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We present a microscopic calculation of the complete quasiparticle interaction, including central as well as
noncentral components, in neutron matter from high-precision two- and three-body forces derived within the
framework of chiral effective-field theory. The contributions from two-nucleon forces are computed in many-body
perturbation theory to first and second order (without any simplifying approximations). In addition we include
the leading-order one-loop diagrams from the next-to next-to leading order (N*LO) chiral three-nucleon force,
which contribute to all Fermi liquid parameters except those associated with the center-of-mass tensor interaction.
The relative-momentum dependence of the quasiparticle interaction is expanded in Legendre polynomials up
to L = 2. Second-order Pauli blocking and medium polarization effects act coherently in specific channels;
namely, for the Landau parameters fi, ko, and go, which results in a dramatic increase in the quasiparticle
effective mass as well as a decrease in both the effective tensor force and the neutron matter spin susceptibility.
For densities greater than about half the nuclear matter saturation density po, the contributions to the Fermi
liquid parameters from the leading-order chiral three-nucleon force scale in all cases approximately linearly with
the nucleon density. The largest effect of the three-nucleon force is to generate a strongly repulsive effective
interaction in the isotropic spin-independent channel. We show that the leading-order chiral three-nucleon force
leads to an increase in the spin susceptibility of neutron matter, but we observe no evidence for a ferromagnetic
spin instability in the vicinity of the saturation density po. This work sets the foundation for future studies of
neutron matter response to weak and electromagnetic probes with applications to neutron star structure and

evolution.
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I. INTRODUCTION

In a series of recent articles [1,2], we revisited the Fermi
liquid description of infinite nuclear matter in the context of
modern two- and three-nucleon interactions derived within
the framework of chiral effective-field theory. In these studies
we limited our discussion to the central components of
the quasiparticle interaction in a medium of spin-saturated
symmetric nuclear matter characterized by the nucleon density
o= 2k3f /(3?). In the vicinity of the saturation density po,
the central components of the quasiparticle interaction are
strongly constrained by the properties of bulk nuclear matter
and its low-energy excitations. In Refs. [1,2] it was found that
microscopic calculations of the quasiparticle interaction within
many-body perturbation theory yield an accurate description
of the nuclear matter compressibility, isospin asymmetry
energy, and spin-isospin response only with the inclusion of
leading-order medium effects, which arise at second order in a
perturbative calculation with two-body forces and at first order
in a calculation with three-nucleon forces.

In the present paper we extend these calculations to pure
neutron matter, which we treat as a normal (nonsuperfluid)
Fermi liquid (the generalization of Fermi liquid theory to
superfluid Fermi systems has been performed in Refs. [3-5]).
Such a quasiparticle description has been used in previous
works to understand neutrino emissivity in neutron stars [6-9]
as well as the spin response of neutron star matter to strong
magnetic fields [10-13]. In such calculations, the Landau
parameters that characterize the quasiparticle interaction have
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been computed with microscopic two-body nuclear forces or
with phenomenological Skyrme and Gogny effective interac-
tions. Qualitative differences arise between the predictions
of microscopic and phenomenological forces, particularly
with respect to the possibility of bulk magnetization or
even the existence of a spontaneous ferromagnetic phase
transition of neutron matter at several times the nuclear matter
saturation density [12,14,15]. As discussed in Sec. V, three-
neutron forces give rise to Fermi liquid parameters that scale
approximately linearly with the neutron density (at leading
order), and one of the primary goals of the present work is
to better understand the role of three-neutron correlations in
describing the dynamical response of neutron matter to weak
or electromagnetic probes.

Both the magnetic susceptibility of dense neutron matter
as well as neutrino elastic scattering, absorption, and emission
rates are sensitive to the inclusion of noncentral components
of the quasiparticle interaction [8,9,11], which have been
introduced in Refs. [16,17]. Such interactions include (in
the long-wavelength approximation) the exchange tensor
interaction, proportional to S12(§) = 361 -§ 02 -4 — 01 - 02,
which appears already in the free-space nucleon-nucleon
potential where it is dominated by one-pion exchange, as
well as center-of-mass tensor and cross-vector interactions
proportional to S;>(P) and (5| x &2) - (§ x P), respectively.
In these spin-dependent operators, ¢ = p; — p; is the relative
momentum and P = p; + p» the center-of-mass momentum
of the two quasiparticles on the Fermi surface (|p1 2| = k).
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When including effects of the medium in the form of loop
integrals over the filled Fermi sea of neutrons, all noncentral
interactions can be generated. In fact, the second-order
contributions from two-body forces produce exchange tensor,
center-of-mass tensor, and cross-vector interactions. Note that
the spin-nonconserving cross-vector interaction can only be
generated through polarization (particle-hole) corrections to
the effective interaction and not by ladders [17]. To date there
has been no study of three-nucleon force contributions to either
the center-of-mass tensor or cross-vector interactions, while
in Ref. [18] loop diagrams involving intermediate A-isobar
excitations were analyzed and shown to generate an exchange
tensor interaction in symmetric nuclear matter.

The present work sets the foundation for a systematic study
of the role played by second-order corrections and three-
nucleon forces in determining the noncentral components of
the quasiparticle interaction. Their effect on neutron star struc-
ture and evolution will be studied in future work. We employ
many-body perturbation theory and compute all contributions
to the quasiparticle interaction for the case of two neutrons
on the Fermi surface interacting in a background medium of
pure neutron matter. We employ high-precision chiral two- and
three-nucleon interactions whose unresolved short-distance
components are encoded in a set of contact couplings propor-
tional to low-energy constants fit to elastic nucleon-nucleon
scattering phase shifts and properties of light nuclei [19-21].
To improve the convergence of the microscopic calculation of
the quasiparticle interaction in many-body perturbation theory,
we employ renormalization-group methods for integrating
out momenta beyond the scale of A ~2.0 fm~!, which
results in the nearly universal two-nucleon potential Vigy.k
[22,23]. The contributions to the quasiparticle interaction
from the leading-order chiral three-nucleon force (with scale-
dependent low-energy constants) is computed to one-loop
order.

The present paper is organized as follows: In Sec. II we
give a brief review of Landau’s theory of normal Fermi
liquids and discuss the microscopic approach for computing
the quasiparticle interaction. We then present a general method
that can be applied to any free-space nucleon-nucleon force
given in a partial-wave basis for extracting the scalar functions
that multiply the various spin-dependent operators (namely,
the central, spin-spin, exchange tensor, center-of-mass ten-
sor, and cross-vector terms) occurring in the quasiparticle
interaction. We then discuss the microscopic origin of the
spin-nonconserving cross-vector interaction, which at second-
order results exclusively from the interference of a two-
body spin-orbit force with (in principle) any non-spin-orbit
component in the free-space nucleon-nucleon interaction. In
Sec. III we test the intricate (numerical) calculations of the
second-order contributions to the quasiparticle interaction by
means of model interactions that can be solved partially
analytically. In Sec. IV we present analytical formulas for
the Landau parameters of the quasiparticle interaction arising
from the leading-order next-to next-to leading-order (N*LO)
chiral three-neutron force. The results of the corresponding
calculations with two- and three-neutron forces at several
resolution scales are presented and discussed in Sec. V. We
end with a summary and conclusions.
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II. QUASIPARTICLE INTERACTION IN NEUTRON
MATTER

A. General structure of quasiparticle interaction and
spin-space decomposition

In Landau’s theory of normal Fermi liquids [24,25], the
quasiparticle interaction F(pisiti; pasaty) derives from the
change in the total energy density due to second-order
variations in the particle occupation densities dnj  ;:

8E = €pnpy

pst

+% Z f(ﬁlsltl; ﬁ2s2t2)8n[3|s1t1 (Snﬁzsztz +---, (D)
]lem
p2satx
where s; and #; label the spin and isospin quantum numbers of
the ith quasiparticle. The most general form for the effective
interaction between two quasiparticles in pure neutron matter
in the long-wavelength limit is given in Ref. [17]

F(p1, p2) = f(p1, p2) + &(p1. p2)a1 - G2

+h(p1, p2)S12(@) + k(p1, p2)Si2(P)

+1(p1, P21 X 62) - (§ x P), 2
where § = p; — pp is the momentum transfer in the ex-
change channel, P = D1 + P2 is the conserved center-of-mass
momentum, and the tensor operator S;»(0) is defined by
S12(D) = 301 - 103 - D — 07 - 6. The interaction in Eq. (2) is
invariant under parity and time-reversal transformations as
well as under the interchange of the particle labels. However,
due to the presence of the medium, Galilean invariance is no
longer manifest, leading to new operator structures [namely,
S12(P) and A12(g, P) = (61 x &) - (¢ x P)] that depend ex-
plicitly on the center-of-mass momentum P. Since the two
quasiparticle momenta lie on the Fermi surface | p;| = | p>| =
ks, the remaining angular dependence of the quasiparticle
interaction is conveniently expanded in Legendre polynomials
of cos@ = p; - pr:

X(Pr, P2) = Y xulky)Pr(cos 6), 3)
L=0

where y represents f, g, h, k, or [, and the angle 6 is related
to the relative momentum ¢ = |p; — p»| through the relation
q = 2kysin(0/2).

The Fermi liquid parameters of nuclear matter can be either
extracted from experiment (due to direct relations between
particular Landau parameters and nuclear observables [25,26])
or computed microscopically within many-body perturbation
theory [27]. Given a strongly interacting normal Fermi system
at low temperatures, it is not clear that a perturbative approach
is justified. However, in the case of nuclear and neutron
matter, there are strong indications that renormalization
group techniques [22,23,28] may render nuclear interactions
perturbative for a wide range of densities when evolved
down to a cutoff scale A < 2.1 fm~'. In the framework of
many-body perturbation theory, the quasiparticle interaction
is extracted by functionally differentiating the contributions
to the ground-state energy density twice with respect to the
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particle occupation numbers. Previous work [1,2] has shown
that a satisfactory description of bulk nuclear matter properties
around the saturation density can be obtained with chiral and
low-momentum nuclear interactions only with the inclusion
of the leading-order Pauli-blocking and medium-polarization
effects from two- and three-nucleon interactions. This requires
a second-order perturbative calculation in the case of two-
nucleon interactions together with the first-order perturbative
contribution from three-nucleon forces. These systematic
calculations suggest that a consistent microscopic description
of the quasiparticle interaction in neutron matter, for which
there is much less empirical information, can be achieved.

The relations between specific Fermi liquid parameters
and bulk properties of the medium are well known [25,26].
The compression modulus of neutron matter [at density p =
k3 /GBr?)]

2
K= 3kF L1+ Fy) )

is related to the Fermi liquld parameter Fy = Ny fo (with Ny =
ks M*/7? being the density of states at the Fermi surface)
which represents the isotropic part of the spin-independent
quasiparticle interaction. Note that the compressibility =
k30°E/ 8k§c + 4k 0E /dks is determined by both the curva-
ture and slope of the energy per particle E. In Eq. (4) the
quasiparticle effective mass M* is given by
M* F

M, 1+ 3 5)
with M, = 939.6 MeV being the free neutron mass and
Fiy = Ny fi. Considering only the central components of the
quasiparticle interaction, the neutron matter spin susceptibility
is given by

No

2

= N 6
X = T Gy (6)
where 1, = —1.913 is the free-space neutron magnetic mo-

ment (in units of the nuclear magneton) and Gy = Nygo.
The presence of noncentral components in the quasiparticle
interaction that couple quasiparticle spins to their momenta
results in effective charges (magnetic moments) that are not
scalars under rotations of the quasiparticle momentum. The
resulting expression for the spin susceptibility then involves
both longitudinal and transverse components of the magnetic
moment [10,11].

A calculation to extract all components of the quasiparticle
interaction given in Eq. (2) for an arbitrary two-neutron force
was performed in Ref. [17]. In the following we present
a general method to project out the various momentum-
dependent scalar functions f, g, h, k, and [ of the quasi-
particle interaction in Eq. (2). This is achieved by taking
specific linear combinations of the spin-space matrix elements
of the quasiparticle interaction. The form of this matrix will
of course depend on the choice of coordinate system. For
g =p1— p»=qe; and P= p1 + p» = Pe,, the spin-space
matrix elements (m|F(p1, p2)lm.) in terms of the scalar
functions f, g, h, k, and! are given in Table I. The upper left
3 x 3 submatrix gives the nine triplet-triplet matrix elements,
while the fourth row and fourth column give the matrix
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TABLE 1. Spin-space matrix elements (m,|F(p;, p2)lm.) in
terms of scalar functions f, g, h, k, and /.

mg/m; 1 0 -1 0
1 f+eg+2h—k 0 3k V21
0 0 f4+g—4h+2k 0 0
-1 3k 0 fHeg+2n—k 2
0 V21 0 V21 f—3g

elements that include the singlet state. In this coordinate frame,
the exchange tensor interaction h(p1, p2)S12(§) gives nonzero
contributions only for the diagonal triplet spin-space matrix
elements. The center-of-mass tensor force k(pj, ﬁz)Slz(ﬁ)
contributes to the triplet diagonal matrix elements as well
as the matrix elements mixing m; = £1 with m, = F1. The
cross-vector interaction [(p1, pr)A12(4, P) is nonvanishing
only in spin-nonconserving transitions with |m, —m/| = 1.
We note that it is not possible to separate the exchange tensor
from the center-of-mass tensor interaction when considering
only diagonal spin-space matrix elements, since they appear
in the same linear combination 2k — k. An alternative choice
of coordinate system in which § = gé, and P = Pé, just
interchanges the contributions of the exchange tensor and
center-of-mass tensor operators (and [ comes with opposite
sign).

From the above matrix, the scalar functions multiplying the
spin-dependent operators are extracted as the following linear
combinations of the spin-space matrix elements:

f=QF +Foo+ Foo) /4

¢ = (2F, +Foo—3Fs0)/12,
h=(Fi,+F_1— Fo0)/6 (7)
k= (‘7:{,71)/3’

= ( fso)/\/E

where the superscripts s, ¢ distinguish spin-singlet and spin-
triplet states of two quasiparticles, and the two subscripts
label m, and m/, respectively. Only the function 1(p1, P2)
multiplying the cross-vector operator Aj2(§, P) depends on a
singlet-triplet mixing matrix element.

B. First-order contribution

With the relations given in Eq. (7) we need to compute only
the quasiparticle interaction in different total spin states. The
first-order perturbative contribution to the energy density is
given by

1 - - _ o N
55}\3 =3 %:(km; kpsy|V0kisi; kasa)ning, 8)

where V = (1 — Pj3)V denotes the antisymmetrized
two-body potential, n; =0(ks — |l:j|) is the wusual
zero-temperature Fermi distribution, and the summation
includes both spin and momenta. The corresponding
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contribution to the quasiparticle interaction reads

-7:52 (P151; P2s2) = (pisi; pasa|VIPisi; Pasa)
= (12|V|12). )
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Setting the relative momentum ¢ = p; — p, along the
¢, direction and projecting onto Legendre polynomials
Pr(p1 - p2), the Fermi liquid parameters are obtained from
Eq. (9) in terms of the matrix elements of V depending on
p = ¢/2 in a partial-wave representation:

Fr(ks; Smgm)) = 2L + 1)21”—1’[1 + (=D)L + DRI+ 1){10Sm, | J M)

mwJj

X (l/OSm;uM)/ dpk%(plSJM|V|pl/SJM)PL (1—-2p%/k7).
0

where we are following the normalization convention
in Ref. [1]. The leading-order contribution is simply a
kinematically restricted form of the free-space interaction,
which contains no center-of-mass—dependent components.
Therefore, the only nonzero contributions to the quasiparticle
interaction are f, g, and h. This is further reflected in the partial
wave decomposition through the obvious property M = m; =
m’, implied by the Clebsch-Gordan coefficients in Eq. (10).

C. Second-order contributions

The contribution to the energy density from the two-neutron
force at second-order in many-body perturbation theory has the
form

1 3 (12| V]34) Prina(1 — n3)(1 —n4)’ (11

2 _
&y =~
1234 ata—-a-«q

where in a plane-wave basis ¢; =l€12-/(2M,(l*)) is the

single-particle energy associated with the momentum k;.

(10)
f

Functionally differentiating twice with respect to the quasipar-
ticle distribution functions yields four different contributions
to the quasiparticle interaction:

1 3 [(12]V]34) (1 = n3)(1 = ng)

f{z)(" .z _
181115 pasaty) = =
P p 2 €1 +€—€3 —¢€y4

34
1 Z [(12]V|34)|*n3ny4

2 € €4 — €] — €
) 3+ €4 1 2

-y [(131V[24)n3(1 — ng)

€1+ €3 —€—¢€y

34
B Z [(13]V]24) [*n4(1 — n3)

€1+ €4 —€ —€3

34
12)

A graphical representation of these terms is given in Fig. 1. The
first two terms in Eq. (12) are called the particle-particle (pp)
and hole-hole (hh) contributions, which have a very similar
structure. The particle-particle contribution is given by

1 ks dky (PrprSm|V |kskaSiig) (kskySiins |V By o S'm,)
FPP(p1p2; SmeS'm)) = = / - - - :
(P1p2 ) 2 ; (2m)3 (2m)3 €p, +€p, — €1, — €,

x(1 = n3)(1 = n)2a Y’ 8(p1 + pr — ks — ka),

13)

where we allow for the possibility that m, # m’.. The hole-hole contribution is easily obtained from Eq. (13) by changing the sign
of the energy denominator and replacing the two particle distribution functions (1 — n3)(1 — n4) with hole distribution functions
nsng. In computing the pp and hh diagrams, we found it more convenient to align the total momentum P along the e, direction
and the relative momentum g along the ¢, direction. For this choice of coordinate system 4 and k are just interchanged in Table I.
In a partial-wave basis, the particle-particle contribution in Eq. (13) reads

. 2L+1
FirSmam) = =5 )

42k ,

l]lgl3l4mm

mimgJJ'M

kr o0
/ dpp / dkK*N (lymlymlym'Lym) P (0) P (0)
0 P

M , min{xo, 1}
n b+l —l =l p I M JM J'M JM mn mn

X 2 kzl Cl.mSmSClgrﬁSﬁL:Clgm’Sm;ClwﬁSrhs / d'x Plz ('x)Pl4 ('x)

 Zat max{—xg,—1}

x (pl STM|V|kl,STM)(klsST M|V |plsST' M) P (1 —2p*/k3), (14)
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2 2 2 2
2 2 2 2
1 1 1 1
: (a) : (b) : (c) : (d)

FIG. 1. Diagrams contributing to the second-order quasiparticle
interaction (all interactions represented by wavy lines are anti-
symmetrized). Diagram (a) shows the particle-particle contribution,
(b) shows the hole-hole contribution, and (c¢) and (d) show the
particle-hole contributions.

where P/ are the associated Legendre functions,

x = cos b, B =P — /2, k = (ks — ka)/2,
X0 = (k2 — pz)/[zk(k%- — p2)1/2] and N(llmlzn'113m’l4n'1) =
N/"N/'N/"N* with N/" = /I + )T — m)[/T + m)!. For
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ms = m, this expression agrees with Eq. (21) in Ref. [1].
From the underlying parity invariance of the two-neutron
interaction, which preserves the total spin S, the pp and
hh contributions cannot give rise to the spin-nonconserving
cross-vector interaction. However, spin-orbit and tensor terms
in the free-space neutron-neutron interaction do not conserve
my and therefore can, at second-order in the pp and hh
diagrams, give rise to a center-of-mass tensor interaction.
This mechanism is exemplified in Sec. III with spin-orbit and
tensor two-body model interactions.

We split the second-order particle-hole (ph) contribution
into two pieces ]—"I(fh) + ]—";‘Z) (see Fig. 1). The first term arises
from a coupling of the incoming or outgoing quasiparticle
1 to a hole state, while for the second term quasiparticle 1
couples to a particle state. The explicit expression reads

|
d*ky d’ky (ﬁ1£3S1S3|‘7|ﬁ2£482S4)(ﬁzz4sés4|‘7|ﬁlzasiss)

()= = . oty
FonPrp2; $15251%7) = Z / @) 2n)
x n3(1 = ng)2 Y’ 8(py + ks — pr — ka), (15)

where we allow for the possibility that the spin states of an incoming and outgoing quasiparticle can be different. In contrast to
the treatment of the ph contribution to the central components of the quasiparticle interaction described in Ref. [1], here we have

€p, T €y — €p; — €l

found it convenient to set p; — p, = qé, and p; + p = Pé,. In this case we write

ffh(c)(slszs;sé)

2L + 1 1 2 ky 1
= — d cos 0 P;(cos ) dos dksk>
3 3
327 J 0 max{0, yo} max{—1,zo}

Y (phimisiss|VIK hmosyss)

11[213l4S3S4
mypmonzmy

d cos 65

X (k'lymyshss|V|p'lsmss)ss) cos[(mz — my + my — ma)p,y 1P (cos 6,) P (cos Hk/)PlT3(cos 0, ) P, (cos Or)

M,

X ilz+l3 —hi—la N(llm 112m213m:;l4m4)

where p' = (p1 —k3)/2, k' =(pr—ka)/2, yo=ks(l—
2sin16), and zo = (k7 — k3 — 4k7 sin® 16)/(4k ks sin 16).
The product of exponentials coming from the spherical
harmonics has been simplified to a cosine by noting that the
imaginary part vanishes and that ¢, = ¢ . The expression in
Eq. (16) can be further written out in terms of partial-wave
matrix elements by first coupling to total spin S and then
total angular momentum J. The extraction of the scalar
functions f, g, h, k, and !/ is achieved by taking appropriate
linear combinations of the sixteen spin-space matrix elements
F(s1525155); namely,
(SmglFPSmyy = Y ey e

K 1o Larler
25125 25

;Yszph(slszs{sé). (17)

51518285

It is a good check of the calculation that the resulting spin-
space matrix on the left-hand side of Eq. (17) is of the form
introduced in Sec. IT A.

The particle-hole polarization contribution can give rise
to all noncentral interactions, as pointed out in Ref. [17].
However, the microscopic origin of the spin-nonconserving
cross-vector interaction should be clarified. In fact, neither

k pk3 cos 65 sin %9 + k} sin? %9 ’

(16)

tensor forces nor spin-orbit forces alone, when iterated in the
particle-hole channel, generate the cross-vector interaction.
This can be seen from the spin structure of Eq. (15). In order to
produce a nonvanishing singlet-triplet mixing matrix element,
we can consider without loss of generality the spin-flip
transition

MUF Brp)IN ) ~ D (Bikstss| VI pakatsa)

5354

X (PokalsalVIpikstss).  (18)

It is easily shown with momentum conservation (p; + I% =
P>+ ky) that p' — k' = p; — p» = gé,. In this case, the free-
space tensor force ~(30705 — &1 - 62) vanishes for |Am;| =
1, and therefore one of the two matrix elements in Eq. (18) will
vanish for any values of s3 and s4. Similarly, for a free-space
spin-orbit interaction of the form iV,,(0) +62) - (p’ x k),
the vector p’ x k' lies in the x-y plane and in this case the
spin-orbit operator (o7 + ) - (p’ x k') has very restricted
matrix elements which are nonvanishing only in spin-triplet
states with |[Am| = 1. Again, one of the matrix elements in
Eq. (18) will vanish for any possible values of s3 and s4. These
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arguments indicate that at second order only the interference of
a spin-orbit interaction with any other (non-spin-orbit) compo-
nent can produce the cross-vector interaction. In the following
section, we will demonstrate that in fact central, spin-spin, and
tensor components all give nonvanishing interference terms.
Finally, we point out that although individually f;ch) and .7-"1(,‘;1)
can have forbidden matrix elements for |[Amg| =1 in the
triplet states, when summed together such terms cancel exactly.
All other spin-space matrix elements of F (Ch) and F (‘Z) are
identical. These features serve as a good check of the involved
calculation of the quasiparticle interaction at second order.

D. Contribution from chiral three-neutron forces

Finally we consider the leading-order contribution
from the N’LO chiral three-nucleon force [20] in pure
neutron matter. Only the components of the two-pion
exchange three-nucleon force proportional to the low-energy
constants ¢; and c¢3 remain for neutrons:

V;zn) — ﬁ Gi - Gi0j -4,
3n 4 (=2 -2
iz (G~ +m2)(q;" +m2)
x (=2c1m2 + c3q; - G;), (19)

with parameters g4 = 1.29, f, =92.4 MeV and m, =
138 MeV (average pion mass). The quantity g; is the difference
between the final and initial momenta of neutron i. In the
following we employ two different choices for the low-
energy constants c¢; and c3 in Eq. (19). When combined
with the bare chiral next-to next-to next-to leading order
(N3LO) nucleon-nucleon potential [19] we choose the values
¢; = —0.81 GeV~! and ¢3 = —3.2 GeV~!, whereas with
the low-momentum nucleon-nucleon potential Vi, We use
c1 =—0.76 GeV~! and ¢; = —4.78 GeV~! [29,30]. This
variation in the low-energy constants (as well as the resolution
scale A) provides a means for assessing theoretical uncertainty
at a given order in many-body perturbation theory.

The first-order contribution to the energy density of neutron
matter has the form

1 d’k; d’k; d’k
gél) = —Tl‘g'a,‘gl\/ J !
nT g OO 2r) 2r) 2rn)

ninn(ijl|Vsylijl),
(20)

where V3, = V3,(1 — Py — Po3 — P13 + P2 P34 Pi3Py3) is
the fully antisymmetrized three-neutron interaction and n; =
Ok — 1k;1) + (2n)383(kj — ﬁj)én,;j[,/. Functionally differ-
entiating twice with respect to the two quasiparticle

(a) (b)

i( 0(p| —kp)
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distribution functions y1elds
(1)( ) : / ;i <1 |_ |1 ) ( 1)
s T, n; (i12|Vs,|i12). 2
3n P, P2 2 i (2 )3 3n

As we will see in Sec. IV, the form of the N2LO chiral
three-neutron force is sufficiently simple that in most cases
analytical formulas for the Landau parameters are possible.
‘We note that this leading-order contribution to the quasiparticle
interaction from the N2LO chiral three-neutron force is nearly
equivalent to the effective interaction calculated previously in
Refs. [31-33], although the quasiparticle interaction represents
a restricted kinematical configuration for which the two
interacting particles lie on the Fermi surface |p; »| = k.

III. BENCHMARK CALCULATIONS WITH MODEL
INTERACTIONS

In order to verify the spin-decomposition techniques and the
accuracy of the intricate numerical calculations involved in the
second-order calculation of the quasiparticle interaction, it is
useful to examine simple model interactions that are amenable
to (partial) analytical solutions. Intermediate-state momentum
integrations and spin traces are carried out explicitly without
decomposing the interaction into partial waves. For details
on this approach to computing Fermi liquid parameters, see
Ref. [18]. The diagrammatic contributions are shown in Fig. 2,
where the double dash on a fermion line represents a “medium
insertion.” It is defined as the difference between the free-space
propagator and the in-medium propagator:

Oy —1pD )
po—p?/Q2M,) +ie  po—p2/2M,) —ie

= ! _ =2 =
= M) e oo = pT/CM)OKk =[P
22)

Comparing with the expression given in Eq. (12), the sum
of diagrams (a)—(d) corresponds to }"[(,%,) + .7-";3,). Expanding
(1 —n3)(1 —ng) =1—n3 —ng +nzng in the pp diagram,
we see that the term proportional to n3n4 cancels the hole-hole
contribution. Hence, the sum of the particle-particle and
hole-hole diagrams gives just a free-space contribution and
two terms with one medium insertion. The remaining diagrams
(e)—(g) in Fig. 2 correspond to the particle-hole contribution
in Eq. (12). In the following we consider only the Fermi
liquid parameters hy (kys), ki (ky), and [ (k) associated with
the noncentral components of the quasiparticle interaction.

. -~ . .
e .
PRS ---
* . N I}
¢

(¢)(d) (e)

() (g)

FIG. 2. Diagrammatic contributions to the second-order quasiparticle interaction in neutron matter. Diagrams (a)—(d) correspond to the sum
of particle-particle and hole-hole contributions, while (e)—(g) together comprise the particle-hole contribution. Medium insertions are denoted
by the short double lines, and the labels (b) and (d) refer to the crossed terms of (a) and (c). Reflected diagrams are not shown.
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Detailed calculations for the central components have been
presented in Ref. [1]. We provide explicit formulas for
the relevant Landau parameters up to L = 1 obtained by
first decomposing the effective interaction into the relevant
operators and then projecting the expansion coefficients onto
Legendre polynomials P.(p; - p2).

A. Pseudoscalar boson exchange to second order

We begin by considering pseudoscalar boson exchange with
a “form factor” modification:

g2

where g is a dimensionless coupling constant and m is the
mass parameter chosen to be sufficiently large to achieve good
convergence in momentum integrals and partial-wave sum-
mations. The momentum transfer is denoted by ¢, and the
squared denominator in Eq. (23) insures that all loop integrals
converge. As discussed previously, the leading-order (free-
space) contribution to the quasiparticle interaction contains
only the exchange tensor interaction (in addition to the central
components). Its L = 0, 1 projections are given by

Vig)=— 401 -4, (23)

R
olky) — In(1 + 4u?) — , (24)

1+ 4u?

K
1+ u? 1 1
hl(kf)(l)_g—z{ U 101+ du Ry }

PHYSICAL REVIEW C 87, 014338 (2013)

with the dimensionless parameter u = ks /m. At second order,
the direct contributions F?® and F?¢ have no noncentral
components. The crossed term (b) of the iterated pseudoscalar-
exchange diagram gives a contribution to the exchange tensor
interaction:

otk )2 = M, 1 1+2u2 1
487m’ |22 1 +u? 1+ 2u?
o144 8x*
+/0 dxl;—(%;;ﬂ;(arctan 2x — arctanx)},
(26)
Bk g*M, 1 1 +2+u2 14 2u?
=T 3 - — n
it 167m3 | 1 +2u? u? 2ut 1 4+ u?
" u? — 2x?
dx————— (1 + 4x* + 8x*
+/0 TSR
X (arctan 2x — arctan x)}. 27

Iterated pseudoscalar exchange does not include medium mod-
ifications and therefore cannot generate an effective interaction
that depends explicitly on the center-of-mass momentum
P. In contrast, the crossed term (d) from the planar box
diagram with Pauli blocking gives rise to an exchange tensor
force and center-of-mass tensor force (as noted in Sec. II,
the particle-particle and hole-hole diagrams cannot generate
the cross-vector interaction). The associated L =0, 1 ex-
change tensor Fermi liquid parameters are

4x2|y + 7|

(28)

4yt 1+ 4u?
(25)
|
4M 1 1 x2
ho(k )2 = & 2 d/d/d — _xbrd
olkys) 12763 Jy x 9 y » Py e B x(x+y+2) 11 B_4
- z)ZW}
(A+ B —4HJW
2
hy(k ) = / [d f a
1ks) 4n2k3 Y ‘2 + AP + BP

{x —x*yz+x(y +2)2 - y2) + (3y 2oy 72—

4x%y +z A+ Bno(w
ly + z| Fx(1 =22y 42— x) ( no(W) }7 29)
A+ B -4 (A+B—-4HvyW
while the center-of-mass tensor Fermi liquid parameters are given by
‘M ! ! x2 8x2|y + z|
ko(k )2 = £ 21 dx/d/dz {z—x3x+ +2)— ———
olky) 2 o L L e A B | Cr+y+9- 454
8(1 — x*)* 1 no(W)
2x%(2yz — 1)+ 3 4 3x* — 2x(1 + x? : 30
+[x(yz )+3+4+3x x( +)c)(y+z)+A+B_4 N (30)
Qd) _ g4M x? 2
kitk )= = 2k3 dx/ dY/ dz W21 AP+ BP {3x +x° Q2+ yz) + x(y + 22 — 2x* — y2)
2.2 2 2 8xly +z 2 4 6 4 2 2
+—(3yz -y -z —1)+m+ x(y +2)@+4x"yz +5x") =4 =3x" = 2x"(1 + y“ +4yz +2°)

5—2y2 —4dyz —27%) —
+x%( y vz %) AtB_4

8(1 —x%)° } n6(W)
VW

}, €1V
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with abbreviations: A = 14 x2 —2xy, B =1+ x2 — 2xz,
W=x—-—y?x—-—2%—0—-y>)1—-2z%, and the sign
n = sgn[(x — y)(x — z)]. Infact, only the Pauli-blocked planar
box diagram (d) gives rise to a center-of-mass tensor interac-
tion from second-order pseudoscalar exchange.

Of the three diagrams (e)—(g) in Fig. 2 that encode the
effects of medium polarization, (e) and (g) contribute to
the quasiparticle interaction in the crossed channel and (f)
contributes in the direct channel, regardless of the form of two-
body interaction. In the case of pseudoscalar exchange only, (e)
and (g) are nonvanishing for noncentral components. Diagram
(e), representing the coupling of the boson to nucleon-hole
states, yields for the exchange tensor interaction

8g4M u x4
ho(kp)? = ——" —
olky) 3e2min? Jy (0 A
X |:2ux+(u2 —xz)lnu+xi| ) (32)
u—x
4 u 4o 2 2
hl(kf)(ze) _ 8¢"M, x*(u® — 2x°)
mim3ut J, (1 +4x2)*
x |:2ux + @ —x)n M} . (33)
u—x

The density-dependent vertex correction (g) can be split into
a factorizable part

‘M 4y?
ho(k 28 — 8§ My —1In(1 + 442
olky) 2472m3ud [ 1+ 4u? n(l +4u%)
14 2u?
X [% In(1 + 4u?) — 1} , (34)
u
(k0 — 8 Mo L 20
k)™ = 872mius | 4u? n(l +4u7)
2 2 2 u’
X |:(1+u YIn(l + 4u”) — 3u” — 1+4u2]
(35)
and a nonfactorizable part
4 u 2
o) 8 M, ) 4x
ho(k )28 = —6n2m3u2/0 dx |:1n(1 +4x7) — 1+4x2]
2ux(1 + 4u?)~! u? —x?
1 4+4u? —4x2 (14 4u? — 4x2)32
V1 +4u? —4x2 2
xln(u +4u X% 4 x) ’ (36)
(1 + 4u®)(u? — x2)
4 u 2
N2 _ 8 Ma 2y W
hi(ky) e = Simi |, dx |:1n(1+4x ) 1+4x2i|
4ux(1 +2u?) u—+x
X f—
(1 4 4u®)(1 + 4u? — 4x?) u—x
N 1 4+ 2 — x2)(6 + 4u?)
(1 + 4u? — 4x2)3/2
/1 + 4u2 — 4x2 2
SN S i 2 § (37)
(1 + 4u®)(u? — x2)

We note that diagrams (e)—(g), representing the particle-hole
contribution, do not give rise to a cross-vector interaction in

PHYSICAL REVIEW C 87, 014338 (2013)

TABLEIIL. The L = 0, 1 noncentral Fermi liquid parameters from
the pseudoscalar exchange interaction in Eq. (23) at second order.
We compare the sum of the particle-particle, hole-hole, and particle-
hole diagrams computed numerically to the semi-analytical results of
Eqgs. (26)—(37).

Modified pseudoscalar boson exchange (k; = 1.7 fm~')

ho [fm?] ko [fm?] hy [fm?] ky [fm?]
2nd (pp) 0.119 —0.147 —0.143 0.057
2nd (hh) 0.027 —0.062 —0.057 0.074
2nd (ph) 1.394 —0.001 0.913 —0.001
Total 1.540 —-0.210 0.713 0.129
Analytical 1.552 —0.209 0.719 0.126

agreement with the general argument presented in Sec. II. We
now evaluate the expressions given in Egs. (26)—(37) choosing
g =35, m=300 MeV, and k; = 1.7 fm~!. In Table II we
compare these semi-analytical results to those obtained from
a numerical evaluation of the second-order contributions as
given in Sec. II through a partial-wave decomposition. The
agreement is generally on the order of 2% or better.

B. Spin-orbit interaction to second order

We consider as well the case of a pure spin-orbit interaction
of the form

2g?

(m3 + )

where ¢ is the momentum transfer, p is half the incoming
relative momentum, and m; is the mass of the exchanged
boson to be fixed later. We consider only the isotropic (L = 0)
contributions to the noncentral interactions. The first-order
contribution from Vi, to the quasiparticle interaction vanishes
trivially since ¢ x p = 0. The direct term (a) of the planar box
diagram gives the contribution

Vio = 5i(01 +02)- (@ X p), (38)

M, 5+ 12u? 5
ho(k )20 = Ssn ~ 2 m+ 4>, 39
oK)= Sesamd | T+ dur  dp M4 39)
withu = k¢ /mg, while the crossed-term (b) contribution reads
M, 1 1 + 2u? 1
ho(k )" = RSl S R
24mm3 | 2u® 1+ u? 1+ 2u?

14 4x2% 4 8x*
+ dx————(arctan2x — arctanx) ¢.
0 u?(1 4 2x2)3

(40)
For the Pauli-blocked planar box diagram, we find that the

direct term (c) gives rise to both exchange tensor as well as
center-of-mass tensor contributions of the form

4M 1 1 1 x2
hok )2 = 85271 "/d/d/d—
= i Jy L) A

4xy +z|
><{_"(’C”)_AJFB—4
(A + Bno(w)
1 — 2\2 , 41
+( x)(A+B—4)«/W} “h)
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407 1 1 1 %2
kk(zc):&—nfdx/d/d—
=i by L) ar

8x2|y + z|

%3 o T
X{ SR ey

+[&+m4+n%nz—n—2ﬂ1+ﬁ)
8(1 — x2)2 T no(W)
A+B—4| Jw |

with abbreviations: A = 1 + x2 — 2xy, B=1 + x% —2xz,
W=@x—y*x—2>—1-y)(1 -2z and n = sgn[(x —
¥)(x — z)]. Likewise, the crossed term (d) of the Pauli-blocked
planar box diagram yields

2t AP [u—2 + BP{

4x2|y+Z| 2.2
- 1—
A+B—4+( x°)

x(y+2)+ (42)

—x(x+y+2)

(A+ Bno(w) }
(A+ B -—HJSW /|’

(43)
dx/ dy/ dz

2+ AP [u—2 + BP

ko(k (2d) _
olks) 67r2k3

8x2|y + z|

x{yz—x(3x+y+z)—m

+ |:2x2(2yz — D 4+343x* —2x(1 +x?)

8(1 — x> Tno(W)
A+B—4| yw |
The coupling to intermediate particle-hole states (e) in the

crossed channel generates both exchange and center-of-mass
tensor interactions:

x(y+2z)+ (44)

4M u x2
ho(k )0 = &0 /d 15x2 — 17u?
olkys) Grutm? J, YT ay ux(15x u®)
15
— = W?*—=x»*n M} (45)
2 u—x
kol )0 = 28eMa [ 07— i)
f 3n2u’m? Jo (1 + 4x2)*

u—x

x [Zux + @ = x> M:I , (46)

and for the Pauli-blocked crossed box diagram (f), the direct
term produces the contributions

8giM, " x3
h k Qf)y — _Zos77n o 22
olky) = Grupm? J, Xy | 1 )
2 2 2 2
23 T i
—+2u’ In 12 ux”In 2
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—4€m”+x} 47)
u—x
8g*M “ x>
olks) 3w’ Jo Py [
2 _ 2
~dux’InZ —2x@® +xH)n +x}
X

(48)

Finally, the crossed term of the vertex correction diagram (g)
reads

64g*M,
Btk 20 — 248 Mn / /
olkyr) 37l’2k3 (1 +4x2)2(1 + 4y2)?
2 2_ 2
x{uRelnx+ oy u +12(u2—x2)
u-+y u
—i—u2+[u Rev/x2 + y2 — u? —xy]} (49)
4
it = S [
37t2k3 (1 + 4x2)2(1 + 4y2)?
D) 2 2x
X {;(H —x9)+ ryz

x [uRey/x2 4+ y2 — u? — xy]}, (50)

where Re stands for real part. Again, we find that the spin-orbit
interaction iterated to second order does not give rise to a cross-
vector interaction. We choose the parameters g, = 10, m; =
700 MeV,and ky = 1.7 fm~!. In Table ITI we compare the sum
of the particle-particle and hole-hole diagrams to the sum of
diagrams (a)—(d) in Fig. 2. Likewise, we compare the particle-
hole contribution to the sum of diagrams (e)—(g) in Fig. 2. The
results of both calculations are again in very good numerical
agreement with one another. We note that the similarity among

S W ph
several Fermi liquid parameters; namely, hJ"" —hh" ~

+hh+ph o .
—kJPTMTPY s merely a coincidence resulting from our choice

of scalar particle mass.

TABLE III. The L = 0 noncentral Fermi liquid parameters for
the spin-orbit interaction at second order. The numerical results for
ho and k¢ based on the partial-wave decomposition are compared with
values from the semi-analytical formulas in Egs. (39)-(50).

Spin-orbit interaction (k; = 1.7 fm™!)

ho [fm?] ko [fm?]
2nd (pp + hh) 0.761 —0.311
2nd (ph) —0.758 —0.444
Total 0.003 —0.756
Analytical (pp + hh) 0.772 —0.312
Analytical (ph) —0.761 —0.448
Total 0.011 —0.760
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C. Spin-nonconserving cross-vector interaction

As mentioned in Sec. IIC, the origin of the spin-
nonconserving quasiparticle interaction [proportional to the
cross-vector operator (o7 X 03) - (§ X P)] is the interference
of the spin-orbit component of the two-body potential with
its other (central, spin-spin, and tensor) components. In order
to exemplify this mechanism through a solvable model, we
consider a simple contact interaction with couplings in all
relevant channels:

Vi =T+ 1—‘st_’:l . C_;'2 + Ftc_;'l : 675—2 . f}

+ils0 (01 +62) - (g % P). (S
At second order the interference terms arising from the
particle-hole diagrams (e)—(g) in Fig. 2 can be worked out
analytically. One finds for the first three Landau parameters of
the cross-vector interaction

Mnk} 3Mnk}
l() = 57 (Fc - 31—‘3‘)1_‘.?0’ ll - 707 (FC - SFS)F‘YO’
(52)
1M, k}
12 = W(:SFS - Fc)Fwa
8M, k5 AM, K}
ly = — 7 s, LT1=-— 1 [Ty,
4 d (53)
50M, k5
12 - —Ftrso'
231w

Due to their different structure we have listed separately
the interference terms with central and spin-spin interactions
and the “tensor-type” interaction I';a - ¢ 63 - ¢. Our second-
order calculation based on a decomposition of the two-body
potential into partial-wave matrix elements reproduced these
analytical results with good numerical accuracy. In the absence
of the tensor term, the condition I'. = 3I'y (giving /;, = 0)
is equivalent to a vanishing interaction in the spin-singlet
state.

IV. LANDAU PARAMETERS FROM CHIRAL 3N
INTERACTION

In this section we consider the N?LO chiral three-nucleon
force in neutron matter and derive expressions forall L = 0, 1
Landau parameters arising from the leading-order (one-loop)
contribution to the quasiparticle interaction. In most cases it is

possible to obtain analytical expressions for arbitrary values
|

Folkp) ™D = [3 — 51 - 65 + 2512(§)]

gim> [ 3c
4u

(24m)* £}
4

+c3 [—2(4u2 — In(1 4 4u®)) arctan 2u +
u

12u* — 16u® — 30u? —9
12u’

In(1 + 4u2)] }
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(1) 2 (3)

FIG. 3. Diagrammatic contributions to the quasiparticle interac-
tion in neutron matter generated from the two-pion exchange three-
neutron interaction. The short double-line symbolizes summation
over the filled Fermi sea of neutrons. Reflected diagrams of (2) and
(3) are not shown.

of L, but for brevity we show only the formulas for the isotropic
(L =0) and p-wave (L = 1) parameters. As mentioned in
Sec. II D, we keep only the two-pion exchange three-neutron
force proportional to ¢y and c¢3;. There are three one-loop
diagrams contributing to the effective interaction, shown in
Fig. 3, which we label as Vlf,n;d‘i fori =1, 2, 3. Both the pion

self-energy correction Vas®! and the vertex correction Vet
produce an effective interaction similar to that of one-pion
exchange. Both terms vanish in the direct channel but give
contributions to f, g, and & in the exchange channel. For the

pion self-energy correction we find

(med, 1) gf,m3
Folk)™OD f = [3 =G - 5, + 2812(§)]—AZ
olky) f=[B—-0-0+ IZ(Q)](&T)ZJC]?
2c; — c3)u’ 3
X ———— — C3u
1 + 4u?
+(cs —en3 In(l +4u2)}, (54)
(med, 1) 8124’”3
k¢ med, D — — 0.0 2 g T
Filky) [3—01-00+ Slz(q)]48n2f7‘,‘
(2¢c1 — c3)u
{W + (6¢c; — Sc3)u
3c; — 4
+|:2(C3—01)M+—C32u c]:|
x In(1 +4u2)}, (55)

with u = k;/m;. As seen from the above formulas, the
expressions for the Fermi liquid parameters of the central,
spin-spin, and tensor quasiparticle interaction are identical
up to integer factors characteristic of a one-pion exchange
nucleon-nucleon potential. The contribution from the crossed

term of the pion exchange vertex correction Vﬁlﬁd‘z reads

—[8u* +4u® — (1 4+ 4u”) In(1 + 4*)][4u” — In(1 + 4u)]

48ut 160”43 40u3 2 3

(I +4ud) + o —2u+ =4 —
3 u

32u’ 2u3

(56)
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Fillkp)™t? = [3 - 51 -6, +2512(9)] o

(16m)? f
3u
56u® — 32u® — 60u* — 48u% — 9
+
6u3

Lastly, we compute the L =0, 1 Landau parameters
associated with the Pauli-blocked two-pion exchange diagram

V]{,“;,d’3, which has a more complicated spin structure than

Viedl and Va2, Both the direct and exchange terms
contribute, and the central components of the quasiparticle

interaction read

2.3 3
(med.3) _ &amM 8cau
]:()(kf) © = 16]'[—2;‘7?{8(03_61)14_ 3
3¢c3 — 4
+ 28T 0 4 42
u

+ (12¢ — 10c3) arctan 2u + (1 + 01 - 62)
x / dx [mzz + %()ﬂ + 2Y2)“, (58)
0
2m3 u ) )
L6 2f4/ dx{ch (Zu —i—ZZb)
2 2 4
o (X2 42X+ X2 1

The auxiliary functions X, Y, Z; X,, Xp, X.;and Z,, Z, are
defined in Sec. 2.2 of Ref. [2]. Concerning the noncentral

Filk )™ = (1 45 - 52)

(59)

2.3
gA_rr{_[ u® — (1 + 2u?) In(1 + 4u?)][8u* + 4u’
2 [8(4u2 — (1 +2u?)In(1 + 4u*)) arctan 2u +
4

) 8u’ 5 3 3
In(1 + 4u )+?(7—4u )—28u” + 10u + — | ¢.
u
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— (1 4+ 4u®) In(1 + 4u?)]

96u® + 80u* + 22u? + 3

T In*(1 + 4u?)

(57)

med,3

quasiparticle interaction, V"~ produces no tensor forces

d,3
in pure neutron matter. However, one expects Vzl\T;/ to

generate an exchange tensor force in symmetric nuclear matter
[32] since in this case the three-nucleon force proportional
to ¢4 does not vanish. As a special feature, the crossed
term of the Pauli-blocked 27 exchange diagram gives rise
to a cross-vector interaction. With its usual representation
given by

Feross = (61 X 32) - (§ x P)Y 11.(kp)PL(p1 - pa), (60)
L=0

a complete analytical solution for the Landau parameters
I1(k¢) could not be obtained. When choosing the alternative
form of the cross-vector interaction

-Fcross = (6 1)

(G1 X 32) - (P1 X P2)
1 2) " 1 2 4 A A
= Tk PL(pr - o),
|p1 + pal o

all occurring integrals can be solved analytically in the present
case. The results for the Landau parameters read

7k \med3) _ gA Cl 4 212 2
11+ 4u? 1
b4 —8u— — b M 4+ (- — ) 2+ 40| L (62)
u R u 16w’
2.3 4 2 6 4 2
- (med.3) _ 8amMm 8 2 But46u”+1 oy 32u®+24u” +8u 41, 5
Ty (k) (me _m{%l[&t—;—ﬁ%—u—sln(l—}-%t)— 7 In*(1 + 4u?)
N 20u3 oy 2 3 _ 3 N 16u® + 28u* + 18u2 + 3
ey — =2 _ =
3 3 u ud 4ud 8u’
3
x In(1 + 4u®) + m(64u8 —20u* — 8u? — 1) In*(1 + 4u2)]}. (63)
u

The exact relation between these two representations of the
cross-vector interaction is given by

o0
Iy = E arply,
L'=0

with coefficients ay; = %(ZL + l)f_ll dz /(1 —2)/(1 +2)
P1(2)Pr/(z), which are all nonvanishing rational multiples of
. However, since infinitely many terms are involved, this
(exact) relation is of limited practical use. The numerical

(64)

results assuming the standard form in Eq. (60) of the cross-
vector interaction will be shown in the following section.

V. RESULTS

A. Neutron matter equation of state

The Fermi liquid parameters in neutron matter, unlike
those in symmetric nuclear matter close to the saturation
density, are largely unconstrained by empirical data. Given

014338-11



J. W. HOLT, N. KAISER, AND W. WEISE

that our perturbative treatment of the quasiparticle interaction
includes only the leading-order medium corrections from two-
and three-body forces, it is useful to compare the associated
zero-temperature equation of state of neutron matter (at
the same order in perturbation theory) with those obtained
using nonperturbative methods. As a benchmark we consider
variational calculations [34] of neutron matter employing
the high-precision Argonne v;g two-nucleon potential [35]
together with the Urbana UIX three-body potential [36], which
provide a realistic description of light nuclei and nuclear
matter.

. 6 JE—p7a 00
2
ES)(ks) = i > / dp'p’ / dppz/

Lzl
Smem,JJ'M

x l'12+13*11*l4
p

xf dcos ), P’ (cos8,) P/ (cos b))

—Xp

where x, = min{l, (k} -
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In the partial-wave representation of the two-body inter-
action, the first-order contribution to the energy per particle
E = E/A reads

E(l)(kf) —

ky
= 2k3 > @i+ f dpp*(ky — p)’
! sy 0

X (2kg + p)(plST|V|plSJ), (65)

and the more intricate second-order contribution takes the
form

dqq*N(ymlym'lsmlum’)
VK=p?/4

c,lmvac,zm s c,{,,fgmxc,m,s,n (pLST\V\glaST)(qlsSJT' |V |plsSJT')

Xq

dcos b, Pl’:"(cos Oq)PZ’:” (cos B,), (66)

—Xq

p*—p?/4/(pp")} and x, = min{l, (¢* — k7 + p”/4)/(gp’)}. In Appendix A we provide the

analytical expressions for the second-order contributions to the energy per particle associated with the two model interactions
introduced in Sec. III. Finally, the leading-order chiral three-neutron interaction leads to Hartree and Fock contributions to the

energy per particle of neutron matter of the combined form
mé

(2 f )4
X In(1 + 4u

3

{(6c1 5@%

E)(kp) =

u

1
32u3

with u = ky/my. The auxiliary functions H, Gg, and Gr
are defined in Eqgs. (24)—(26) of Ref. [37]. These interaction
contributions are added to the relativistically improved kinetic
energy per particle Eyin(k ) = 3k7/(10M,) — 3k} /(56 M.}

In Fig. 4 we plot the resulting equation of state of
neutron matter for densities up to p >~ 1.5p. For both chiral
and low-momentum interactions one finds good agreement
with the results of the variational calculation of Ref. [34],
labeled “APR” in the figure. The difference between the two
perturbative calculations arises primarily from the different
values of low-energy constants c¢; and c3. Note that the recent
neutron matter calculation [38] including the subleading chiral
three- and four-neutron interactions gives very similar results.
For comparison, we have included in Fig. 4 the result for
the neutron matter equation of state obtained in a recent
quantum Monte Carlo (QMC) simulation [39] employing
phenomenological density-dependent two-body potentials.
The data points for the lowest two densities are taken from
a different quantum Monte Carlo calculation in Ref. [40].
For later comparison, we compute the compressibility of
neutron matter directly from the energy per particle. We find
that at p = 0.166 fm~!, K = 560 and 650 MeV for the un-
evolved chiral interaction and low-momentum potential Vigy .k,
respectively.

2C3 6 4
arctan 2u — Fu + (c3 —cu” 4+ (Bcy — 203)€ +

dx [6c1H? + ¢3(G5 + 2G7)] } (67)
0

B. Neutron matter quasiparticle interaction

In this section we present and discuss the calculations
of the L =0, 1, 2 Landau parameters for the quasiparticle
interaction in neutron matter from chiral and low-momentum
two- and three-nucleon forces. We begin by considering
the leading-order (free-space) contribution from both the
bare chiral N°LO NN interaction [19] as well as the low-
momentum NN potential Vioy.x [22,23] obtained by integrating
out momenta beyond the cutoff scale of 2.1 fm~'. We use
the general formula in Eq. (9) for computing the first-order
perturbative contribution to the quasiparticle interaction as
well as the projection formulas in Eq. (7) for extracting the
scalar functions f, g, and &. In Table IV we show the results
for neutron matter with a Fermi momentum of ky = 1.7 fm™
corresponding to a density of py = 0.166 fm~3. In both cases
the Fermi liquid parameters decrease rapidly in magnitude with
L for all channels. For larger values of L the difference between
bare and evolved two-neutron interactions is strongly reduced,
and at L = 3 it is almost negligible. Short-distance repulsion
in the bare chiral NN interaction is integrated out through
the renormalization-group evolution, leading to a significant
reduction in f. For both potentials, the compressibility /C of
neutron matter at oy would be unphysically small. This feature
is shared by many leading-order perturbative calculations
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FIG. 4. (Color online) Energy per particle of neutron matter
from chiral and low-momentum two- and three-body interactions.
The cutoff scale associated with the bare chiral nuclear potential
is A =2.5 fm~!, while that of the low-momentum interaction is
A =2.1fm™". The curve labeled “APR” is taken from the variational
calculations of Akmal et al. [34], and the curve labeled “QMC” is
taken from the quantum Monte Carlo calculations in Refs. [39,40].

of the quasiparticle interaction in both nuclear and neutron
matter [1,41-43]. Recent auxiliary diffusion Monte Carlo
calculations with realistic two- and three-nucleon forces find
that the compressibility of neutron matter at the density
p =0.16 fm™3 is K ~ 520 MeV, approximately 50% larger
than that of the noninteracting Fermi gas [14]. The isotropic
component go of the spin-spin interaction is enhanced by
~15% at the resolution scale of 2.1 fm~!, while the isotropic
component A, of the exchange tensor interaction is reduced
by a slightly smaller factor. The p-wave component f; of
the spin-independent quasiparticle interaction increases as the
resolution scale decreases. The corresponding values of the
quasiparticle effective mass are M*/M, = 0.78 and 0.84 for
the chiral and low-momentum interactions, respectively. In
general our results from the low-momentum NN interaction
agree qualitatively with those of Ref. [17], shown there (in di-
mensionless units) in the first three columns of Table I. We note
that the different choice of low-momentum resolution scale in
Ref. [17] accounts for some of the quantitative differences.
Next we compute the second-order particle-particle, hole-
hole, and particle-hole diagrams, shown in Fig. 1, with
two-neutron interactions. These provide the leading-order
Pauli-blocking and polarization effects and give rise to

PHYSICAL REVIEW C 87, 014338 (2013)

components of the quasiparticle interaction depending ex-
plicitly on the center-of-mass momentum P = j; + p». In
Table V we display the Fermi liquid parameters associated
with the second-order contributions (pp, hh and ph) for both
the chiral N’LO nucleon-nucleon interaction and the low-
momentum interaction Vi, in neutron matter at a density pg.
Again we find in all cases good qualitative agreement between
our results from the low-momentum NN interaction and the
results of Table I in Ref. [17]. For the isotropic components,
it is generally true that the particle-particle diagram gives
contributions that are significantly larger than the hole-hole
diagram. However, for higher values of L this is not the
case, and the hole-hole diagram is in general comparable
in magnitude to the particle-particle contribution. Coherent
effects among the three diagrams are observed especially for
the Landau parameters fi, go, o, and ko. Despite these large
effects entering at second order, perturbative calculations of the
equation of state of nuclear and neutron matter [44,45] show
that third-order contributions should be significantly smaller.
Second-order effects thus tend to dramatically increase the
quasiparticle effective mass M*, decrease the spin susceptibil-
ity of neutron matter and reduce the isotropic exchange tensor
strength hg. Although individually large, the contributions
to fo nearly cancel at second order for the bare chiral NN
interaction. With the low-momentum interaction the sum gives
fo =0.379 fm?, which approximately cancels the reduction
in fy from the renormalization group evolution at first order.
The strong repulsion in the spin-independent channel from the
particle-hole diagram is qualitatively similar to what has been
found in previous Brueckner calculations of symmetric nuclear
matter using hard-core interactions [41,42], where it was found
that an infinite sum of polarization diagrams summed via
the Babu-Brown—induced interaction [46,47] could stabilize
nuclear matter against density fluctuations. In general, the
particle-particle contributions decrease significantly in mag-
nitude as the resolution scale is lowered. This effect is due
primarily to the reduction in phase space in the particle-particle
channel as the momentum cutoff is lowered. The results
compiled in Table V were obtained with free-particle energies
in the denominators of Eq. (12). In all subsequent tables, we
include as well the one-loop corrections to the single-particle
energies in the second-order diagrams (for details see Ref. [1]).

Finally, we calculate the contributions to the Fermi liquid
parameters from the leading-order chiral three-neutron force.
We evaluate the analytical formulas in Egs. (54)—(59) for
the central and exchange tensor contributions and perform
numerical calculations of the cross-vector Fermi liquid
parameters [;(ky) in the standard representation given in

TABLEIV. The L =0, 1, 2, 3 Fermi liquid parameters of the bare N°LO chiral NN potential of Ref. [19] as well as the low-momentum
NN potential Vjoy.x at a resolution scale of 2.1 fm~! at first order in many-body perturbation theory.

k; = 1.7 fm™! Chiral N*LO vl

L 0 1 2 3 0 1 2 3
f [fm?] —0.700 —1.025 —0.230 —0.112 —1.188 —0.679 —0.298 —0.110
¢ [fm?] 1.053 0.613 0.337 0.197 1.212 0.654 0.346 0.195
h [fm?] 0.270 0.060 —0.040 —0.080 0.239 0.102 —0.051 —0.079
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TABLE V. Second-order contributions to the L = 0, 1, 2 Fermi liquid parameters in neutron matter characterized by the Fermi momentum
kp =17 fm~!. We have separately listed the particle-particle (pp), hole-hole (hh), and particle-hole (ph) contributions for both the bare N°LO
chiral NN interaction as well as the low-momentum NN potential Vigyx With Ajpyx = 2.1 fm~!.

k= 1.7 fm~! Chiral N°LO V2,
L 0 1 2 0 1 2

f [fm?] pp —-0.773 0.547 —0.290 —0.225 0.042 —0.124
f [fm?] hh —0.151 0.168 —0.121 —0.161 0.133 —0.063
f [fm?] ph 0.993 0.482 —0.089 0.765 0.795 0.255

Total 0.069 1.197 —0.500 0.379 0.970 0.068
g [fm?] pp 0.225 0.086 0.072 0.030 0.127 0.062
g [fm?] hh 0.006 0.089 —0.057 0.045 0.062 —0.059
g [fm?] ph 0.061 —0.016 —0.103 0.020 —0.011 —0.044

Total 0.293 0.159 —0.089 0.094 0.178 —0.040
h [fm?] pp —0.101 0.112 —0.028 —0.047 0.042 —0.004
h [fm?] hh —0.049 0.084 —0.049 —0.037 0.062 —0.032
h [fm?] ph —0.062 —0.090 —0.066 —0.108 —0.116 —0.044

Total —0.212 0.106 —0.143 ~0.192 —0.012 —0.080
k [fm?] pp —0.085 0.064 0.014 —0.057 0.037 0.010
k [fm?] hh —0.036 0.052 —0.017 —0.028 0.039 —0.008
k [fm?] ph —0.058 —0.017 0.075 —0.034 —0.019 0.042

Total ~0.178 0.098 0.072 —0.119 0.056 0.043
I [fm?] ph 0.135 —0.031 —-0.279 —0.062 —0.147 —0.161

Eq. (60). In Fig. 5 we plot the density-dependent Fermi liquid
parameters for the chiral three-neutron force with low-energy
constants ¢; = —0.81 GeV~! and ¢3 = —3.2 GeV~!. For
densities larger than p >~ 0.5p, the Landau parameters scale
approximately linearly with the density. The largest effect is a
strong additional repulsion in the isotropic spin-independent
parameter fj. In fact, at nuclear matter saturation density po,
the strength of the three-body correction in this channel is
larger than the two-neutron force contributions at 1st and 2nd
order together. The quasiparticle effective mass M*, governed
by the parameter fi, is reduced by less than 5% at saturation

density pg with the inclusion of the two-pion exchange three-
neutron force. Similar observations have been made in Ref. [2]
for the case of symmetric nuclear matter where additional
three-nucleon forces proportional to the low-energy constants
¢4, Cp, and cg are present. The qualitative similarities between
the quasiparticle interaction in neutron matter and symmetric
nuclear matter from three-body forces are due to the dominant
role played by contributions proportional to the low-energy
constant c3 [2]. From the Landau parameters f; and f; we
obtain for the compression modulus of neutron matter at k ; =
1.7 fm~! the values K = 550 and 660 MeV for the chiral and

L I I JF ]
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''''''''''''''''' 0.0
0.8 - g
) - Ho1
(fm’) 0.4 - 0.2 ™)
0.0 B S~ -0.3 FIG. 5. (Color online) Density-
| - —-0.4 dependent Fermi liquid parameters from
04 R S R A Lr P I I I the N2LO chiral three-nucleon force for
L | | | L | | ! ! ! '] the quasiparticle interaction in neutron
i -7 ] 0.1 matter. The low-energy constants have
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low-momentum potentials. These values compare well with
those extracted numerically from the equation of state in Fig. 4.
Neglecting effects from noncentral Fermi liquid parameters,
the chiral three-neutron force at leading order tends to enhance
the spin susceptibility x of neutron matter [see Eq. (6)] by
lowering go by about 25% at py from the value obtained
with two-nucleon forces only. The three-body correction
to the exchange tensor interaction is smaller in magnitude
than the central force contributions. For the exchange tensor

. . . . d.1
interaction the pion-self energy correction V" and vertex
med,2

correction Vy '~ enter. As seen already in Ref. [2,32] both
of these terms have the structure of one-pion exchange and
are individually large with opposite sign. The cross-vector
interaction from chiral three-nucleon forces is relatively small
compared with the central quasiparticle interactions. However,
at saturation density po the magnitudes of the cross-vector
Fermi liquid parameters Iy, /1, and [, are comparable in
magnitude to those from two-body potential at second order.
In Fig. 6 we combine the results for the first- and second-
order two-body contributions with the leading-order three-
body corrections at a resolution scale of A = 2.5 fm~!. All
Fermi liquid parameters up to L = 2 are plotted as a function
of the neutron density p. The same quantities are compiled in
Table VI ata Fermi momentum of k = 1.7 fm™"' together with
the corresponding values from the low-momentum interaction
Viowk at the scale A = 2.1 fm~'. From Fig. 6 one observes that
all of the Fermi liquid parameters considered here for the spin-
independent part of the quasiparticle interaction vary strongly
with the density up to p =~ py. In particular, the parameter fj
has a nearly linear dependence on the density and gives rise to
a compression modulus of neutron matter that grows strongly
with increasing density. The Landau parameter f; decreases
rapidly at small densities but flattens out close to nuclear matter
saturation density, where it nearly vanishes thereby yielding an
effective mass M*/M, ~ 1 according to Eq. (5). The L =2
component of the spin-independent quasiparticle interaction

exhibits a nearly linear decrease with the neutron density, and
owing to coherent effects from all contributions it attains a
large negative value at and beyond saturation density. From
Table VI we see that this is a scale-independent prediction
that to our knowledge has not been previously observed in
the literature. In fact, such a large negative value could help
in fulfilling the forward scattering Pauli principle sum rule,
which in the absence of noncentral interactions takes the
form

> Fy Gy
Z[ + ] = 0. (68)
|1+ F/QL+1) | 1+GL/QL+ )

The presence of noncentral interactions modifies this sum rule
[48], but the effect of center-of-mass tensor and cross-vector
interactions has not yet been explored.! The isotropic com-
ponent gq of the spin-spin quasiparticle interaction decreases
with neutron density. For densities larger than pg, the density
dependence of gy is governed mainly by the three-neutron
force contributions, which decrease gy, and consequently
increase the neutron matter spin susceptibility x. Considering
only central interactions we find no evidence for a phase
transition to a ferromagnetic state (characterized by Gy =
Nogo < —1) close to nuclear matter saturation density. The
additional noncentral interactions considered in the present
work are expected to modify the general stability conditions
for Fermi liquids [49], but to date the effects of neither
the center-of-mass tensor nor cross-vector interactions have
been included. The isotropic component sy of the exchange
tensor interaction is nearly independent of the density, since
the medium corrections from two- and three-body forces
approximately cancel. The Fermi liquid parameters of the

'Furthermore, a vanishing forward scattering amplitude in odd
partial waves may require a large number of Fermi liquid parameters,
as we discuss in Appendix B.
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TABLE VI. Fermi liquid parameters for the quasiparticle interaction in neutron matter at a density corresponding to a Fermi momentum of

ks = 1.7 fm~'. The low-energy constants of the N?LO chiral three-nucleon force are chosen to be ¢; = —0.81 GeV~! and ¢; = —3.2 GeV~!
when employed together with the bare chiral NN interaction and ¢; = —0.76 GeV~! and ¢; = —4.78 GeV~! with the low-momentum interaction
Vlow-k~

kp=17fm™! Chiral N°LO VAL,

L 0 1 2 0 1 2

f [fm?] 0.679 —0.018 —0.959 1.072 0.135 —0.686
g [fm?] 1.025 0.388 0.302 0.880 0.298 0.380
h [fm?] 0.160 0.316 —0.252 0.175 0.317 —0.263
k [fm?] —0.156 0.085 0.063 —0.108 0.051 0.039
I [fm?] —0.050 —0.161 —0.160 —0.295 —0.330 —0.029

novel center-of-mass tensor and cross-vector interactions are
relatively small in magnitude, but kg, [y, and [, have a strong
density dependence. From Table VI we see that there remains
a moderate dependence on the resolution scale and choice of
low-energy constants. These variations lead to differences on
the order of 10%-30% for most of the L =0, 1, 2 Fermi
liquid parameters.

VI. CONCLUSIONS AND OUTLOOK

In the present work we have computed the L =0, 1, 2
Fermi liquid parameters for the quasiparticle interaction in
neutron matter employing realistic two- and three-nucleon
interactions derived within chiral effective-field theory. In
addition to the free-space contribution from the two-body
interaction, we have calculated without any simplifying ap-
proximations the second-order two-body correction as well
as the leading three-body correction. A general method for
extracting all components of the quasiparticle interaction,
both central and noncentral parts, for two-body interactions
given in a partial-wave representation has been developed
and tested with simple model interactions that can be treated
semi-analytically. Employing realistic two- and three-neutron
forces, we find that medium-dependent loop corrections play
an important role in increasing the compression modulus of
neutron matter from an unphysically small value to about
K = 600 MeV at nuclear matter saturation density po. Second-
order effects from two-body forces strongly enhance the
quasiparticle effective mass M*, while three-neutron forces
play only a minor role for this quantity. The first- and
second-order contributions to gy from two-body forces are
positive for the densities considered in the present work,
although they decrease in magnitude for increasing density.

g*M,

7 (F2) _
Bty = (4mu)’

! N2
+4/0 dxx(u — x)“Qu + x) (1 2x2)

Hartree diagram with three medium insertions:

P H3 g'M, " 2 ! 2 2.2
E(kf)( )ZW/O dxx /_ldy|:2uxy+(u —x“y7)In

1 + 4x% 4 8x*

When combined with the medium-dependent loop corrections
from the leading-order chiral three-neutron forces, the Landau
parameter go decreases with density, which in the absence
of noncentral interactions would lead to an increasing spin
susceptibility y of neutron matter. The noncentral components
of the quasiparticle interaction s, kr, and [, have been
computed as a function of the neutron density p. The extent to
which they affect the spin susceptibility of neutron matter as
well as the response functions for electroweak probes will be
studied in future work.
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APPENDIX A: ENERGY PER PARTICLE FROM MODEL
INTERACTIONS AT SECOND ORDER

Organizing the second-order calculation of the energy
density p E in the number of medium insertions [see Eq. (22)],
one must evaluate (two-ring) Hartree and (one-ring) Fock
diagrams each with two or three medium insertions. We give
first the pertinent analytical expressions for the pseudoscalar
interaction in Eq. (23) at second order.

Hartree diagram with two medium insertions:

g*M, { 21

E(kp)? = @ |28~ 15u + 32 arctan 2u
: e

2u
7 2 2
— — (3 +20u”) In(1 4 4u”) ;. (AD)
8u?
Fock diagram with two medium insertions:

2

9 1
{2u2 — 7u® arctan u + 6+/2u° arctan(~/2u) + (1 + %) In(1 4+ u?) —3 <§ + 2142) In(1 + 2u?)

(arctan x — arctan ZX)}. (A2)
6
u-+xy s . (A3)
u—xy | (1+s2)3
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Fock diagram with three medium insertions:

3g*M, [* 1+u?>+x%2 14+ @w@+x)? 2
dx{—2|u— n

64m4u’ 4x 1+ (u—x)?

1 1 2 2 2 2
yz0(y~+2z-—1) 2 s 5 t
—|—x2/ dy/ dz 2222 T2 7 7 il 452 — In(1 4+ 12) — ,
T B C VAR S | 1452 1412

E(kp)™? =

(A4)
with abbreviations u = ky/m, s = xy + /u? —x? +x2y?, and t = xz + vVu? — x> + x222.
For the spin-orbit interaction [Eq. (38)] at second order the analogous expressions read
Y q g p
S5u  2u’ 3 3 + 28u?
E(k )Y = 22 5~ 3 g, ~4arctan2u+ ————In(l 4u? A5
k) (4 )3 3 gy derean2ud e s Ind ) (&9
7 F2 &M, [u? 2 2 1 2 2
E(kf)( ) — m{— — 4u® arctan u + 3v2u® arctan(\/_u) + {1 4+3u”)In(1 +u")—3 (4 u >ln(1 + 2u”)
u 1 4 2 8 4
+ 2/0 dxx(u — x)*Qu + x)%(arctanx — arctan 2x)}, (A6)
[
" , | many-body perturbation theory:
= gs n 2
E(kf)(m) =——3 dxx / dy p
G4t Jo - Fpr, b= (1 =61 322
5,2 , ), 642m
X |:2uxy <— +2x° —3x°y ) 7 2u(3+20u?)
3 x qarctan2u — — — —————>-1 . (Bl)
+ (u2 — x2y2)(u2 +2x% — 3x2y2) 2 3+ 4u)
u—+xy]s*G+s?) with u = ky/m, while one gets from a scalar boson exchange,
x In - xy] A1 (A7) Ve(g) = —g*/(m?* + ¢*), at second order:
=01 \(F3) 3giM, (" - - g*M,
E(kp)" = T dx F(p1, p1)=(—0y-02) T62m 3(2arctan2u —m). (B2)
0
1+ +x2 14+ @w+x?*7?
Xy~ |¥4— dx In 1+ —x) The spin-orbit interaction (38) at second order leads in fact
to a vanishing contribution to F(p;, pi). Furthermore, the
+x / dy / yz@(y +2 - 1) N?LO chiral three-neutron interaction treated at first order
ives rise to a quasiparticle forward scattering amplitude of the
Iyzl y2 4+ 72 g quasip gamp
- , §2 form
nl +5% - 1+s2 - gzm3 4esu’
R F(p1, ppy =1 -0 - 02)16 2 4u(cz —c1) —
2
x|:ln(1+t)— 1+t2i|}, (A8) 3c3 — 4
+ (6¢; — 5¢3) arctan 2u + o
u
where u = ky/m;. An interesting feature of the second-order )
spin-orbit interaction is that for large mass m; the Hartree xIn(l +4u)r, (B3)

and Fock contributions become equal with the same sign. It is
worth noting that the agreement between these semi-analytic
results and those based on the partial-wave decomposition (66)

agree on the per mille level. TABLE VIL Values of S, (divided by Sp)

at u = 2.48 for various increasing n.

APPENDIX B: FORWARD SCATTERING AMPLITUDES n S,/
FOR MODEL INTERACTIONS AND CHIRAL '
THREE-NUCLEON FORCE 5 0.23
10 0.04
The forward scattering amplitude for two quasiparticles 15 0.006
on the Fermi surface receives the following contribution 20 0.0001

from pseudoscalar boson exchange (23) at second order in
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with u = ky/m . We note that in all of these cases only the
central components of the quasiparticle scattering amplitude
remain in the forward limit p, — p;. The important
feature about these forward scattering amplitudes is their
proportionality to the operator (1 — &7 - 02). It makes them
vanish identically in the spin-triplet state as required by the
Pauli principle.

Next, we investigate the convergence of the Legen-
dre polynomial expansion of the quasiparticle interac-
tion in the simple case of one-pion exchange. The obvi-
ous vanishing of one-pion exchange in forward direction
(g = 0) implies that the following sequence converges to

PHYSICAL REVIEW C 87, 014338 (2013)

ZE€10:
n

B 1 u*(1 —z)
Sn = LZ(:)(ZL + 1)/71 dZPL(Z)HT(I_Z), (B4)

with u = ky/m and the prefactor from coupling constants
has been omitted. Choosing ky = 1.7 fm~!, we list in
Table VII the values of S, (divided by Sp) at u = 2.48 for
various increasing 7.

One observes from this example that in practice satisfying
the Pauli principle zero sum rule with good accuracy will be
delicate and requires knowledge of a large number of Landau

parameters.
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