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Self-energy effects in the superfluidity of neutron matter
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The superfluidity of neutron matter in the chani&, is studied by taking into account the effect of the
ground-state correlations in the self-energy. To this purpose the gap equation has been solved within the
generalized Gorkov approach. A sizable suppression of the energy gap is driven by the quasiparticle strength
around the Fermi surface.
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It is widely recogniz_e(_j that s_uperfluidity is an _extrem_ely zp(w)zzg(cg)+2f’(w)+ ce 1)
subtle process when it is considered on an entirely micro-
scopic level. Most of the calculations in nuclear physics, at The on-shell values of$' represent the Brueckner-
least concerning finite nuclei, are therefore based on phédartree-FockBHF) mean field and the on-shell values:t
nomenological effective interactions. On the other hand @ive the so-called rearrangement term, which gives the larg-
series of nuclear matter and neutron matter calculations eXest contribution to the ground-state correlations. The off-
ists with the bar@IN force used in the gap equatiph]. This ~ shell values enter several physical properties of neutron mat-
is insofar the first step of a systematic microscopic approacker, including pairing. In terms of the self-energy one may
as it is well known that in the gap equation the bare particlecalculate, at a given order of the hole-line expansion, the
particle interaction has to be taken to the lowest order angluasiparticle energy, as the solutieg of the equation
not aG matrix, i.e., a ladder summation, since the gap equa- 9
tion is in |_tself a_t\_/vo-body eq_uan[Q,S]. The_next terms in wp:p__ e+ 3 5(wp), )
the effective pairing interaction are screening terms. These 2m
are due to the possibility of medium polarization which, ) ] ) ]
when treated within the induced interaction thep#y, has ~ Wheree is the Fermi energy. We neglect here the imaginary
turned out to strongly affect the pairing g&-7]. On the part qf the self-(_anergy. _The qua5|part|cle energy around the
other hand the self-energy corrections due to polarizatioff€Mi surface is obtained by expanding the self-energy
effects have attracted much less attention. Only very recent/§"oundp=pg and w=0:
has it been stressed that the consideration of the quasiparticle 9 .2 9 2 5
strength can have a sizable effect on the gap vé8yél. _PTTPr_PTTPRe M
Here we want to extend the latter work in investigating cor- @ 2m* 2m  mgm,’
relation effects beyond the ones taken into account in Ref.
[8] and we will see that they are indeed quite important. Ouwherem*, m,, and m, are the effective masg;mass, and
study must be considered as an intermediate step towardspamass, respectively, calculated at the Fermi surface. The
fully consistent treatment where self-energy and vertex cortwo masses are defined for any momentum as
rections are taken into account on an absolutely equal foot-

()

ing. The latter aspect may turn out to be decisive because I%(p,w)

sometimes strong cancellation between the two contributions me(p)=m| 1~ dw o )
can occur(see, e.g., discussion in RéL0]). All those con- 7%

siderations are of great importance for a more microscopic m/a3(p,w)| ]
understanding of superfluidity in nuclei as well as in neutron mp(p)=m| 1+ — —) (5)
stars, but also for a precise estimate of the pairing gap. In p p

w=w
fact, pairing in exotic nuclei at present is studied with effec- °
tive density dependent interactions modeled on pairing calTheir properties have been extensively studied in Ref].
culations in neutron matt¢f0,11]. In the latter systems itis The k-mass is related to the nonlocality of the mean field
well known that superfluidity drives their rotational dynam- and, if the self-energy i® independentstatic limit), it co-
ics [12] as well as their cooling13]. In this work we shall incides with the effective mass. This quantity is of great in-
study pure neutron matter but we expect that very analogougrest whenever the momentum dependence of the mean field
effects will occur in symmetric nuclear matter. can give some effects such as transverse flows in heavy-ion
Let us first discuss some properties of the single-particleollisions [15]. The e-mass is related to the quasiparticle
self-energy2 ,(w) of neutron matter. In the Brueckner ap- strength. The latter gives the discontinuity of the momentum
proach[14] the perturbative expansion & can be recast distribution at the Fermi surface, and measures the amount of
according to the number of hole lines as follows: correlations included in the considered approximation.
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The self-energy has been calculated in two approximamass in the BHF limitonly 3! included, which exhibits a
tions: up to the first orde(BHF) and up to the second order much less pronounced bump at the Fermi energy. It is pre-
(EBHF) of the hole-line expansion in the framework of the cisely the influence of this increased bump structure, which
Brueckner theory adopting the continuous chdité]. The  we want to investigate here, since in RE] the rearrange-
ArgonneV, potential has been used for the bare interactiorment term has not been taken into account.

[17]. The calculations have been performed for a range of The generalized BCS theory can be found in various text-
Fermi momenta where the energy gap is expected to be tH@oks on the many-body probleff,18,19. Here we follow
largest, i.e., 0.5ke<1.3 fm !, corresponding to a density closely the formalism developed [&], where the gap equa-
range from 0.0042 through 0.074 frh A typical result for  tion is written

the off-shell neutron self-energy,(w) is plotted in Fig. 1.

The contribution from the rearrangement term shows a pro- dp’ [ do’ , , ,
nounced enhancement in the vicinity of the Fermi energy, Ap(w):_f (2 )3f 2_77ivp,p’(w’w Wor(w)Ay ().
which is to be traced back to the high probability amplitude . ©6)

for particle-hole excitations neas- [16]. At high momenta
this contribution vanishes. Frol,(w) the effective masses The kernell' is defined as
are extracted according to Eq4) and(5). They are depicted

in Fig. 2, where the full calculation is compared to that in- I'p(0)=Gp(—w)G3(w)
cluding only the BHF self-energy. We may distinguish two P
momentum intervals: &t~ kg the momentum dependence of =[Gg1(w)Gg1(— w)+A§(w)]‘1. (7)

the effective massn* is characterized by a bump, whose

peak value exceeds the value of the bare mass; far dgove The functionsG(w) and Gz(w) are the nucleon propaga-
the bare mass limit is approached. One should take into aders of neutron matter in the normal state and in the super-
count that in this range ot the neutron density is quite fluid state, respectively . The symmetry in the two propa-
small (at the maximumke=1.3 fm 1,p=0.074 fm ).  gators is to be traced back to the time-reversal invariance of
This behavior of the effective mass* is due mostly to the the Cooper pairs. The effective interactidris the block of
e-mass, as shown in the lower panel of Fig. 2. In both panelsll irreducible diagrams of the interaction. The short-range
of Fig. 2 it is also reported, for comparison, the effective correlationgladder diagramsare already taken into account
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by the gap equation and do not appear in the irreduciblén the self-energy so far. The self-energy corrections can be
block V. The long-range components have been studied imaken at any order of approximation.
the context of the induced interaction approg6tv]. In the One may further restrict the integration to only the pole
present Rapid Communication we only consider the firspart at the Fermi energy, i.e., expanding the self-energy near
term in the perturbative expansion ® namely the bare the Fermi surface according to E). In this case thew
interaction, because we want to disentangle the influence dfitegration can also be performed analytically and one easily
the correlations coming only from the self-energy expansiorobtains
from the ones due to the induced interaction. The complete
fsolution of the generalized gap equation requires further ef- , d3p’ A p,zp,
ort. =—Z J ’

Assuming the pairing interaction is identified with the " (2m)? 2\/p§(p’—p,:)2/m*2+52,
bare interactionv, ,,, the energy gap does not depend on P (13
the energy(static limit), i.e., Ap(w)=A,. In this limit the
self-energy corrections are not expected to modify the anayhere Z; is the quasiparticle strength at the Fermi surface
lytical structure of the kerndl'j(w) which is now an even and coincides with the inverse of tieemass defined by Eq.
function of energy: at each momentumthere exist two (4). It arises from the discontinuity of the momentum distri-
symmetric polest (), in the complexw plane. Thew inte-  bution at the Fermi surface and measures the amount of cor-

gration can be performed as follows: relations included in the model. As is well known the pairing
5 modifies the chemical potential which is calculated self-
f I (?) ﬁ ) consistently with the gap equation from the closure equation

2Q,° for the density of neutrons. In our approximation it is given

where we denote byc’s the residue of the kernel at the pole

Q,. Since the largest contribution to the integral is coming d3p de
from the pole part of the two Green’s functions, we expand p= f — TG?,(aﬁ) (14
the single particle propagator to the first orderip[see Eq. (2m) l
(2)], Gp(w)=~Z,- (w—wp)~*, and therefore the denomina-
tor in Eq.(7) becomes d’p 2, ®p
-2 f S p———
I Nwd)~-Z, (0~ wl)+A], 9) (2m)3 2 /w§+55

where 2, ? is given by (15

IG~H w) The prefactor 2 is due to spin degeneracy. Our numerical
3’32%(—> investigation is based on the solution of the two coupled gap
0=-w, equations, Eq912) and(15), along with the self-energy ap-
proximated to the second order of the hole-line expansion.
(10 ' The Argonne\/m potentiel has been adopted as the pairing
interaction which is consistent with the self-energy data
P where the same force has been used. The gap equation has
and been solved in the form of Eq12), coupled with Eq(15).
This is quite a satisfactory approximation, especially in view
Qp%/ngu ZgAf, (12) _of st_udying the self—energy effects. The results are re_ported
in Fig. 3 for a set of differenky values. The solid line
In this approximation the generalized gap equation, (By. represents the solution of the gap equation in the standard

Jw Jw

'<&G_1(—w))

w=wp

&Ep(w) 2
:{1_ Jdw

w=w

becomes BCS limit with the free single-particle spectrum. This is very
close to the prediction obtained replacing the bare mass by
1 d3p’ ZVpp Zpr the effective mass calculated in the BHF but still keeping
p=— —f . = Apr, (12 z=1 (dotted ling. This similarity stems from the fact that at
(2m)° \Jo? +A the Fermi surfacen*/m from BHF is close to one as shown

in Fig. 2. The self-energy effects are estimated in two ap-
whereA = Z,A, is the real pairing correction to the quasi- proximations. In the first onen* and theZ factor are calcu-
particle energy spectrum The main difference from the BCSated from the approximatioR =3 in a BHF code. In the
limit is the presence of the quasiparticle strength, which isconsidered density domain th#factor is~0.9. Despite its
less than one in a small region around the Fermi surface awnoderate reduction a strong suppression of the gap is ob-
we saw earlier. The pairing interaction turns out to be re+tained as shown in Fig. @ipper long-dashed linelt is due
duced in that region, where the Cooper pairs are mainlyo the exponential dependence of the gap on all quantities.
formed. This is the way self-energy corrections come intoStill a further but more moderate reduction is obtained when
play suppressing the pairing gap. As to the self-energy efthe rearrangement term is included in the second approxima-
fects, Eq.(12) is quite general because there is no expansiotion 3~31+32 (short-dashed line The smallerZ factor
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SAPRLAARA DR RN R RS two adopted approximations of the self-enefgywer long-
3lin N rIng er P ] dashed and short-dashed lines, respectively
[ ] In Ref. [8] the self-energy effect has also been investi-
1 gated within the generalized gap equation but the self-energy
- has been considered only at the level of BHF approximation.
] However the approximations adopted in Ré] for solving
1 the gap equation understimate the correlation effects so that
. . 7 only a moderate reduction is obtained. In the present ap-
o TNV proach, including only>!, the reduction is more pro-
| | | | ) E\\\\m 1 nouncezd. Taking into account, in addition, the rearrangement
8‘00 oo 050 o7 100 125 150 term resul_ts in a further non-negligible reducnor‘]..
K, [fm™] In conclusion we haye shown that. the superfllquy lof a
strongly correlated Fermi system requires a description in the
FIG. 3. Energy gap in different approximation& {n the tex). ~ context of the generalized Gorkov approach. The fact that the
Solid line: free single-particle spectrum; dotted line: effective masgjuasiparticle strength can be significantly smaller than one
from BHF approximation andZ=1; upper (lower long-dashed cannot be counterbalanced by a corresponding enhancement
line: solving the gap equation in the form of EQ2) [Eq. (13)]  of the effective mass. Moreover we have shown that reliable
with BHF effective mass anc; upper (lower) short-dashed line: predictions from the generalized gap equation can only be
solving the gap equation in the form of E(.2) [Eq. (13)] with obtained if the correlation effects are fully taken into ac-
EBHF effective mass ang. count. We have treated here neutron matter but we expect
that the self-energy effects on the gap are very similar in
symmetric nuclear matter. The next important step forward
will be to include not only self-energy effects but also, on an
equal footing, vertex corrections. This shall be studied in a
éuture work.

Ap [MeV]

(2~0.83 atke=0.8 fm 1) is to a certain extent counterbal-
anced by an increase of the effective masg fm~1.2 at
the samekg).

The self-energy corrections are mostly concentrate
around the Fermi surface; therefore it is not appropriate to Discussions with Dr. M. Baldo and Dr. H.-J. Schulze are
use Eq.(13) for a quantitative prediction of the gap, since it gratefully acknowledged. This work was supported in part by
extends their effect beyond the Fermi surface. The selfRegroupement de Recherche, Noyaux Exotiqu&$RS-
energy effect turns out to be overestimated by @§) as we  IN2P3, France, and by the Chinese Academy of Science,
checked numerically. In Fig. 3 the results are reported for thevithin the One Hundred Person Project
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