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Nucleon-nucleon phase shifts and pairing in neutron matter and nuclear matter
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We consider'S, pairing in infinite neutron matter and nuclear matter and show that in the lowest order
approximation, where the pairing interaction is taken to be the bare nucleon-nucleon interaction'8y the
channel, the pairing interaction and the energy gap can be determined directly frd®, thisase shifts. This
is due to the almost separable character of the nucleon-nucleon interaction in this partial wave. These results
put an interaction-independent upper limit on the value of the gap, and on the density\Bpaeperfluidity
disappears in neutron matter and nuclear maf&#556-28138)00303-3

PACS numbg(s): 21.30—x, 21.65+f, 26.60+c

Recently, there has been renewed interest in the pairingur results give a model-independent upper limit for the
problem in neutron matter and neutron-rich nuclei. The sumaximum value of the'S, gap, and also an upper limit for
perfluid properties of neutron matter is of importance in thethe density where the gap goes to zero.
study of neutron starigl], while pairing in neutron-rich sys- The energy gap in infinite matter is obtained by solving
tems is of relevance for the study of heavy nuclei close to théhe BCS equation for the gap functidn(k),
drip line [2] and the light halo nucl€fi3]. Much effort has
gone into calculating the superfluid energy gap in dilute neu-
tron matter{4—8]. Most of these studies, e.g., those of Refs. A(k)=— —f dk’k’2V(k,k')——
[4,6—8 have been carried out using pairing matrix elements
given by the bare nucleon-nucleoN ) interaction. Many
of the same authors have calculated #83 gap in nuclear whereV(k k') is the bare momentum-spabiN interaction
matter, which has also been the subject of recent relativistih the 'Sy channel, andE(k) is the quasiparticle energy
formulations of the pairing problef®—11]. given byE (k) = J[e(k) — e(kg)1°+ A(K)?, wheree(k) is the

In this paper, we stay within the simplest treatment ofsingle-particle energy of a neutron with momentkpandkeg
superfluidity in infinite matter, where the pairing interaction is the Fermi momentum. Medium effects should be included
is chosen equal to the bare interaction. The next contributiorin 6(k) but we will use free single-particle energiegk)
the so-called induced interaction or polarization term, was=k?2m, wherem is the neutron rest mass, to avoid unnec-
first demonstrated to be important by Clarkal. [12]. Re- essary complications. The energy gap is definedAas
cent evaluations of polarization effedt$3,14, indicate a =A(kg). Equation(1) can be solved by various techniques,
substantial reduction of the maximum value of th®, en-  some of which are described in Refd,8]. In Fig. 1 we
ergy gap, while the range of densities where it is nonzershow the results foAr obtained with the CD-Bonn potential
stays more or less the same. Our motivation for using théfull line) [18] and the Nijmegen | and Nijmegen Il poten-
simplest approach to the problem is as follows. First of all, intials (long-dashed line and short-dashed line, respectively
this lowest-order approximation to the problem it has beeri19]. The results are virtually identical, with the maximum
found that results for théS, energy gap in neutron matter

A(k")
1
Bk’ @

and in nuclear matter are almost independent of the choice o~ 5 T T T T T T T
NN interaction. We aim at explaining how this can be un- 4.5 D-Bong ——
derstood directly from the measured properties of the free> 4+ Nuﬂneg%n ----
NN interaction. Although a relation between the pairing gap E 35 - i
and NN phase shifts was obtained almost 40 years ago by; 5L |
Emery and Sessldil5] (see also Hoffbergt al. [16]), in ot

: ; ) T < 2.5 | .
this work we wish to focus on the near interaction indepen- ,
dence of the results for the energy gap at the Fermi level, an(= 2r }
try to explain this from thé\NN scattering data directly. Our .2 L5 1
investigation is similar in spirit to the work of Refg3,17) = 1 1
where the relation between tH&, scattering amplitude and 0.5 [ .
the gap function in momentum space was clarified. In this 0 L L L L L L L
paper, however, the focus is on the size of the energy gap & 0 02 040G (ﬁ%&) R

the Fermi momentum and how well this quantity is deter-
mined byNN scattering data. Secondly, with the results from  FIG. 1. 'S, energy gap in neutron matter with the CD-Bonn,
the induced-interaction calculations in mind, we argue thaNijmegen I, and Nijmegen |l potentials.
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value of the gap varying from 2.98 MeV for the Nijmegen | 5 T T T T T T T
potential to 3.05 MeV for the Nijmegen Il potential. The 45 F CD-Boon — .
. e . — R hase Shifts --- - T~
same insensitivity of the energy gap with respect to the: 4 |- EffectiveRange Appr. —-—- .-~ -
choice ofNN interaction was found in Ref§4,7,8. We will = 35 - g 4

now discuss how these results can be understood from thE

properties of theNN interaction in the'S, channel. fvl 5r b 1

A characteristic feature ofS, NN scattering is the large, % 5
negative scattering length, indicating the presence of a vir- = 2r T
tual bound state at=140 keV scattering energy. This state .£ L5 T
shows up as a pole in tH¢N T matrix, which then can be @ 1 1
written in separable form, and this implies that th&l in- 0.5 [ .
teraction itself to a good approximation is rank-one separable 0
near this polg20]. Thus, at low energies we can write 0 02 04 04 08 1 L2 L4

V(k,k")=rv(kK)v(k"), 2 FIG. 2. 1S, energy gap in neutron matter calculated with the

. . . CD-Bonn potential compared with the direct calculation fré8
where\ is a constant. Then it is easily seen from Ef.that  phase shifts.

the gap function can be written as-v(k), whereAg is the

ener ap. Inserting this form af(k) into Eq. (1) one
gy gap g (k) a- @ E.n=248 MeV, corresponding to a single-particle momen-

obtains tum ofk~1.73 fm 1. However, at low values df- , knowl-
1 (= Av2(k') edge ofv (K) up to this value ok may actually be enough to

1:——f dk'k'2——=, (3) determine the value oAp, as the integrand in Eq3) is
mJo E(k’) strongly peaked arounllr. We therefore found it worth-

_ ) ) while to try to calculate the energy gap directly from th®
which shows that tr;e energy gdp- is determined by the phase shifts using Eqé3)—(5). A possible improvement to
diagonal elementsv (k) of theNN interaction. The crucial  {he rank-one separable approach for potentials which change
point is that in scattering theory it can be shown that thesign is discussed by Kwong and Kler [22].
inverse scattering problem, that is, the determination of a Tpe input in our calculation is théS, phase shifts taken
two-particle potential from the knowledge of the phase shifts;om the recent Nijmegen phase shift analy@8]. We then
at all energies, is exa_lctly, and uniqugly, solvable for rank'evaluatecv\uz(k) from Egs.(4) and (5), using methods de-
one separable potentigl0,21]. Following the notation of  g¢ribed in Ref[24] to evaluate the principle value integral in
Ref.[20] we have Eq. (5). Finally, we evaluated the energy gap for various
values ofkg by solving Eq.(3). Numerically the integral on
the right-hand side of this equation depended very weakly on
the momentum structure df(k), so in our calculations we
could takeA (k)~Ar in Eq. (3), and thus it became an alge-
for an attractive potential with a bound state at enegy braic equation for the energy gap-. The resulting energy
=—«3. In our case we taka&g~0. Here §(k) is the 1S,  9ap is plotted in Fig. Adashed ling together with the gap
phase shift as a function of momentuk while a(k) is  ©obtained with the CD-Bonn potentidfull line). As the

K2+ k3 sins(k)
e a(k)

2(k)= —

(4)

given by a principle value integral: reader can see, the agreement between the direct calculation
from the phase shifts and the CD-Bonn calculatiom\afis
1 [+= 8Kk very good, even at densities as highkegs=1.4 fm™ 1. The
a(k)= ;Pf dk’ m (5) energy gap is to a great extent determined by the available

15, phase shifts. This can also be understood from the fact

h he oh hift ded . that for a rank-one separable potential, the equations for the
where the phase shifts are extended to negative momenf yering state and the pair state become identical, as also

through 5(—k) = — 5(k). Equations(4) and (5) can also be pointed out by Carlsort al. [17]. In the same figure we
rewritten in terms of the Jost functidi21] as done in Ref. also report the result&lot-dashed lingobtained using the

[22]. . . s effective range approximation to the phase shifts:
From this discussion we see thab“(k), and therefore

also the energy gafig , is completely determined by thes,

phase shifts. However, there are two obvious limitations on

the practical validity of this statement. First of all, the sepa- 1

rable approximation can only be expected to be good at low keotd(k)=— -+ Erokz, (6)
energies, near the pole in the matrix. Secondly, we see 0

from Eq. (5) that knowledge of the phase shiifk) at all

energies is required. This is, of course, impossible, and most

phase shift analyses stop at a laboratory en&gy=350 whereay=—18.8-0.3 fm andry=2.75+0.11 fm are the
MeV. Strictly speaking, the rank-one separable approximasinglet neutron-neutron scattering length and effective range,
tion to the 1S, interaction breaks down already where therespectively. In this case an analytic expression can be ob-
15, phase shift changes sign from positive to negative atained forav?(k), as shown in Refl21]:
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201y = — 1 k2+’8§ 4 z - I I I(‘D—Bolnn Nucllear Maltter —I -
RN T o | OB N N - ]
2 35fF .
with a?=—2/agro, and where8,;~—0.0498 fmt andB, & 3k -
~0.777 fm ! are the two roots of the quadratic equation 5 25 | i
g e -
g2 15 -
g— 2 p-ar=o0. ® = 'r i
o 0.5 | .
0

0 0.2 0.4 0.6 0.8
kr (fm_l)

The phase shifts using this approximation are positive at all L . )
energies, and this is reflected in EF) where Av?(K) is FIG. 3. 'Sy energy gap in nuclear matter calculated with the

attractive for allk. From Fig. 1 we see that belok: CD-Bonn potential compared with the direct calculation from the

1 ;
=05 fm ! the energy gap can with reasonable accuracy beSO np andpp phase shifts. Also shown are the results for neutron

calculated with the interaction obtained directly from the ef.matter with the CD-Bonn potential.
fective range approximation. One can therefore say that at
densities belowk=0.5 fm 1, and at the crudest level of

sophistication in many-body theory, the superfluid propertie%owing these equations, both with the CD-Bonn potential

of neutron matter are determ_ined by just two parameters,y with the phase shift approximation we get the results
namely the free-space scattering length and effective rang€hown in Fig. 3. For comparison we have in the same figure

At such (jensities, more _complieated many-body terms ar lotted the results for pure neutron matter with the CD-Bonn
als_o less w_nportant. A!so mterest_mg is the fact_ that the phas otential (dashed ling From the figure it is clear that the
shifts predict the position of the first zero &(k) in momen- oo shift approximation works well also in this case. As
tum space, since we see from He) that A(K)=Agrv(K)  coyid be expected, the results are very close to those ob-
=0 first for 5(k) =0, which occurs aEyy~248 MeV (PP tained earlier with charge-independent interactiphs7).
scattering corresponding t&~1.73 fm ~. This is in good In summary, we have shown that in infinite neutron and
agreement with the results of Khodetlal.[8]. In Ref.[8]it  clear matter, owing to the near rank-one separability of the
is also shown that this first zero of the gap function deteryn interaction in thelS, partial wave, we are able to com-
mines the Fermi momentum at whighe=0. Our results 16 thels, pairing gap directly from th&/N phase shifts.
therefore indicate that this Fermi momentum is in fact 9iVenThis explains why alNN potentials which fit the scattering

by the energy at which theS, phase shifts become negative. ya¢4 result in almost identicdls, pairing gaps. Our findings
This can also be seen from the weak coupling approXimatioR,ntorm with the conclusions of Khodet al. [8] and Carl-

to the Jgap at the Fernli mom_entumF=2€Fexr[—1/ sonet al.[17]: The virtual bound state inS, NN scattering
N(O)Av=(ke) ], yvhenv(l;{:)—O,A_,:—O. ) determines the features of nucleon pairing in that partial
The calculation of the'S, gap in symmetric nuclear mat- \yave. Even though this result is not likely to survive in a

ter is closely related to the one for neutron matter. In factyore refined calculation, for instance, if one includes polar-
with charge-independent forces, such as the older Bonn pGs;4iion effects in the effective pairing interaction as in, e.g.,
tentials, and free single-particle energies one would, ORefs 13,14, one can argue that our results demonstrate that
course, obtain exactly the same results. However, the Ne{nper limits for the value of the energy gap and for the
potentials on the market are charge dependent, in order angjty where alS, neutron/nucleon superfluid can exist,
achieve high quality fits to bothp and pp scattering data, .gn pe set directly from th&S, phase shifts, since the po-

and therefore we should in principle solve three coupled gap, i ation term serves to cut down the value of the gap, and
equations for neutron-neutroni), proton-proton pp), and  |eave the upper density for this superfluid more or less un-
neutron-proton i¢p) pairing [25]: changed. These are the main results of this paper.
The fact that a bound state or a virtual bound state can be
used to determine the properties of pairing in a physical sys-
1 (o A(K') tem, may be of use in studies of superfluidity and supercon-
Aij(k)=— —f dk’k’ZVi(k,k’)—,, (9)  ductivity in atomic gases, such as a spin-polariZed gas,
mJo E(k’) recently studied by Stoddt al. in [26]. The scattering length
of lithium is large and negative, as is the case for HSg
state discussed here. Since this is a very dilute system one
wherei=nn, pp, andnp, and the quasiparticle energy is can then even use an effective range approach to the inter-
still given by E(k)= [ e(k) — e(kg) ]+ A(K)?, but the en- particle interaction and determine the gap uniquely for such
ergy gap is now given by dilute systems, by simply employing a separable interaction
of the form shown in Eq(7) and discussed in Fig. 2.

We are much indebted to B. V. Carlson, J. W. Clark, and
A(K)?=A (k)% + App(k)2+ Anp(k)z. (10 E. Osnes for many valuable comments and discussions.
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