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We present a microscopic calculation of the complete quasiparticle interaction, including cen-
tral 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 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, ho 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 nuclear matter saturation density po, the contributions to the
Fermi liquid parameters from the leading-order chiral three-nucleon force scale in all cases approxi-
mately 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 satu-
ration 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.

I. INTRODUCTION

In a series of recent articles [1, 2], we have 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 p = 2/@3’: /372, 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
(non-superfluid) 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 been computed with microscopic two-body nuclear forces or with phenomenological Skyrme and Gogny
effective interactions. 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 nuclear matter saturation density [13-15].
As discussed in Section 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 Si2(§) = 3641 - §&2 - § — 71 - &2, 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 S12(P) and (&1 X J2) - (§ X P) respectively. In these spin-
dependent operators, ¢ = p; — po is the relative momentum and P= P1 + Po the center-of-mass momentum of
the two quasiparticles on the Fermi surface (|p1,2] = k). 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 structure 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
proportional 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 ~ 2.0fm~!, which results in the nearly universal two-nucleon potential Vioy_[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 Section 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 tensor and cross-vector terms) occuring 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 Section 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 Section IV we present analytical formulas for the Landau parameters
of the quasiparticle interaction arising from the leading-order N2LO 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 Section V. We end with a summary and conclusions.

II. QUASIPARTICLE INTERACTION IN NEUTRON MATTER
A. General structure of the quasiparticle interaction and spin-space decomposition

In Landau’s theory of normal Fermi liquids [24, 25], the quasiparticle interaction F(pjsit1;pasate) derives
from the change in the total energy density due to second-order variations in the particle occupation densities
(S’I’ijs’ti
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where s; and t; 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 by [17]

F(pr,52) = f@1,02) + 9B, §2)31 - G2 + h(pr, P2 )S12(@) + k(Pr, Pa )S12(P)
(P, P2 ) (G1 % G2) - (G x P), (2)

where ¢ = p1 — po is the momentum transfer in the exchange channel, P= 1+ D> is the conserved center-of-mass
momentum and the tensor operator S12(9) is defined by S12(9) = 351 - 0 G2 - © — &1 - G2. 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 A13(§, P) = (61 X &2) - (§ x P)) that depend explicitly on the center-
of-mass momentum P. Since the two quasiparticle momenta lie on the Fermi surface |7 | = |2 | = ky, the
remaining angular dependence of the quasiparticle interaction is conveniently expanded in Legendre polynomials
of cosf = py - Pa:

x(p1,72) = Z xr(ky)Pr(cos 0), (3)
L=0



where x represents f, g, h, k, or [, and the angle 6 is related to the relative momentum g = |p; — pa| through the
relation g = 2k sin (6/2).

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 < 2.1fm~!. 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 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 = k%/377)
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is related to the Fermi liquid parameter Fy = Nofy (with No = kyM*/7? the density of states at the Fermi
surface) which represents the isotropic part of the spin-independent quasiparticle interaction. Note that the
compressibility K = k]% 0’E) (’“)kfc +4k; OE /0ky is determined by both the curvature and slope of the energy per
particle E. In eq. (4) the quasiparticle effective mass M* is given by

M* F
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with M,, = 939.6 MeV the free neutron mass and F; = Ny f1. Considering only the central components of the
quasiparticle interaction, the neutron matter spin susceptibility is given by

N
2 0
= 5 6
X =T (6)
where p, = —1.913 is the free-space neutron magnetic moment (in units of the nuclear magneton) and Gy =

Noygo- 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].

The first 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 quasiparticle 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 ¢ = p1 — p> = g€, and
P = [, + i, = Pé,, the spin-space matrix elements (mg|F(p1,p2)|mL) in terms of the scalar functions f, g, h, k,
and [ are given by

ms\m/, || 1 0 -1 0
1 f+g+2h—k 0 3k V21
0 0 f+g—4h+2k 0 0
-1 3k 0 f+g+2h—k| V2
0 V21 0 V21 f—3g

The upper left 3 x 3 submatrix gives the nine triplet-triplet matrix elements, while the fourth row and fourth
column give the matrix elements that include the singlet state. In this coordinate frame, the exchange tensor

interaction h(pt, pa )S12(4) gives nonzero contributions only for the diagonal triplet spin-space matrix elements.
The center-of-mass tensor force k(pi,p2 )S12(P) contributes to the triplet diagonal matrix elements as well

as the matrix elements mixing ms = +1 with m, = F1. The cross-vector interaction 1(p1, P2 )A12(4, P) is
nonvanishing only in spin-nonconserving transitions with |mgs — 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 2h — k. An alternative choice of
coordinate system in which ¢ = ¢é, 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

(2ff1+féo+foo)/4
g (2F7 1 + fo 0= 3F50)/12,
h = ( 11+-7:f71 3,0)/67
k= (Fi-1)/3,
(Fi5)/V2, (7)
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where the superscripts s,t¢ distinguish spin-singlet and spin-triplet states of two quasiparticles, and the two
subscripts label m, and m/, respectively. Only the function I(pi,p2 ) multiplying the cross-vector operator

Aq2(4, 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 = = - —
EN = B} %:<k151; kasa|V|kis1; kas2)ning, (8)

where V = (1 — P12)V denotes the antisymmetrized two-body potential, n; = (ks — |I§j|) is the usual zero-
temperature Fermi distribution and the summation includes both spin and momenta. The corresponding con-
tribution to the quasiparticle interaction reads

}—2(11\;(]3181;27282) = (p151; Pase|V|Pis1; Pas2) = (12|V]12). 9)

Setting the relative momentum ¢ = p; — po along the é,-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(kpSmeml) = 2Q2L+1)> it~ (1+ (—=1)"*9) /(20 + D)2 + 1) (10 Sm.|TM)
uJ

ky
p
x(I'0 Sm’S|JM>/O dp @ (pLSTM|V|pl'STM)PL(1 — 2p*/k3), (10)
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 com-
ponents. 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 = ms = 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— €4 ’

where in a plane-wave basis €¢; = /%2 / 2M,(,*) is the single-particle energy associated with the momentum Ej.
Functionally differentiating twice with respect to the quasiparticle distribution functions yields four different
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FIG. 1: Diagrams contributing to the second-order quasiparticle interaction (all interactions represented by wavy lines
are antisymmetrized): (a) particle-particle diagram, (b) hole-hole diagram, and (c)+(d) particle-hole diagrams.

contributions to the quasiparticle interaction:

1(12|V[34)2(1 — n3)(1 Z| 12|V|34)|2ngny

f(Q)Hst;ﬂst =
2N(p111p222 Z 1t es—cs—es
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Z' 13|V|24 |2n3 1 —7’L4 Z' 13|V|24 |27’L4(1 —ng) (12)

€1 + €3 — €2 — €4 €1+ €4 — €2 — €3

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

]:pp(ﬁlﬁg;Sm S'm _ Z/ d3k3 d k4 plpgSmS|V|k3k45’ms)<k3k4Sms|V|p1pgSm)

€py t €py — €ky — €y

X (1= ng)(1 = na)(2m)*6(Py + o — ks — ka), (13)

where we allow for the possibility that ms # 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—ng)(1—n4)
with hole distribution functions n3n4. In computing the pp and hh diagrams, we found it more convenient to
align the total momentum P along the é,-direction and the relative momentum ¢ along the é,-direction. For this
choice of coordinate system h and k are just interchanged in eq. (7). In a partial-wave basis the particle-particle
contribution in eq. (13) reads

- , 2L+1 kr )
]:L (Smsms) = W Z / dpp/ dk k N(llmlgml3m l4m)Hl ( )H% ( )

l1l2l3l4mm

mmsJJ M
My tptts—1,- oM cIM __ cJ ¢/ ey dx P ()P
X 2 k2 limSmgs¥ilomSm lgm’Sm’ l4mSms €T lo (I) lg (I)
p max{—xo,—1}
x(ply STM|V |klo ST M) {klySJ M|V |pl3SJ M) Pr(1 — 2p* /k%), (14)

where P/ are the associated Legendre functions, x = cosfy, p = (p1 — p2)/2, k= (ks —k4)/2, zg = (k2 —

2)/(2k\/k3 — p?) and N(limlamlsm/lym) = N*N/NP N with N/ = /(204 1)(1 — m)!/(I +m)!. For
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 ms 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 Section IIT with spin-orbit and tensor
two-body model interactions.

We split the second-order particle-hole (ph) contribution into two pieces ]-"15,? + ]-'ISZ) (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

F (5 fa: 51525, 5) = Z/ d3k3 d3/€4 P1k3s153| V| Pakasasa) (Pakashsa|V|ph kss)ss)
ph ’

€py T €ky = €py — €ky

x nz(l— ”4)(277) S(p1 + Es — P2 — 124% (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 found it convenient to set p1 — pa = ¢ €, and pj + p2 = Pé,. In this case we
write

ph(c) /N 2L+1 ! o ki 2 !
Fr 7 (s1828189) = ——— d cosPr(cosb) dos dksks d cos 03
3273
-1 0 max{0,yo0} max{—1,z0}

X Z (p’llmlsl53|V|k/12m25254>(k’l4m4s/254|V|p/lgm35’153>

l1lal3las354
mi1ma2Mms3maqg

x cos((mg — mq + ma — ma) @y ) P (cos O ) P (cos Oxs ) P (cos O ) P (cos O )
M,
kks cosf3sin0/2 + k7 sin?60/2’

><il2+l3_l1_l4N(llm112m213m314m4) (16)

where 7 = (51 —ks)/2, K = (P2 —k4)/2, yo = k(1 —2sin6/2) and zy = (K} — k3 —4k7 sin? 0/2)/(4k k3 sin 0/2).
The product of exponentials coming from the spherical harmonics has been simplified to a cosine by noting
that the imaginary part vanishes and that ¢, = ¢r-. 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,(s1525) %), namely,

(Smi|FPh|Smi) = Y €I L Co T Fi (s1s2shs)). (17)
518528}

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 subsection IT A.

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

ALIFS )| 1) ~ S (ks ts3|V[pka 1 sa) ok L salVIFiks 1 s3). (18)

8384

It is easily shown with momentum conservation (pj + ks = s + E4) that §” — k' = py — P» = ¢ .. In this case,
the free-space tensor force (~ 30§05 — & - 02) vanishes for |[Amg,| = 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, (1 + &%) - (p” x K ), the vector p” x K lies in the 2 — y plane and in this case the spin-orbit operator
(31 + &2) - (5" x k') has very restricted matrix elements which are nonvanishing only in spin-triplet states with
|Amg| = 1. Again, one of the matrix elements in eq. (18) will vanish for any possible values of s3 and s4. These
arguments indicate that at second-order only the interference of a spin-orbit interaction with any other (non-
spin-orbit) component 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 .7-'1()2) and ]—'éi) can have forbidden matrix elements for |[Am,| = 1 in the triplet

states, when summed together such terms cancel exactly. All other spin-space matrix elements of .7-'1()2) and .7-'1()’,11)
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 N2LO 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 ¢z remain for neutrons:

vem _ g4 GG

3n -2 -2

(—201m727 + c3q; - q}) , (19)

with parameters g4 = 1.29, fr = 92.4MeV and m, = 138MeV (average pion mass). The quantity ¢; 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 ¢; and c3 in eq. (19). When combined with the bare chiral N3*LO nucleon-nucleon
potential [19] we choose the values ¢; = —0.81 GeV~! and ¢3 = —3.2 GeV ™!, whereas with the low-momentum
nucleon-nucleon potential Viow_ixwe use ¢; = —0.76 GeV ! and c3 = —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 Bl Bk; Bl .
5<1>:—TU.U.U/ i iy (i3l Vanligl 20
3n 6 r 1,035,010 (27T)3 (27T)3 (277')3” njnl <Z-] | 3N|Z-] > I ( )

where Vs, = Van (1l — Pig — Pag — P13+ Pio Pog + P13 Pa3) is the fully antisymmetrized three-neutron interaction
and n; = 0(ky — |k;]) + (2m)0°(k; — p;) Ony,o,. Functionally differentiating twice with respect to the two
quasiparticle distribution functions yields

o R

As we will see in Section 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 |pj 2| = k.

IIT. 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:

(OB k) oGy 17
po — P 2/2My, +ie = po—p2/2M, —ic

1
= -2 — 72/2M,)0(ks — |7)). 22
oo 5220, T ic m(po — p % /2My)0(ky — [P]) (22)

Comparing with the expression given in eq. (12), the sum of diagrams (a)-(d) corresponds to ]-}()12)) + }',(31).

Expanding (1 — n3)(1 — n4) = 1 — ng — ng + n3ny in the pp diagram, we see that the term proportional to
nsny 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 hr(ky), kr(ky), and I;(ks) associated with the noncentral components of the quasiparticle
interaction. 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 Py, (p; - p2).

A. Pseudoscalar boson exchange to second order

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

2
o g S
V(Q)——WW'QQ'(J’ (23)
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 summations. The momentum transfer is
denoted by ¢, and the squared denominator in eq. (23) insures that all loop integrals converge. As discussed
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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.

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

2
g 1 1
im(kfy1>__§Z;§{Zz§1n(14-4u2)—-14_4u2}, (24)
2 2
@ (1+u 1 1
M®Mmﬁﬁ{M4wkww_F+fﬁ?’ (25)

with the dimensionless parameter u = ky/m. At second order, the direct contributions F(* and F(2¢ have no
noncentral components. The crossed term (b) of the iterated pseudoscalar-exchange diagram gives a contribution
to the exchange tensor interaction:

M 1 1+ 2u? 1
hao(k (2b) _ g n - _
olks) A8tm3 | 202 1+ w2 1+ 2u2
Y14 422 + 82t

dr ————5 tan 2z — arct 26
+/0 x (15 277 (arctan 2z — arc anx)}, (26)

4M,, 1 1 2 2 14 2u?

hl(kf)(%) _ 9 L +u In + 2u

: 16mm3 1+ 2u? w2 2ut 1+ u?

v u? — 222

—l—/o dx m(l + 42° 4 8z*)(arctan 2z — arctan x)} . (27)

Iterated pseudoscalar exchange does not include medium modifications 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 Section II, the particle-particle and hole-hole diagrams cannot generate the cross-vector
interaction). The associated L = 0, 1 exchange tensor Fermi liquid parameters are

40 ! ! ! 22
ho(k)2) = 9o d/dl/d
olks) 12r2k3 Jo ) ) e AP 1 B

42|y + 2| 22(A+BMWWW}
xdyz—a(@+y+z)— — LT (122 TR 28
{r=ate vy - T 0w T (29)
4 1 1 1 2

(2d) _ g M, / / £ 4 .2

hi(ky) 471_%? Odac _1dy _1dz T A2+ B Tt —xyz

_ Looa o o daly + 2|

+z(y + 2)(2 yz)—|—2(3yz Yy —z 1)+A+B—4

A+ B)no(w)

+z(1 — 2?)? +z—:v(— , 29
SRRt A+ BT (29)



Modified pseudoscalar boson exchange (k; = 1.7fm™ ")
ho [fmz] ko [fmz] hl [fmz] k1 [fmz]
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 || 1540 | —0210 || 0.713 | 0.129 |

| Analytical | 1552 [ —0.209 || 0.719 | 0.126 |

TABLE I: 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 egs. (26)—(37).

while the center-of-mass tensor Fermi liquid parameters are given by

4M 1 1 1 (E2
ko(ks)2) = I 2 [ g /dt/d
olky) 12e2k3 Jo ) ) et AP + B

82|y + 2| 9
_— 2% (2yz — 1
A+B—4+ 7 (2y2 )

8(1— 22 no(W)
A+B—A ﬁv}’ (30)

x{yz—x(?):v—i—y—i—z)—

+3+ 32 —22(1+2%)(y +2) +

(2d) 94M ! ! ! a? 4 2

ky(k = 2| d d d 3 2
DT = g x/ly/lz[uHAmuuBP{ T e (@4 ye)
822y + 2|
A+ B—4

1
+a(y +2)(2 — 207 —yz) + 5(33/222 —y? =221+

+ {x(y + 2)(3 + 4a?yz + 5at) — 4 — 32% — 224 (1 + y* + dyz + 2°)

)

with abbreviations: A = 1+ 2% — 22y, B = 1 + 22 — 222z, W = (z — y)?(x — 2)®> — (1 — y?)(1 — 2?) and
n = sign[(z — y)(z — 2)]. In fact, only the Pauli-blocked planar box diagram (d) gives rise to a center-of-mass
tensor interaction 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:

+22(5 — 2y* — dyz — 22%) (31)

8g* M, v z? u+x
ho(ks)?9) = 2 " — 2 2 _ 291 32
o(ky) 3r2mdu? J, x(1+4$2)4 ur + (u” — %) v (32)
8gM,, [ at(u®—22?) u+x
ha (k)29 = “ 2 22?1 : 33
1(ky) m2m3ut J, * (14 4z2)* uz + (u” —27) nu—:c (33)
The density-dependent vertex correction (g) can be split into a factorizable part:
4M, 4u? 1+ 2u?
ho(ky)?9 = L1 —In(1 + 4u? In(1 4 4u%) — 1 34
o(ky) 24m2m3u3 | 1 + 4u? n(l+ 4r) 4u? n(l+ 4w ’ (34)
4 2 2
2) _ 9 My 142w 9 9 2y a2 U
ha(kyp) 29 = - [ T In(1+4u*)| [(1 4+ u*)In(1 4+ 4u®) — 3u To a2 | (35)
and a non-factorizable part:
, iM “ 422 2ux(1l + 4u?)~t
ho(kp)29) = 927 [ o [ n(1 + 422) —
olks) 6m2m3u? J, v | (1 +427) 1+ 422 1+ 4u? — 422
n u? — z? ) (uv1 + 4u? — 422 + x)? (36)
n
(1 + 4u? — 422)3/2 (14 4u?)(u? — 22) ’
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, M “ 42 duz (1l + 2u?)
o (k)29) — 92 [ (1 + 422) —
1(ky) 8m2m3ut J v | (1 +427) 14+422 ] | (1 + 4u?)(1 + 4u? — 422)

u+z 1+(u2—x2)(6+4u2)1 (uV1 + 4u? — 422 + )2
u—z (1 + 4u? — 422)3/2 . (1 + 4u?)(u? — z2?) '

—1In

(37)

We note that diagrams (e)—(g), representing the particle-hole contribution, do not give rise to a cross-vector
interaction in agreement with the general argument presented in Section II. We now evaluate the expressions
given in egs. (26)—(37) choosing g = 5, m = 300MeV and ky = 1.7fm~'. In Table I we compare these semi-
analytical results to those obtained from a numerical evaluation of the second-order contributions as given in
Section 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

PN
‘/;0: )22(01+02)'(qxp)7 (38)

(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 Vj, to the quasiparticle interaction vanishes trivially since ¢ x p'= 0. The
direct term (a) of the planar box diagram gives the contribution

M, (54+12u2 5
ho(ky) ) = 2 {

2
28smmd | Tz 2 B4 )}’ (39)

with u = ky/ms, while the crossed term (b) contribution reads

4 2 u 2 4
o) 9sMn 1 14 2u 1 1442° 4+ 8z
ho(kjj)( ) — M{ﬁ ln 1 + u2 — 1 + 2u2 —+ . dI m(arctan 2$ — arctan ZZ?) . (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 .’II2
ho(kp)20) = Is2n [ /d‘/d-————— -
0( f) 67T2k13c 0 €L . Y . z [’U,_2+A]4 .I(I+y)
4%y + 2| 22 (A+ B)no(W) }
_ZPWAL L g 22 AT 2N 41
ar5—4 T AT “h

An, ot ! ! x2 8z2|y + 2|
kk(zc):gsnd/d/di—?) -—_
olks) 62k} Ox qy qzhr2+AP 23z +y) A+B—-4

8(1— 22 no(W)
ey 2l o R

with abbreviations: A = 14+ 2% —2zy, B = 1 + 22 — 222z, W = (z — y)?(x — 2)®> — (1 — y?)(1 — 2?) and
n = sign[(z — y)(x — z)]. Likewise, the crossed term (d) of the Pauli-blocked planar box diagram yields

4 1 1 1 2
2a) _ 9sMn /‘ / x
holks) 6n2kd Jo ™ Y | e AR 1 B
)2 (A+ B)no(W) }
(A+B—-4)VW |}’

+ {3 + 32 4222 (2yz — 1) — 2z(1 + 2} (y + 2) +

42|y + 2|

1_
A:5 4

x{yz—x(m—l—y—l—z)—

(24) g4M 1 1 1 ZC2
ko(k =222 [d d d —z(3
oh)® = 8 [[ar [0 [ o e e e+

8(1—2%)2 | no(W)
A+B—J ﬁv}' (44)

822y + 2|
A+B—-14

+[%%%z—n+3+&%—ma+x%@+@+
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Spin-orbit interaction (k; = 1.7 fm ™)
ho [fmz] ko [fmz]

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

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

The coupling to intermediate particle-hole states (e) in the crossed channel generates both exchange and
center-of-mass tensor interactions:

4 u 2
2¢) _ _ 9sMn x 2 gy 109 5o utw
ho(ky) Bra)tms /0 dx 1 429)1 ux(152° — 17u”) 5 (u® —z%) lnu—:c , (45)
294 M. oo (x? —u?) | u+x
kk(2e)257”/d72 2 _ 221 4
o(ky) 3m2u2m3 |, z (1+422)% | ur + (u” — %) b (46)
and for the Pauli-blocked crossed box diagram (f), the direct term produces the contributions
8giM, “ x3 [ u? — 22
NeH s Vin 2,2 3
_ 2
—6uz?ln 2 w2 423 In Z i— i} ) (47)
» 8g M, v x3 u? — 22
@f) _ 9sVin 2 2y 2
ko(ky) 3n2uZmd /0 dx (S [u(u %) — duz®In e
+x
—2(u® + %) In —= | 48
o+ 2L (18)
Finally, the crossed term of the vertex correction diagram (g) reads
649 M, 3y2 T+ /x2 + y2 —u2
ho (k)@ — 0495 / / d Reln 2V
o(ky) 71-2k3 Y (1 4+ 422)2(1 + 4y?)? uhem u+y
+32(u _x2)+u2—y [uRe\/IQ—I—yQ—uQ—xy}}, (49)
64g4M 3y2
ko(ks)?9) = =22 / / d
o(ks) 3n2kd YA+ 42221 + 452)2

Y2 2 2 Va2 vy —u? -
x{u2(u I)+u2_y2[uRe 24yt —u a:y} ) (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 gs = 10, ms; = 700MeV and ky = 1.7fm 1. In
Table IT 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 several Fermi liquid parameters, namely 2P ~ —pbl o _jppthitph
from our choice of scalar particle mass.

, is merely a coincidence resulting

C. Spin-nonconserving cross-vector interaction

As mentioned in subsection IT C, the origin of the spin-nonconserving quasiparticle interaction (proportional
to the cross-vector operator (o1 X 02) - (¢ X P)) is the interference of the spin-orbit component of the two-body
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@ === === S S

(1) (2) (3)

FIG. 3: Diagrammatic contributions to the quasiparticle interaction 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.

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:

‘/ct :Fc‘i'rls&l '52+Ft&1 (j&Q 'J+iFso(El +E2) . ((jxﬁ) (51)

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

0 5 ( c s) 50 5 1 70 ( c s) 50y 2 s4 ( s c) 505 ( )
0 21 tl so0 1 21 tl so» 2 231 tl so - ( )

Due to their different structure we have listed separately the interference terms with central and spin-spin inter-
actions and the “tensor-type” interaction I'y &1 - §2 - ¢. Our second-order calculation based on a decomposition
of the two-body potential into partial-wave matrix elements reproduced these analytical results with good nu-
merical accuracy. In the absence of the tensor term, the condition I'. = 3T'y (giving I;, = 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?2LO chiral three-nucleon force in neutron matter and derive expressions
for all 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 of L, but for brevity
we show only the formulas for the isotropic (L = 0) and p-wave (L = 1) parameters. As mentioned in subsection
IID, we keep only the two-pion exchange three-neutron force proportional to ¢; and c¢3. There are three one-loop

diagrams contributing to the effective interaction, shown in Fig. 3, which we label as V' ]‘f,d’i fori=1,2,3. Both

. : d,1 . d,2 o L
the pion self-energy correction Vy'x'"" and the vertex correction Vyy "~ 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 h in
the exchange channel. For the pion self-energy correction we find

S o . 2m3 2¢1 — c3)ud U
Folkp)medl) = (3 -7, - 75 + 2512(¢)) (gﬁ)zle { ( 11+ 452 —czu® + (e3 — 61)5 In(1+ 4u2)} , (54)
(med,1) L o game [ (2¢1 — ce3)u
Filky) = 3-71-02+ 2512((]))487T2f4 T + (6c1 — bes)u
3cg — 4
+ [2(03 —c1)u+ %} In(1+ 4u2)} , (55)

with w = ky/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
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. med,2
correction V'~ reads

L. . me’r 3c
Folkp)medd = (3 -G, -G, + 25’12(q))(2€ﬁrm{4—1; [8u4 +4u? — (1 4 4u®) In(1 + 4u?)

™

4
x |4u? — In(1 + 4u2)} +c3 {—2 (4u2 —In(1+ 4u2)) arctan 2u
u

48u* + 16u® +3 4 40u3 2 3
————I*(1+ 4+ —— —22u+ =+ ——
3207 w44t + = TR
12u* — 16uS — 30u® — 9 9
o In(1 + 4u )} } : (56)

(med,2) S o . 9,24m§r a1 2 2 2

x |8ut + 4u? — (1 + 4u®) In(1 + 4u2)} + % [8(4112 — (14 2u?)In(1 + 4u2)) arctan 2u
u

56u8 — 32u® — 60ut — 48u2 — 9
6us

8u® 3
+%(7—4u2) — 28u® 4+ 10u + E} } (57)

96u’ + 80u* + 22u2 + 3
1615

In?(1 + 4u?) + In(1 4 4u?)

Lastly, we compute the L = 0,1 Landau parameters associated with the Pauli-blocked two-pion exchange
diagram V| ]‘f,d’3, which has a more complicated spin structure than V), Jf,d’l and V' Jf,d’2. Both the direct and
exchange terms contribute, and the central components of the quasiparticle interaction read

Zm3 8cau®  3c3 —4c
Fo(ky)medd) — 19613r2f# {8(03 —c)u — ‘;) 4+ 28 LIn(1 + 4u?)
+(12¢; — 10¢3) arctan 2u + (1 + &, - &2)/ dz [201 72+ %3()(2 + 2Y2)} } , (58)
0
(med,3) S o 9,24m§r “ 2 2 2 2, 450
fl(kf) @) = (1 + 01 - 02) 1672 f4 ; dx 201(Za +27Z7) +cs (Xa +2X; + ch) . (59)

The auxiliary functions X,Y, Z; X,, Xp, X¢; and Z,, Z, are defined in Section 2.2 of ref. [2]. Concerning the
. . . . med,3 3
noncentral quasiparticle interaction, V'~ produces no tensor forces in pure neutron matter. However, one

expects V' Jf,d’?’ 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 = (1 % 82) - (4 x P) Y 11(ky) Pr(pr - po) (60)
L=0

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

F1 X 2) - (PL X 2) ~= =+ A
Fcross = ( : |ﬁ12)_’_](5'2|12 2) ZZL(kf) PL(pl 'pQ)a (61)
L=0

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

2.3
7 me GaAMy c
lo(kg)med:d) = (8?)% { u_g [16u4 — (14 4u?®)In?*(1 + 4u2)} (62)

1 144u?
+c3 4u3—8u——+ﬂ
u 2u3

1 1
2 2 2
In(1 + 4u )+<a— 16”5)ln (1+4u )]},
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2.3 4 2
~ me gam; 8 2 8u*+6u“+1
ll(kf)( 43 = m{%l [SU—E—E—FTln(l—FéLuz)
2u + 24u? 241
_32u” + 24u” + 8u” + n2(1 + 42)

8u’
N 20u o2 3 3 16u°+28u’ 18" +3
c —16u— - — — — —
3 ud  4ud 8u’
x In(1 + 4u?) + 1 (64u® — 20u* — 8u% — 1) In?(1 + 4u2)] } : (63)

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

lp = Z arplr, (64)
L'=0
with coefficients ar; = 2L +1 f dz+/(1 — 2)/(1 4+ 2)Pr(z)P/(z), which are all nonvanishing rational

multiples of 7. However, s1nce 1nﬁn1tely many terms are involved, this (exact) relation is of limited practical
use. The numerical results assuming the standard form, 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 sat-
uration density, are largely unconstrained by empirical data. Given 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 nonpertubative methods. As a benchmark we consider vari-
ational calculations [34] of neutron matter employing the high-precision Argonne v1g two-nucleon potential [35]
together with the Urbana UIX three-body potential [36], which provide a realistic description of light nuclei
and nuclear matter.

In the partial-wave representation of the two-body interaction the first-order contribution to the energy per
particle £ = E/A reads

_ ky _
B k1) = g - +1) [ dop? kg )2y +0) 0171915, (65)
sy

and the more intricate second-order contribution takes the form

B 6 2k ‘/kfc—p/2/4 00
ES) (kg) = 113 Z / dp’ '2/ dpp2/ dq >N (lymlam!lsmlym!)
(47)*k} 0 0 NG

l1l2l3ly
Smem! JJ' M

Xil2+l3_l1_l4 p2 CllmSmSClgm’Sm’ Clngmscl4m’Sm’ <pllSJ|V|QlQSJ> <ql4SJ’|V|pl3SJ’>
ZTp ZTq , ,
></ d cos HpPl’ln(cos 0p) P (cos 9p)/ dcosB,P[ (cosby) P/ (cosb,), (66)

—Tp —xgq

where z, = min{1, (k? —p2—p'?/4)/pp'} and z, = min{l, (¢* — k? +p'%/4)/qp’}. In the Appendix we provide
the analytical expressions for the second-order contributions to the energy per particle associated with the two
model interactions introduced in Section ITI. 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

- 2mS u? 2c
Egl)(kj) = (gﬁf 754 {(601 - 503)? arctan 2u — ?Suﬁ + (c3 —e1)ut
2 2
Ben—2e0)s + [ 2= 2+ L aes — 4e0)| 1+ 40)

1 “ 2 2 2
53 /0 dz [601H +c3(Gy +2GT)} } (67)
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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 = 2.5fm™!, 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].

with w = ky/mr. The auxiliary functions H, Gg and Gp are defined in eqgs. (24-26) of ref. [37]. These
interaction contributions are added to the relativistically improved kinetic energy per particle E_’kin(klf) =
3k]%/10Mn — 3k;¥/56M,31.

In Fig. 4 we plot the resulting equation of state of neutron matter for densities up to p >~ 1.5p9. 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 ¢; 3. 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 = 0.166fm ', K = 560 MeV and 650 MeV for the unevolved chiral interaction and low-momentum
potential Viow—_k, respectively.

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 Vigw—1k[22, 23] obtained by integrating out momenta beyond the cutoff
scale of 2.1fm~!. 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 h. In Table III we show the results for neutron matter with a Fermi momentum of k¢ = 1.7 fm™?
corresponding to a density of pg = 0.166fm 3. In both cases the Fermi liquid parameters decrease rapidly in
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kf=1.7fm™! Chiral N°LO Ve
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
g [fm? 1.053 | 0.613 | 0337 | 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

TABLE III: 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 Viow—_xat a resolution scale of 2.1 fm™" at first order in many-body perturbation theory.

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 fy. For both potentials, the compressibility IC of neutron matter at pp would be unphysically small. This
feature is shared by many leading-order perturbative calculations 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 = 0.16fm =3 is I ~ 520 MeV,
approximately 50% larger than that of the noninteracting Fermi gas [14]. The isotropic component of the spin-
spin interaction, go, is enhanced by ~ 15% at the resolution scale of 2.1 fm~!, while the isotropic component hg
of the exchange tensor interaction is reduced by a slightly smaller factor. The p-wave component of the spin-
independent quasiparticle interaction, f, 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 dimensionless 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
components of the quasiparticle interaction depending explicitly on the center-of-mass momentum P= P+ Pa-
In Table IV we display the Fermi liquid parameters associated with the second-order contributions (pp, hh
and ph) for both the chiral N3LO nucleon-nucleon interaction and the low-momentum interaction Vipw—_kin
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 f1, go, ho and kg. 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 susceptibility of neutron matter and reduce the isotropic
exchange tensor strength hg. Although individually large, the contributions to fy 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 magnitude 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 IV 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 {7, (k) in the
standard representation, eq. (60). In Fig. 5 we plot the density-dependent Fermi liquid parameters for the
chiral three-neutron force with low-energy constants ¢c; = —0.81 GeV~! and c¢3 = —3.2GeV~!. For densities
larger than p ~ 0.5pg the Landau parameters scale approximately linearly with the density. The largest effect
is a strong additional repulsion in the isotropic spin-independent parameter fy. In fact, at nuclear matter
saturation density pg, 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 po 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
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ky =1.7fm™" Chiral N°LO Vicw—k
L 0 1 2 0 1 2
Fm?T | 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[m* [ pp [[ 0225 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
| [[fm®] | ph ]| 0.135 [—0.031 [—0.279 || —0.062 [—0.147 [—0.161 |

TABLE IV: Second-order contributions to the L = 0, 1, 2 Fermi liquid parameters in neutron matter characterized by the
Fermi momentum k; = 1.7fm™'. We have separately listed the particle-particle (pp), hole-hole (hh) and particle-hole
(ph) contributions for both the bare N 3LO chiral NN interaction as well as the low-momentum NN potential View_iwith

Aow—x = 2.1 fm~?'.
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FIG. 5: (Color online) Density-dependent Fermi liquid parameters from the N2LO chiral three-nucleon force for the
quasiparticle interaction in neutron matter. The low energy constants have the values ¢; = —0.81GeV ™! and ¢3 =
—3.2GeV™L
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FIG. 6: (Color online) Density-dependent Fermi liquid parameters inlcuding first- and second-order contributions from
the chiral N®*LO nucleon-nucleon potential of ref. [19] as well as the N*LO chiral three-nucleon force to leading order.

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 cz [2]. From the Landau parameters fo and f; we obtain for the compression modulus of neutron matter
at kf = 1.7fm ™! the values K = 550 MeV and 660 MeV for the chiral and 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 pg 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 interaction the pion-self energy correction V| Jf,d’l

and vertex correction V| ]‘f,d’2 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 pp the magnitudes of the cross-vector Fermi liquid parameters [ ;2 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 = 2.5fm~!. 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 V at a Fermi momentum
of ky = 1.7fm~! together with the corresponding values from the low-momentum interaction Viw_xat the
scale A = 2.1fm~!. 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 ~ pg. In particular
the parameter fy 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 V we see that this
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kf =1.7fm ' Chiral N°LO ViZr o,
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
[ [fm?] —0.050 |—0.161 | —0.160 |[—0.295 [—0.330 [—0.029

TABLE V: Fermi liquid parameters for the quasiparticle interaction in neutron matter at a density corresponding to

a Fermi momentum of k; = 1.7fm~'. The low-energy constants of the N®LO chiral three-nucleon force are chosen
to be ¢; = —0.81GeV™" and ¢3 = —3.2GeV~! when employed together with the bare chiral NN interaction and
c1 = —0.76 GeV~! and c3 = —4.78 GeV ! with the low-momentum interaction View_x.

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

o0
> [ o + Gr =0. (68)
— 1+ FL/2L+1)  1+GL/2L+1)

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 [50]. The isotropic component of the spin-spin quasiparticle
interaction, go, decreases with the neutron density. For densities larger than pg, the density-dependence of g
is governed mainly by the three-neutron force contributions, which decrease go 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 Go = Npgo < —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 hg 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 novel center-of-mass tensor and cross-vector interactions are relatively
small in magnitude, but kg, Iy and I have a strong density dependence. From Table V 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 approximations the second-order two-body corrrection 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 XL = 600 MeV at nuclear matter saturation
density pg. 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 go from two-body forces are positive for the densities considered in the present work, though they decrease
in magnitude for increasing density. When combined with the medium-dependent loop corrections from the
leading-order chiral three-neutron forces, the Landau parameter gy 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 hyp,k; and l;, 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.

Work supported in part by BMBF, the DFG cluster of excellence Origin and Structure of the Universe, by
the DFG, NSFC (CRC110) and US DOE Grant No. DE-FG02-97ER-41014.
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VII. APPENDIX A: ENERGY PER PARTICLE FROM MODEL INTERACTIONS AT SECOND
ORDER

Organizing the second-order calculation of the energy density pE 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:

= M, (21
E(kf)(HQ) — ?87r)3 {2u 15u + 32 arctan 2u — 8—73(3 4 2002 )In(1 + 4u2)} 7 (69)
Fock diagram with two medium insertions:
_ g4M
E(kp)FD = 4 )”3 {2u2 — 7u® arctan u + 6v/2u® arctan(v/2u)
U

+(1 + 97) In(1 4 u?) — 3(% + 2u2) In(1 + 2u?)

u 1 4 2 8 4
+4/0 dr x(u — x)*(2u + x)%(arctanx — arctan 2:10)} , (70)
Hartree diagram with three medium insertions:
U+ Yy 58
E(ky)H3) / d / dy |2 - In 71
(kr) 327T4U3 o y |2ury + (" = 2%y u—xy|(1+s2)3’ (71)

Fock diagram with three medium insertions:

_ 3g*M,, T+u2 422 1+ (u+2)?]? vt
E(ks)F3) = d - 1 2/d/d
(k) 64mtud Jo v 4z n1+(u—:17)2 e _1y _12

9 -1 2
><yz (y"+2"—1)

ﬁ{ L CAREERLS) S

with abbreviations v = ky/m, s = zy + /u? — 22 + 22y? and t = 2z + Vu? — 22 + 2222
For the spin-orbit interaction, eq. (38), at second order the analogous expressions read

_ M, (5u 2ud 3 3+ 28u?
Bl H2) = Gen 002U 5 etan2u+ S o 10 (1 4 402 73
(k) Rk 3 ™ arctan 2u + 68 n(l+4u®) ¢, (73)
_ M 2
E(k:f)(m) - (925 ] {%—4u3arctanu+3\/§u3arctan(\/§u)
U

+(1 4+ 3u?) In(1 + u?) — 3(% + u2) In(1 4+ 2u?)

u 1+ 422 + 82
+2/0 dr x(u — x)%(2u + x);fiﬁ(arctanx — arctan 21:)} , (74)

4 u 1 2
_ gs M, ou
E(ks)H3) = o1 d:mc2/_ldy [2u;cy(T + 222 — 3x2y2)

4 3 2
+(u? — 2%y%) (u? + 227 — 32%y%) In ut :vy] i)

(1+s2)3

4 u 2 2 272 1 1
E(kp)FD = 395 Mn dx — u—1+u Rk ln1+(u+x) +:172/ dy/ dz
1674us J, 4 14 (u—x)? Y
9 -1 2 t2
(YO 2 D) [m (1482)— — 2} {111(1—1—152) - —2] : (76)
yz|‘/y +Z2 1+S 1+t

where © = ky/ms. An interesting feature of the second-order spin-orbit interaction is that for large mass m
the Hartree 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 eq. (66) agree on the
per mille level.

U — Y
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VIII. APPENDIX B: FORWARD SCATTERING AMPLITUDES FOR MODEL INTERACTIONS
AND CHIRAL THREE-NUCLEON FORCE

The forward scattering amplitude for two quasiparticles on the Fermi surface receives the following contribu-
tion from pseudoscalar boson exchange eq. (23) at second order in many-body perturbation theory:

4 2
oL L L. gtM, 7 2u(3 4 20u?)
]'—(pl,pl)_(1—0’1-02)m{arctan2u—§—m y (77)
with u = ky/m, while one gets from a scalar boson exchange, Ve (q) = —g%/(m? + ¢?), at second order:
4
M,
F@,p) = (1 -6 - 32)1’&7%3(2 arctan2u — 7). (78)

The spin-orbit interaction eq. (38) at second order leads in fact to a vanishing contribution to F(p1,p1). Fur-
thermore, the N2LO chiral three-neutron interaction treated at first order gives rise to a quasiparticle forward
scattering amplitude of the form:

I Lo game dezu’
FGup) = (1-6 -02>196A7ﬁ{4u<03 o) - =%
303 — 401 2
+(6¢1 — 5e3) arctan 2u + —o In(1 4+ 4u?) ¢, (79)
u

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 p5 — p7. The important feature about these forward scattering amplitudes
is their proportionality to the operator (1 — &y - 7). It makes them to vanish identically in the spin-triplet state
as required by the Pauli principle.

Next, we investigate the convergence of the Legendre polynomial expansion of the quasiparticle interaction in
the simple case of one-pion exchange. The obvious vanishing of one-pion exchange in forward direction (¢ = 0)
implies that the following sequence converges to zero:

S, = zn:(2L+ 1)/1 de Pr(z)—2=2) (80)

= 1 14+ 2u2(1—2)’

with w = ky/m, and the prefactor from coupling constants has been omitted. Choosing ky = 1.7 fm™!, we list
below the values of S,, (divided by Sp) at u = 2.48 for various increasing n:

n Sn/So

5 0.23
10 0.04 (81)
15 0.006
20 0.0001.

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