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3p,-3F, pairing in neutron matter with modern nucleon-nucleon potentials
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We present results for théP,-3F, pairing gap in neutron matter with several realistic nucleon-nucleon
potentials, in particular with recent phase-shift-equivalent potentials. We find that their predictions for the gap
cannot be trusted at densities ab@we1.7p,, wherep is the saturation density for symmetric nuclear matter.

In order to make predictions above that density, potential models which fit the nucleon-nucleon phase shifts up
to about 1 GeV are requirefiS0556-28188)06010-3

PACS numbe(s): 26.60:+c, 21.30—x, 21.65:+f, 97.60.Jd

I. INTRODUCTION mount relevance for, e.g., the cooling of neutron stars, and
The presence of neutron superfiuidity in the crust and th‘?lfferent valges correspond to drastically different scenarios
or the cooling proces$8]. Unfortunately, only few and

inner part of neutron stars is one of the features that is COMartly contradictory calculations of this quantity exist in the
sidered well established in the physics of these compact ste?’i:- y y q Y

. . . terature, even at the level of the baxé\ interaction[9-13|.
lar objects. At low density, and therefore in the outer part o :
. However, when comparing the results, one should note that

a neutron star, the neutron superfluidity should be mainly i he NN potentials used in these calculations are not phase-
the 1S, channel. At higher density, the nuclei in the crust _, . . o !
dissolve. and one expects a redion consisting of a quantu shift equivalent; i.e., they do not predict exactly the saie
L ' P 9 NG q rE;hase shifts. Furthermore, for the interactions used in Refs.
liquid of neutrons and protons in beta equilibrium. The pro-[g_lz] the predicted phase shifts do not agree accurately
ton contaminant should be superfluid in th&, channel, . <hi .

. L o with modern phase-shift analyses, and the fit of K¢ data
while neéjtror; superfluidity is expected to occur mainly in thehas typically y2/datum3. During the last years, progress
coupled”P,-*F, two-neutron channel. In the core of the star has been made not only in the accuracy and the consistency

an%_ﬁgp;ref!sue'ﬂcihzﬁv\%'%ﬂ% :Ienni”;/ucggsfﬁﬁg?re.gimes is sug of the phase-shift analysis, but also in the fit of realisti
gested by the known trend of the nucleon-nucledi) potentials to these data. As a result, several hihpoten-

phase shifts in each scattering channel. In both8gand gﬁ?nha\éia?; enr;] cobr;sigyvc;e%v'\\/ﬂh:\:/hvcittrt]hﬁi v;/]orlrdegzitgfp'rao_
3pP,-3F, channels the phase shifts indicate that ki in- b 9 ah b :

LS . . ntials like the recent Argon 14], the CD-Bonn 1
teraction is attractive. In particular for thes, channel, the tentials like t € rece tArgo 'Téls[ ]’.t eC 5 onr{15],
: . or the new Nijmegen potentialsl6] yield a y</datum of
occurrence of the well-known virtual state in the neutron-

neutron channel strongly suggests the possibility of a pairin gbout 1 and may be called phase-shift equivalent.
gly sugg P 3 Y P 9 our aim in this paper is to compare the predictions of the
condensate at low density, while for tA,-3F, channel the

) ; . ) new potentials for the’P,-3F, gap in neutron matter. We
interaction becomes strongly attractive only at higher energy,; also, for the sake of completeness, include results with

which therefore suggests a possible pairing condensate &hme of the “old” interactions, namely, the Pafis7], Ar-
this channel at higher densities. In rgcent years .the BC$ 98bnneV,, [18], and Bonn B[19] potentials. The main focus
equation has actually been solved with realistic interactionsyji;, however, be on the new, phase-shift-equivalent poten-
and the results confirm these expectations. tials, and whether the improved accuracy in the fits toNhe
The 'Sy neutron superfluid is relevant for phenomena thatscattering data leads to better agreement in the predictions
can occur in the inner crust of neutron stars, like the formafor the 3P,-3F, energy gap. If differences are found, we try
tion of glitches, which seem to be related to vortex pinningto trace them back to features of thiN potentials. To be
of the superfluid phase in the solid cry4f. The results of able to do so, we will keep the many-body formalism as
different groups are in close agreement on {8 pairing  simple as possible. First of all, we will use the bax
gap values and on its density dependence, which shows iateraction as a kernel in the gap equations, and thus neglect
peak value of about 3 MeV at a Fermi momentum close tchigher-order contributions from, e.g., medium polarization
ke~0.8fm ! [2-5]. All these calculations adopt the bare effects. The in-medium single-particle energies will be cal-
NN interaction as the pairing force, and it has been pointedulated in the Brueckner-Hartree-Fo¢BHF) approxima-
out that screening by the medium of the interaction couldion, but we will also use free single-particle energies, be-
strongly reduce the pairing strength in this chanftel7].  cause this makes the comparison of the results with the
However, the issue of the many-body calculation of the pairvarious potentials more transparent, since any differences are
ing effective interaction is a complex one and still far from athen solely due to differences in th#,-3F, wave of the
satisfactory solution. potentials. We think it is useful to try to understand the re-
Precise knowledge of th&P,-3F, pairing gap is of para- sults at the simplest level of many-body theory before pro-
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ceeding to include more complicated effects in the descrip- 1 . 1

tion of 3P,-3F, pairing. As we will demonstrate, progress in |A(k)[?—D(k)*= EJ dkA(k)|2=> m|A|m(k)|2,

the construction oNN interactions is necessary before the m 6)

3P,-3F, energy gap can be calculated reliably from micro-

scopic many-body theory. the kernels of the coupled integral equations become isotro-
This work falls into six sections. The equations for solv- pic, and one can see that the differemtomponents become

ing the pairing gap are briefly reviewed in the next sectionuncoupled and all equal. One obtains the following equations

while in Sec. Il we discuss the reliability of various numeri- for the partial-wave components of the gap function:

cal approaches to the solution of the pairing gap. Features of

the various nucleon-nucleon interaction models employed A 1= Vkk)Hk'2dK N

are presented in Sec. IV, while our results for the pairing gap 1(K)=-= —f - - (k).

with these potentials are discussed in Sec. V. Finally, we mlo Ve(k') 2+ 2 A (k)]

summarize our findings in Sec. VI.

Note that there is no dependence on the quantum number
in these equations; however, they still couple the components
Il. GAP EQUATION FOR THE °P,-°F, CHANNEL of the gap function with different (1Sy, 3Py, 3P;, 3P,,

1 3 i i ina-
The gap equation for pairing in nonisotropic partial waves Dz, °F», etc, n neutrqn mattbzmla the energy denomina
is in general more complex than in the simplestave case, tor. Fortunately, n p.ractllce the d|ﬁereqt cqmpone\dt;of
in particular in neutron and nuclear matter, where the tensoﬁhe potential act mainly in _nonoverlappmg intervals in d_en—
interaction can couple two different partial waviL,20. sity, and therefore also this coupling can usually be disre-

This is indeed the situation for thé,-3F, neutron channel. garded. .
In order to achieve a simplified, yet accurate, numerica The addition of spin degrees of freedom and of the tensor

treatment, we use in this work the angle average approxim orce dqes not.c.hange the picture qualitativel'y., and i_s ex-
tion expla,ined in this section plained in detail in Refs[11,2(. The only maodification is

For the sake of a clear presentation, we disregard for thg::e introduction of an additional22 matrix structure due to
' i 3 .
moment the spin degrees of freedom and the tensor intera e tensor coupling of théP, and *F, channels:
tion. Then, we start with the Gorkov equatioffl], which A 1 (=
involve the propagatoG(k,w), the anomalous propagator (Al)(k): _ ;j dk'K'2——
3

F(k,w), and the gap function (k): 0 E(k")
w—ek) —AK)\[G 1 ( Vi _Vls) - (Al) o @
—AT(K) w+e(k))(FT>(k"")= o)’ @ “Novy vy KK, | B
E(k)?=[e(k)—e(kg)]?+D(k)?, (8b)

where e(k) =e(k) — u, w being the chemical potential and
e(k) the single-particle spectrum. The quasiparticle energy
E(k) is the solution of the corresponding secular equation

and is given by Heree(k) =k?/2m+ U (k) are the single-particle energies, as
2 2 2 obtained from a Brueckner-Hartree-Fock calculation, where
E(k*=e(k)*+[AK)]". 2) U(k) is the single-particle potential, calculated within the
“continuous choice” schemg22]. The quantities

D(k)?=A;(k)?+ A5(k)%. (80)

The anisotropic gap functioa (k) is to be determined from
the gap equation % _ _
V||r(k,k,): fo drr2j|r(k’r)V||r(r)]|(kr)7T/2 (9)

A(k’
A(k)=—2 (k|V|K') )

W 2E(K') ©

are the matrix elements of the bare interaction in the different
coupled channelsT(=1;S=1;J=2;1,I'=1,3).

The angle-dependent energy denominator in this equation It has been shown that the angle average approximation is
prevents a straightforward separation into the differen@in excellent approximation to the true solution that involves

partial-wave components by expanding the potential a gap function with ten componerjtsl, 13, as long as one is
only interested in the average value of the gap at the Fermi

) e , surface, Ar=D(kg), and not the angular dependence of the
(KIV[k >=47TEI 21+ )P i(k-k)Vi(kK') (4 gap functionsA, (k) andA(K).

and the gap function ll. NUMERICAL SOLUTION

2 The solution of the system of Eq&) is numerically not
- m i trivial, especially if the gap turns out to be much smaller than
A(k)= =Y im(KA L (K). 5 '
) ;n 2151 " mk) Aim(k) © the Fermi energy. This is because of the well-known loga-
rithmic singularity of the BCS equation in the limit of zero
However, after performing an angle average approximatiompairing gap. In order to control more closely the numerical
for the gap in the quasiparticle energy, accuracy, we used in fact three different methods.
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One method is similar to the one described in Ré&i. V. NN INTERACTIONS
We first obtain a separable form of the interaction. Since we . . : L, 3
need a high accuracy, we directly diagonalize the interaction Before 'dlscussmg. the solutions Of, the couphad,-~F,
V,,.(k,k"), taken in a discrete grid of momenfk;}, and gap equations, we give a short description of the models for

then we choose the first eigenvalues\, with the largest the NN interaction employed in this paper.

moduli and the corresponding eigenvecterg. One can The older models, Paris, Argonngy,, and Bonn B, are
then write described in detail in Refs[17-19. They all have a
x?/datum in the range 2—3. The Argonkg, potential is a
n nonrelativistic, purely local potential. The Paris potential in-
Vi (ki ,k;>%n121 Um(K) Ao m(Kj)- (100 corporates explicitr, 27, and w exchange. For the short-

range part a phenomenological approach is used. The final
otential is parametrized in terms of local Yukawa functions.

The gap function can then also be expanded in the sa - .
9ap P he Bonn B potential is a one-boson-excha(@8E) inter-

eigenvectors, and the original equations reduce to a setof 2" "~ ,
algebraic equations. The latter can be solved for the coeff@ction. defined by the parameters of Table A.1 of RE€].
cients of the expansion by iteration, following the scheme 1h€ “phase-shift-equivalent” potentials we will employ
described in Ref[2]. The rankn of the separable form is here are the recent models of the Nijmegen grfifj, the
increased until a high degree of convergence is reached. OfggonneVi [14] potential, and the charge-dependent Bonn
advantage of the method is the possibility of using a veryPotential(CD-Bonn [15]. In 1993, the Nijmegen group pre-
fine momentum grid, since the algebraic equations are obsented a phase-shift analysis of all proton-proton and
tained by numerical integrations, for which extremely accu-neutron-proton scattering data below 350 MeV with a
rate interpolation methods can be used. In general, the grii /datum of 0.99 for 4301 data entri¢84]. Fitted to this
points must be particularly dense in the interval around thhase-shift analysis, the CD-Bonn potential hag*fdatum
Fermi momentum, since there the kernel displays an exof 1.03 and the same is true for the Nijm-I and Nijm-II
tremely narrow peak due to the small value of the pairingPotentials of the Nijmegen groyp6]. The ArgonneV,g po-
gap. Furthermore, in general, the convergence in the nank tential has g¢*/datum of 1.09.
is fast enough, and therefore the number of coupled equa- All these models are charge dependent. Argovifgand
tions is never very large. However, the accuracy in the diNijm-1l are nonrelativistic potential models defined in terms
agonalization procedure decreases with the rank of the m&f local functions, which are attached to variotson-
trix and it is difficult to have a precise estimate of the error.relativistic) operators constructed from the spin, isospin, and
In the second methof23] one starts by solving the gap angular momentum operators of the interacting pair of nucle-
equation for the case of a constant pairing ggp'n the ONS. Such approaches to thi\N potential have traditionally

denominator. In a discrete momentum grid, this is equivalenlf)eer_1 quite popular since th_ey are numgrlcally easy fo use in
) . — configuration space calculations. The Nijm-I model is similar
to an eigenvalue problem, namely, to find the valué dbr

; ! . to the Nijm-Il model, but it includes also a momentum-
which the kernel of the gap equation has eigenvalue 1. Thaependent ternisee Eq.(13) of Ref. [16]], which may be

corresponding eigenvector is afirst_estimate of the gap funCi'nterpreted as a nonlocal contribution to the central force.
tion, with the normalizatiom\ (kg) =A. It is then inserted in  The CD-Bonn potential is based on the relativistic meson-
the kernel to solve for the next estimate/of In practice this exchange model of Reff19] which is nonlocal and cannot be
method converges extremely fastfter a few iterationsto  described correctly in terms of local potential functions. In-
the final solution. The advantage of the method is that thetead, it is represented most conveniently in terms of partial
original interaction is used, without resorting to a separablevaves.
form. Thus, the mathematical structure of the modern potentials
The third method is to solve the couplé®,-3F, gap s quite different, although they all predict almost identical
equations straightforwardly by iteration, starting from somephase shifts within their range of validity. This means that
suitable initial approximation to the functions;(k) and even though the potentials by construction give the same
A4(k). Also in this method, the interaction is used in its results on shell, their behavior off the energy shell may be
original form. If the interaction has a strong repulsive core,quite different. The implications of these differences for the
as is the case in th&S, channel, this method can be difficult symmetry energy of nuclear matter were discussed in Ref.
or even impossible to implement. However, the,-3F, in-  [25].
teraction is relatively weak, and the iteration scheme works In order to illustrate the statements made above, and for a
well in this channel, provided that a fine momentum grid isbetter understanding of the forthcoming results for the pair-
used around the Fermi momentum. Details of the numericahg gaps, we show in Fig. 1 the predictions of the various
implementation of this method are given in Rgf2). potentials for the phase shifts in th#, (T=1) channel.
The comparison of the results obtained with the threeThey have been calculated by solving the Lippmann-
methods was quite rewarding. The numerical values of thé&chwinger equation as explained in RE26]. The figure
gap functions were in excellent agreement and hardly distinshows predictions up tB,,= 1.1 GeV, but clearly scattering
guishable in all figures presented here. Therefore, in discusenergies abov&,,,=350 MeV amount to uncontrolled ex-
ing the results we will not specify the method by which they trapolations beyond the intended range of validity of the po-
were obtained. We believe that the agreement between tHential models, which have been fitted to scattering data be-
three methods gives enough confidence in the numerical prédew 350 MeV only. The plot displays also a scale of
cision of the results. equivalent Fermi momenta according to the relatig,
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“@ o8 Amndit et al. FIG. 2. 3P, part of the integrand in the gap equations for vari-
Nijmegen | ous densities and with the Nijm-I potential.
6 [ 4 Nijmegen | K
[ CD-Bonn . ..
N Argonne V., phase shifts below the empirical ones over the whole range
i Argonne V,, E|.p=400—-1000 MeV. The old potentials display similar
, | Bonn B variations, being generally too repulsive with Paris, the most
Paris repulsive of all potentials, followed by Bonn B and Argonne
ol N V4. In this paper we will further on focus on the new,
0 200 400 600 800 1000 phase-shift-equivalent potentials, since they are better fitted
Eap [MeV] to modern scattering data. In summary, all potentials give

phase shifts which are too attractive abokg,,~700—

FIG. 1. °P, phase-shift predictions of different potentials up to 1000 MeV, and all except Nijm-Il are too repulsive between
Ejap=1.1GeV, compared with the phase-shift analysis of Amdt._ 354 MeV and~700—1000 MeV.

et al.[27]. The “old” potentials are denoted by different symbols,

the “modern” potentials by different line styles.

=(2kg)?/2m in order to facilitate the comparison with the V. RESULTS

pairing gaps presented later. The reader can see that a labo-Before presenting results for the energy gap, we point out

ratory energy of 350 MeV corresponds roughly to a Fermisome features of the gap equations which make the trend of

momentum ke=2.0 fm 1. Therefore, calculations of the the results understandable. In order to make the connection

°P,-°F, energy gap at densities aboke=2.0 fm™* will {0 the NN interaction as transparent as possible, we start by

inevitably involve extrapolating the potential models. discussing the case where the single-particle energies are
In the same figure we also show the empiripal phase given by their values in free space(k) = k2/2m.

shifts obtained by Arndét al.in a recent phase-shift analysis = |, Fig. 2 we show, for the Nijm-I potential and various

[27]. Some differences between this phase-shift analysis a’\?alues ofke, the functionk?A,(k)/E(K) involved in the

the phase shifts calculated with the potentials could be; - ; -

; : P, component of the gap equations, normalized to unity at
present in the f|gure, even below 350 Mev, because the pq€=2k TFr:e behavior ogf tFr)]isqfunction was found to be t{1e
tentials are not fitted to the analysis of Arredtal. The mod- ke . . . ST

same for all potentials. Notice that this function is very

ern potentials fit the Nijmegen databd24]; the older ones . . .
fit different analyses made in the 1970s and 1980s. Nevestrongly peaked arounki=ke, implying that the diagonal
theless, the four modem potentials considered here fit als§/atrix element of the potential &=k gives the most im-
the analysis of Arndtet al. below 350 MeV with a high Portant contribution ta\,(kg) andAs(kg). Also, this figure
accuracy, while the old potentiakn particular theV,,  Makes it clear why some care in choosing momentum mesh
overshoot the empirical values already at lower scattering©ints for the numerical integrations is needed. The function
energies, due to the fact that they have a higf@datum  K°A3(k)/E(k) shows a similar, strongly peaked behavior,
than the new models. and thus the gap is largely determined by the matrix ele-
In any case, abovE&,=350 MeV (corresponding tdkg mentsV1(Ke ,Kg), Vis(Kg kg), andVas(ke Kg).
~2.0fm 1) sizable differences show up in the predictions of  To exemplify this, we have therefore plotted in Fig. 3 the
all potentials. The Nijm-II potential fits the phase shifts up tomatrix elements foW,;(kr ,Kg) andVs3(ke ,kg) as functions
about 600 MeV rather well, but after that it severely overes-of kg for the various modern potentials used in this work. Up
timates them. This in turn means that the high-momentunto ke~2.0 fm~ ! the matrix elements are very similar, but
components of the’P, interaction will be too attractive. after this point they deviate from each other, in line with the
Nijm-I does fairly well up to about 500 MeV; from 500 to phase-shift predictions shown in Fig. 1: In tAB, and °F,
700 MeV it underpredicts the phase shifts, while at energiesvaves, theV g potential is the most repulsive, followed by
above 700 MeV the results are too high. The CD-Bonn pothe CD-Bonn and the Nijm-I and Nijm-Il potentials in that
tential gives a similar behavior, but falls faster towards zercorder. Similar conclusions can be reached for the coupled
at high energies than Nijm-I and -1I. ArgonMgg gives P,  3P,-3F, channel.
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FIG. 3. The diagonal part of the neutron-neutron potential in or CD-Bonn
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Nijmegen-I and -1I, and Argonn¥,4 potentials. [ - BHF -
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A. Pairing gaps © I \
. . . . § : II “
Figure 4 contains a comprehensive collection of our re- = ¢4 [ K
sults for the pairing gaps with the different potentials. We < i g
start with the top part of the figure, which displays the results I N
calculated with free single-particle energies. Differences be- 92 [ A
tween the results are therefore solely due to differences in the [ fatr
3pP,-3F, matrix elements of the potentials. The plot shows Y PSS S S A B IR N IS
results obtained with the old as well as with the modern 0 0.5 1 15 2 25 3 35
potentials. The resulfsvith the notable exception of the Ar- ke fm™]

gonneV,,,* which predicts also substantially differefP,
phase shift§see Fig. 1] are in good agreement at densities  FIG. 4. Top panel: the angle-averagdd,-3F, gap in neutron
belowke~2.0 fm 1, but differ significantly at higher den- matter depending on the Fermi momentum, evaluated with free
sities. This is in accordance with the fact that the diagonakingle-particle spectrum and different nucleon-nucleon potentials.
matrix elements of the potentials are very similar bekgw  Central panel: the gap evaluated with BHF spectra. Bottom panel:
~2.0 fm 3%, corresponding to a laboratory energy for freethe gap with the CD-Bonn potential in different approximation
NN scattering ofE,,,~350 MeV. This indicates that within Schemes.
this range the good fit of the potentials to scattering data
below 350 MeV makes the ambiguities in the results for thescattering data. Thus there is no guarantee that the results
energy gap quite small, since, to a first approximatie@e  will be independent of the model chosen, and in fact the
the discussion beloly the pairing gap can be derived in figure shows that there are considerable differences between
terms of the phase shifts only. their predictions at high densities, following precisely the
However, we wish to calculate the gap also at densitiesrend observed in the phase-shift predictions: The Argonne
abovekg=2.0fm . Then we need the various potentials atV, is the most repulsive of the modern potentials, followed
higher energies, outside of the range where they are fitted t9y the CD-Bonn and Nijmegen-I and -Il. Most remarkable
are the results obtained with Nijm-Il: we find that the pre-
dicted gap continues to rise unrealistically even kat

YIn a previous papefr10] one of the author§M.B.) has claimed ~3.5fm™*, where the purely nucleonic description of matter
much higher values for the gap with the Argoriig,. It has been  surely breaks down. From Table I, which contains a compi-
checked that this was due both to a nonaccurate separable represéafion of gaps for the various potentials, one sees that the
tation of theNN potential and to a bug in the computer program for improved fit of the new potentials to scattering data leads to
this channel. better agreement in their predictions for the gap. Thus, the
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TABLE I. Collection of 3P,-3F, energy gapsin MeV) for the 1.2 T T T I T T
various potentials considered in this paper. Free single-particle en- 1.15 F CD-Bonn —
ergies have been used. 11k Argonﬁ? v T
ke (fm™Y) Bonn B Paris V,, CD-Bonn V;g Nijm | Nijm II 1'0? :

1.2 0.05 0.04 0.05 0.03 0.04 0.03 0.03 *E 0.95 |-

1.4 0.16 0.15 0.19 0.11 0.14 0.12 0.12 S 09}k

16 035 032 045 027 031 027 027 0.85

1.8 0.52 0.49 0.75 0.45 0.49 0.47 0.45 0.8 |

2.0 0.66 0.57 1.02 0.64 0.62 0.69 0.68 0.75

2.2 0.67 049 1.14 0.77 0.65 0.91 0.90 0.7 ] ] ] 1 ] 1

2.4 0.58 0.30 1.13 0.86 056 1.12 1.15 1.2 14 1.6 kpl'(gfm_l) 2 2.2 24

2.6 0.39 0.10 0.95 0.85 0.37 1.26 1.39

2.8 021 — 070 078 017 138 1.66 FIG. 5. Effective masses derived from various interactions in

3.0 006 — 042 061 002 1.37 1.90 the BHF approach.

The single-particle energies at moderate densities ob-

fact that these potentials have been fit with high precision tdained from the new potentials are rather similar, particularly
the same set of scattering data eliminates some of the amy[! the |mfpc;]rtant region ?fe‘k?' This is illustrated by a plot,
guities, and allows one to compare interactions in a way not '9- 5, of the neutron effective mass

possible with earlier models. m* m duU -1
Since the potentials fail to reproduce the measured phase o ( 1+ i dk , 11
shifts beyond E,;,=350 MeV, the predictions for the F ke

3P,-3F, energy gap in neutron matter cannot be trusted ) i 1

abovek:~2.0 fm~ L. Therefore, the behavior of tHP,-3F as a function of density. Up ﬂoF~_ 2.0fm al! rgsults agree
energy gap at high densities should be considered as uN¢"Y closely, but beyond that point the predictions diverge in
known, and cannot be obtained until potential models whict{l® same manner as observed for the phase-shift predictions.
fit the phase shifts in the inelastic region abo, The dlffererjcl:es of the BHF gaps at densities §I|ghtly abqve
=350 MeV are constructed. These potential models need th‘éF”g,z-O 3fm are therefore mostly due to the differences in
flexibility to include both the flat structure in the phase shiftsthe “P2-"F2 waves of the potentials, but at higher densities

above 600 MeV, due to thdN—NA channel and the rapid the differences between the gap are enhanced by differences
decrease to zer£) &~ 1100 MeV. in the single-particle potentials. The reader should bear in

We proceed now to the middle part of Fig. 4, where themind that the single-particle energies contain contributions
results for the energy gap using BHF single-particle energiefom partial waves up to<10. The largest d|f3fereg]ces arise,
are shown(see Table . For details on the BHF calcula- Nowever, from contributions from th&S, and *P,-°F, par-
tions, see, e.g., Ref22]. From this figure, two trends are fidl waves; see also the discussion in R@b]. An extreme
apparent: First, the reduction of the in-medium nucleon mas§2Se is again the gap obtained with Nijm-I1. It is caused by

leads to a sizable reduction of tH#,-3F, energy gap, as the very attractive’P, matrix elements, amplified by the fact
observed in earlier calculatiofiS—12]. Second, the nenN  that the effective mass starts to increase at densities above

: . : L e e~ —1 with thi -
interactions give again similar results at low densities, whileke=2.5 fm™~ with this potential.

beyondk.~2.0 fm~ ! the gaps differ, as in the case with free Finally, in the lower panel of Fig. 4, we illustrate the
single-particle energies. effect of different approximation schemes with an individual

NN potential (CD-Bonn; namely, we compare the energy
gaps obtained with the free single-particle spectrum, the

TABLE II. Collection of *P,-°F energy gapsin MeV) for the  ppir spectrum, and an effective mass approximation,
various potentials considered in this paper. BHF single-particle en-

ergies have been used. 2
e(k)=Uq+ , (12

ke (fm™Y) Bonn B Paris V,, CD-Bonn V;g Nijm | Nijm I 2m*
12 005 004 005 0.04 0.04 004 0.04 wherem* is given in Eq.(11). In addition, also the gap in
14 016 011 018 010 010 0.10 0.10 the uncoupled®P, channel, i.e., neglecting the tensor cou-
1.6 034 022 038 018 0.17 018 0.18 pling, is shown.
1.8 052 0.26 0.60 025 023 026 0.26 It becomes clear from Fig. 4 that the BHF spectrum forces
2.0 0.64 0.22 074 029 0.22 034 0.36 areduction of the gap by about a factor of 2—3. However, an
2.2 0.65 0.14 0.75 029 0.16 040 0.47 effective mass approximation should not be used when cal-
2.4 056 0.01 0.66 0.27 0.07 0.46 0.67 culating the gap, because details of the single-particle spec-
2.6 037 — 042 021 — 047 099 trum around the Fermi momentum are important in order to
28 019 — 023 017 — 049 1.74 oObtain a correct value. The single-particle energies in the
3.0 0.02 — 008 011 — 043 314 effective mass approximation are too steep hearWe also

emphasize that it is important to solve the coupf&y-3F,
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gap equations. By turning off théP,-3F, and °F, chan- 3 T T T T

nels, one obtains dP, gap that is considerably lower than CDHong ——
the 3P,-3F, one. The reduction varies with the potential, 25 A Nijtn IT - 7
due to different strengths of the tensor force. For more de- . ',;ﬁ'__\ Arrgno(iltn:t‘giﬁ -]

tailed discussions of the importance of the tensor force, the<
reader is referred to Reff9,11,12. <
3
B. Hints from the 3P, phase shifts

The first calculation of théP, gap in neutron matter was
carried out by Hoffberget al. [28] in 1970. They used the
weak-coupling expression for the energy gap to express it in
terms of the®P, phase shifts available at that time, and
obtained a maximum gap of around 1 MeV lgt~2.3
fm 1. Since all interactions considered in the present paper FIG. 6. 3P, gap calculated with separable potentials constructed
are fitted in the energy range 0—350 MeV, it would be inter-directly from the®P, phase shifts.
esting to use the recent phase-shift analysis by Aatctl.

[27] to get some hints on the behavior of the energy gap atable interaction, the solution of Eq13) is given by
higher densities. The phase shifts determine the interactioArv(K), whereAg is the gap at the Fermi momentum found
only on the energy shell; so to go from these “experimen-by solving

tal” points to the energy gaps, we must make some rather

strong assumptions. 1(=., ,Zhvz(k’)

First of all, we switch off the interaction in théF, and ;fo dk’k m:
3p,-3F, channels and consider pur®®, pairing. We are
then left with only one gap equation to solve, and when we
use the angle average approximation it is identical in form t
the equation for'S, pairing:

-1 (17)

Using phase shifts from the analysis of Arndt al.
ct27,3]], we constructed an interaction for tHi®, channel
according to the prescription above, and then proceeded to
, solve Eq.(17) for Ag. The results are shown in Fig. 6. For
Ay (k") . . _ ]

) (13  comparison we also display the results of the following cal
E(k") culation for the various potentials: we took the phase shifts at

energies up to 1100 MeV computed earlier and shown in Fig.

In a recent papd#] two of the authors derived an expression 1. From these we constructed a rank-1 separable approxima-
for the 1Sy gap in neutron and nuclear matter in terms of thetion to the 3P, wave of the various potentials, as described
phase shifts in this partial wave. This was possible becausabove, and then used this to solve the gap equation. As such,
the interaction in this channel is to a good approximationwe have an as close as possible link with the calculation
rank-1 separable at low energies due to t#8g two-nucleon  based solely on the phase shifts of Armdtal.[27,31]. This
virtual statef3,29]. No resonance or virtual state exists in theallows us in turn to see directly the consequences of the
3p, channel, but we will nevertheless approximate the interfailure of the potentials to fit the high-energdP, phase

1 (=
Ay(K)= — ;L dk'K'2V, (koK)

action in this channel by a rank-1 separable form shifts. When looking at Fig. 6 and reading the following
discussion, one should bear in mind that the gap has an ex-
V(KK =Av(K)v(K), (14  ponential dependence on the interaction; so quite small dif-

ferences in the matrix elements of the interaction can be
where\ is a constant. The interaction can then be expressetianslated into large differences in the energy gap. But this
in terms of the phase shifts §4,30] also makes the gap a good quantity to use when comparing
interactions, as any difference is magnified.

siné(k) Although the approximation made here should not be

2 _ —a(k
Ave(k)= e, (15  taken too seriously, the results indicate some important con-
clusions about théP, waves of the recent nucleon-nucleon
wherea(K) is given by a principle value integral mtergcﬂons. All seem to have about thelrlght amount of at-
traction at densities belovkg~2.0 fm . Between kg
1 (e 8K) ~2.0 fm ! andkg~3.0 fm ! all interactions except Nijm-II
a(k)= _pf dk'——, (16) seem to be a bit too repulsive. Abole~3.0, ArgonneVg
T J e k'—k is probably too repulsive, while Nijm-I and -Il are most cer-

tainly too attractive, and the same probably also holds for the
and the phase shift§(k) are extended to negative momenta CD-Bonn. If one uses the weak-coupling expression for the
throughd(—Kk)= — 8(k). This prescription works only for a gap,
purely attractive or purely repulsive interaction. TR,
phase shifts change sign Bf,,~1100 MeV, and thus the Ap~2epe Vike kp)/N(O) (18
interaction goes from attractive to repulsive at this energy.
We therefore cut the integral in EqL6) at k~3.6 fm 1, whereeg is the Fermi energy and(0) the density of states
which corresponds t&,,,~1100 MeV. For a rank-1 sepa- at the Fermi level, one sees that the gap vanishes where the
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interaction goes to zero. In our phase-shift approximationtential), but how far in density this increase continues de-
this happens where the phase shifts change sigrkzat pends on the individual potentials, in line with their extrapo-
~3.6 fm 1. The ArgonneV g gap then seems to disappear lations of the3P, phase-shift predictions. Bearing in mind
somewhat too early, while the other potentials give gapshat the Nijm-II potential fitted the empiric&lP, phase shift
which exist up to what are probably unrealistically high den-rather well up toE ;=600 MeV (kg~2.7 fm '), we can
sities. deduce from Fig. 4 that the maximum gap with a free spec-
trum is probably below 1 MeV. How high up in density the
VI. CONCLUSION gap exists must be left as an open question, although the
) . _phase shifts indicate that the gap should disappear at around
V;/e h?ve presented new calculations of the pairing 9ap iR_—3.6fm 1, corresponding tp~10p,. At this point also
the °P,-"F, channel for pure neutron matter as a function ofthe pyrely nucleonic treatment of the dense medium is surely
density. With these calculations we have aimed at establishpappropriate.
ing on a firm basis the numerical value of the gap once the pggfore a precise calculation of thP,-3F, pairing gap
bare nucleon-nucleon interaction is used as the pairing integsz, pe made, one therefore needs a nucleon-nucleon poten-
action, since in this context contradictory results have beegg) that fits the phase shifts up Ey,,~1 GeV accurately. To
presented in the literature. Three different numerical methUS, the construction of potential models, in which the inelas-
ods to solve the pairing gap have been employed in thigicities aboveE,,,= 350 MeV due to the opening of tHeA
paper. Since all three methods gave the same results, th@annel are taken into account, seems to be more urgent than
pairing gaps we have obtained should be reliable from qne evaluation of polarization effects on th@,-3F, gap

technical point of view. _ with the existing potential models.
However, our calculations have revealed that the behavior

of the 3P,-3F, gap at densities abovg~2.0 fm !, corre-
sponding top~1.7py, Wherepg is the nuclear matter satu-
ration density, must be considered as largely unknown. Up to  We would like to thank John Clark, Umberto Lombardo,
this point the gap is increasinghe values ake=2.0 fm™!  and Eivind Osnes for interesting discussions. Thanks are also
are about 0.6 MeV with free single-particle spectrum, anddue to Ruprecht Machleidt for providing us with useful in-
about 0.3 MeV with BHF spectrum, independent of the po-formation about potentials and phase shifts in e wave.
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