interactidp,is

the Pauli operator which allows only intermediate states . L .
compatible with the Pauli principle, and is the starting vv_here/\/t is the magnetization of the system per unit volume
energy defined as the sum of single-particle energigs), given by
of the interacting neutrons. Note th@t | ;, andG, |, are

obtained from a coupled channel equation due to the mixing
induced by the |nteract_|on._0ne can equivalently s_olve th‘%/vith « the magnetic moment of a neutron, ahtlis the
Bethe-Goldstone equation in the spin-coupled basis, wher: agnetic field which can be obtained from

the interaction is diagonal, although in that case the Pauli

M=u(p'—p")=upA, @)

operator is nondiagonal. However, the conventional angle A(EIN) 1 4(EIN)
average of the Pauli operator makes it diagonal, thus reduc- =p( M =1 . (8
ing the problem to an uncoupled one in each total spin chan- m=0 H A=0

nel.

The single-particle energy of a neutron with momentum  USing Eqs(7) and(8), the magnetic susceptibility can be

and spin projectiorr="T(]) is given by written as
2k2 sz
€,=——+U,(k), (2 =, 9
om Yol = TaEm) ©)
where the single-particle potentibl (k) represents the av- dA A=0

erage field “felt” by the neutron due to its interaction with
the other neutrons of the system. In the BHF approximatiorwhere the second derivative can be takend at0 if the field

it is given by 'H is assumed to be small.
It is customary to study the magnetic susceptibility in
U,(k)=Re 2 E terms of the ratioy/ g, whereyg is the magnetic suscepti-

bility of a free Fermi gas, usually known as Pauli suscepti-
bility. It can be straightforwardly obtained from E) and
©) the total energy per particle of the free Fermi gas

o' =1 <k’

X <EE,|G¢r(r',rrrr’(w: 6(r+ 6-(7")||2l2,>.»4'

2

where a sum over the two Fermi seas of spin up and down, _pm

characterized byk}=(672p)® and kk=(672p")*3, re- XF=32 2 K, (10
spectively, is performed and the matrix elements are properly

antisymmetrized. where the Fermi momentuikg= (372p) % is related tok:

Once a self-consistent solution of Eq%) and (3) is ob-
tained, the total energy per particle is easily calculated:

D)

o=l k=kZ

andk¢ through the relations
kE=ke(1+A)¥

<ﬁ+zu (k)) (4)
2m 2 7V) ki=Ke(1—A)¥3, (11)
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) . ] FIG. 2. Kinetic (left pane) and potential(right pane] energy
FIG. 1. Total energy per particle as a function of the density for¢ontriputions to the total energy per particle as a function of the

totally polarized(solid lineg and nonpolarizeddashed linesneu-  gensity for totally polarizedsolid lineg and nonpolarizeddashed

tron matter. The left panel shows results for the Nijmegen lljines) neutron matter. Results are shown for the Nijmegen I inter-
nucleon-nucleon interaction, whereas results on the right panel coggetion.

respond to the Reid93 interaction.

Il RESULTS A. This dependence is shown in Fig. 3 for five different
. " : o 3
densities po/2,00,2p9,5p0, and 7pg, being pg=0.16 fm
The total energy per particle for totally polarizésblid  the saturation density of nuclear majteks in Fig. 1, results
lines) and nonpolarizeddashed lings neutron matter is for the Nijmegen(Reid93 are shown on the leftright)
shown in Fig. 1 as a function of the density. Results for thepanel. Circles, squares, diamonds, and triangles correspond
Nijmegen Il interaction are plotted on the left panel, whereago our BHF results, whereas solid lines correspond to the
those corresponding to the Reid93 interaction are shown oparabolic approximation discussed below. As can be seen
the right panel. As can be seen from the figure, for bothfrom this figure, and as it was expect&IN is symmetric in
interaction models, totally polarized neutron matter is always\. It can also be seen in this figure tHatN shows a mini-
more repulsive than nonpolarized neutron matter in all themum atA=0 for all the densities considered, being this
density range explored. This additional repulsion can be unagain an indication that the ground state of neutron matter is
derstood, firstly, in terms of the kinetic energy contribution,
which is larger in the totally polarized case than in the non- Nijmegen 1l Reido3
polarized one. Secondly, in terms of the potential energy 8% - ' ' - ' ' 600
contribution because, due to symmetry arguments, all partia
waves with even orbital angular momentlingsome of them
attractive, as the importaritS,) are excluded in totally po-
larized neutron matter. In order to illustrate this, we have
plotted in Fig. 2 the separate kinefieft pane) and potential
(right pane] energy contributions for the Nijmegen Il inter-
action modelsimilar results are obtained for the Reid93 one,
but they are not included in order to make the discussion
more cleay. An interesting conclusion which can be inferred
from these results is that a phase transition to a ferromagnetis
state is not to be expected from our calculation. If such ag
transition would exist, a crossing of the energies of the to- 100
tally polarized and the nonpolarized cases would be observe:
at some density, indicating that the ground state of the sys o
tem would be ferromagnetic from that density on. As can be -t =05 0 0 t-t 05 0o o 1
seen in Fig. 1, there is no sign of such a crossing and, on the Spin polarization & Spin polarization &
contrary, it becomes less favorable as the density increases. G, 3. Total energy per particle as a function of the spin polar-
We have shown results for totally polarized and nonpolarization A for different densities. Results for the Nijmegen II
ized neutron matter. Let us consider now an intermediat@reid93 interaction are shown in the leftight) panel. Circles,
situation in which not all the spins, but a part of them, aresquares, diamonds, and triangles show our BHF results, whereas
aligned in a given direction, and let us examine the depensolid lines correspond to the parabolic approximation defined
dence of the total energy per particle in the spin polarizatiorin Eq. (12).
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paramagnetic. Another interesting thing is to note that this TABLE I. Magnetic susceptibility ratigy/x . Our BHF results,
dependence is up to a very good approximation parabolidabeled Nijmegen Il and Reid93, are compared with the AFDMC
being this parabolic character only slightly lost at very largeresults of Fantonét al. (Ref.[12]), labeled AUB and AU8'. BHF
densities. Note that the kinetic energy contribution in factresults obtained with the standard discontinuous prescription are
follows a (1+A)%3+(1—A)%3 law, producing deviations given in parentheses.

from a parabolic behavior of at most 2%. In the case of local

interactions the dependence on the spin polarizaticomes ~_#/Po  Nijmegen Il Reid93 AU6  AUS’
from the exchange terms and, if the interaction is a contact g 75 0.39(0.41) 0.40(0.41) 0.40

one, itis easy to see that this dependence is strictly parabolic. 1 55 0.37(0.39) 0.37(0.39) 0.37 0.39
Finite range forces produce deviations from this law and the 5 , 0.34(0.37) 0.35(0.38) 0.33 0.35
fact that these deviations are small for realistic nucleon— 0.33(0.36) 0.34(0.37) 0.30

nucleon interactions has useful consequences for the calcu-
lation of the magnetic susceptibility. Indeed, in the same
spirit as it is done in nuclear matter to determine the sym-
metry energy, one can try to characterize the dependence 8
the energy per particle on the spin polarization in the follow-
ing simple analytic form:

¢ In Fig. 4 the ratiox/xr is shown as a function of the
ensity. The solid line shows the result for the Nijmegen I
interaction, whereas the dashed line corresponds to the one
obtained with Reid93. Starting from 1, the ratio decreases
E E rapidly for small densities and more slowly as density in-
—(p,A)= —(p,0)+a(p)A?, (12) creases. It can be inferred again from this figure that a ferro-
N N magnetic phase transition, which would be signaled by an
infinite discontinuity giving rise to a change of signyiyg,
where, assuming the quadratic dependence to be valid up {§ not seen and not expected at larger densities either.
|A[=1 as our results indicate, the valueaffp) can be eas- Finally, our results fory/ yg are compared in Table | with
ily obtained for each density as the difference between thehose of the recent calculation performed by Fantetal.
total energy per particle of totally polarized and nonpolarizec{lzl shown in columns labeled AU6nd AUS . As can be
neutron matter seen from the table, there is a very good agreement between
these results and ours. For completeness, we show in paren-
_E N theses the results obtained when the standard discontinuous
alp)= P =D =F (.0 (13 prescription is used in solving the Bethe-Goldstone equation.
In both prescriptions, the results are very similar, which is

The magnetic susceptibility can be evaluated in a veryot surprising due to the fact that is obtained from an

simple way if the parabolic dependence of Ef2) is as- €nergy differencg¢see Eqs(13) and(14)] which partly can-
sumed, giving cels the possible discrepancies. Only for densities larger than
2pg, the discontinuous prescription results differ more than
w?p 10% from the continuous ones.
=—. 14
X(0)= 5205 (14

IV. SUMMARY AND CONCLUSIONS

0.5 T T T T T

Employing realistic modern nucleon-nucleon interactions

- I;iif:gefenﬂ (Nijmegen Il and Reid9Bwe have performed a Brueckner-
- -~ Kl

Hartree-Fock calculation of spin polarized neutron matter
properties. We have studied the total energy per particle of
neutron matter as a function of the density and the spin po-
larization A. We have found that in the range of densities
explored(up to 7pg) totally polarized matter is always more
repulsive than nonpolarized matter, being this an indication
that a phase transition of the system to a ferromagnetic state
is not expected.

We have seen that the total energy per particle is not only
symmetric on the spin polarizatiak, as it was expected, but
also parabolic in a very good approximation up|tg=1
even at high densities. This finding supports the calculation

0.20 0'2 0'4 0'6 0'8 1 12 of the magnet_ic susceptibi_lity of neutron matter by u_sing

' " Density o ™ ] ) ' only the energies of the spin symmetric and fully polarized
yp
systems.

FIG. 4. Ratioy/xr as a function of the density. The solid line Finally, we have calculated the magnetic susceptibility of
shows the result for the Nijmegen Il interaction, while the dashedhe system as a function of the density, finding a very good
line corresponds to the one obtained with Reid93. agreement with a recent Monte Carlo calculatj@g].
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