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Tensor Fermi liquid parameters in nuclear matter from chiral effective field theory
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‘We compute from chiral two- and three-body forces the complete quasiparticle interaction in symmetric nuclear
matter up to twice nuclear matter saturation density. Second-order perturbative contributions that account for
Pauli blocking and medium polarization are included, allowing for an exploration of the full set of central and
noncentral operator structures permitted by symmetries and the long-wavelength limit. At the Hartree-Fock level,
the next-to-next-to-leading order three-nucleon force contributes to all noncentral interactions, and their strengths
grow approximately linearly with the nucleon density up to that of saturated nuclear matter. Three-body forces
are shown to enhance the already strong proton-neutron effective tensor interaction, while the corresponding like-
particle tensor force remains small. We also find a large isovector cross-vector interaction but small center-of-mass
tensor interactions in the isoscalar and isovector channels. The convergence of the expansion of the noncentral
quasiparticle interaction in Landau parameters and Legendre polynomials is studied in detail.
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I. INTRODUCTION

Fermi liquid theory [1-4] is widely used to describe the
transport, response, and dynamical properties of nuclear many-
body systems [5—-13]. The key quantity in this theory is the
quasiparticle interaction, defined as the second functional
derivative of the energy with respect to the quasiparticle
distribution function. For many years the primary focus of
investigation has been the central part of the quasiparticle
interaction and its associated Fermi liquid parameters, which
are directly related to static properties of the interacting
ground state such as the incompressibility, isospin-asymmetry
energy, and magnetic susceptibility. The central terms include
scalar operators in spin and isospin space, but more recently
noncentral contributions [14,15] that couple spin and mo-
menta have been studied together with their impact on the
density and spin-density response functions of neutron matter
[16-19]. Extending these results to nuclear matter with equal
numbers of protons and neutrons and to systems with arbitrary
isospin asymmetry will be needed to better understand neutrino
transport and emissivity in neutron stars, proto-neutron star
cooling [20], electron transport in neutron stars [21], the
evolution of shell structure and single-particle states in nuclei
far from stability [22,23], and nuclear collective excitations
(spin and spin-isospin modes together with rotational modes
of deformed nuclei) [24-26].

An important motivation of the present work is to pro-
vide microscopic guidance for the tensor forces employed
in modern mean field effective interactions and nuclear en-
ergy density functionals. Including as well new estimates
and uncertainties on the central Fermi liquid parameters,
which are more directly related to nuclear observables, the
present study will complement other recent efforts [27-32] to
constrain energy density functionals from microscopic many-
body theory. The importance of tensor forces in mean field
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modeling is a question of ongoing debate. While there is
skepticism [33,34] that tensor forces can lead to a meaningful
improvement in fits to nuclear ground state energies, there is
strong evidence that the description of single-particle energies
[22,23,35,36], beta-decay half-lives [37], and spin-dependent
collective excitations [25,26] are systematically improved
with the inclusion of tensor forces (for a recent review, see
Ref. [38]). One of the main driving questions is the extent to
which the effective medium-dependent tensor force in mean
field models resembles the fundamental tensor component of
the free-space nucleon-nucleon interaction arising from = + p
meson exchange. A main conclusion of the present work is
that the proton-neutron effective tensor force is enhanced over
the free-space tensor interaction due to three-body forces and
second-order perturbative contributions. On the other hand, the
proton-proton and neutron-neutron tensor forces are consider-
ably smaller in magnitude. In addition, we find evidence for a
large isovector cross-vector interaction that to our knowledge
has not been previously studied in phenomenological mean
field modeling of nuclei.

The quasiparticle interaction can be computed microscop-
ically from realistic two- and three-body forces starting from
the perturbative expansion of the energy density and taking
appropriate functional derivatives with respect to the distri-
bution functions. For nuclear or astrophysical systems with
densities near or above that of saturated nuclear matter, it
is essential to consider the effects of three-body forces. To
date three-nucleon forces have been included in calculations
of the central and exchange-tensor quasiparticle interaction in
nuclear matter [39—44] and the full quasiparticle interaction
in neutron matter [45]. In the present work our aim is to
extend the calculations in Ref. [45] to the case of symmetric
nuclear matter. This is a natural step before considering the
more general case of isospin-asymmetric nuclear matter.

©2018 American Physical Society
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We take as a starting point a class [46-51] of realistic two-
and three-body nuclear forces derived within the framework
of chiral effective field theory [52-54]. The two-body force
is treated at both next-to-next-to-leading order (N2LO) and
N3LO in the chiral power counting, while the three-body force
is only considered at N2LO. Although the inclusion of consis-
tent three-body forces at N3LO [55,56] in the chiral power
counting will be needed for improved theoretical uncertainty
estimates [57-59], the present set of nuclear force models has
been shown to give a good description of nuclear matter satu-
ration [50,60], the nuclear liquid-gas phase transition [61], and
the volume components of nucleon-nucleus optical potentials
[62,63] when used at second order in many-body perturbation
theory. In addition to the order in the chiral expansion, the
resolution scale (related to the momentum-space cutoff in the
nuclear potential) is varied in order to assess the theoretical
uncertainties.

The paper is organized as follows. In Sec. II we review
the derivation of the quasiparticle interaction and associated
Fermi liquid parameters from microscopic nuclear two- and
three-body interactions. We present a general method to extract
the central and noncentral components of the quasiparticle
interaction from appropriate linear combinations of spin-
and isospin-space matrix elements. We also benchmark the
numerical calculations of the second-order contributions to
the quasiparticle interaction against semianalytical results for
model interactions of one-boson exchange type. In Sec. III
we present analytical expressions for the Landau parameters
arising from the leading N>LO chiral three-body force together
with numerical results for the second-order contributions from
two- and three-body forces. We end with a summary and
conclusions.

II. QUASIPARTICLE INTERACTION IN SYMMETRIC
NUCLEAR MATTER

A. General structure of the quasiparticle interaction

The quasiparticle interaction in symmetric nuclear matter
has the general form [15]

F(p1.p2) = A(p1.p2) + A(p1.p2)71 - o, (1
where
A(p1.p2) = f(p1.p2) + g(p1,p2)o1 - 02
+h(p1,52)S12@) + k(B p2)S12(P)
+0(P1,p2)@1 X 32) - (§ % P), )

and analogously for A" with the replacement { f,g.h,k,} —
{f'.g' .0 ,k',£'}. The relative momentum is defined by é =
P1 — P2 and the center of mass momentum is given by P =
p1 + P2. The tensor operator has the usual form Sy»(d) = 307 -
90, - © — 01 - 62. The interaction in Eq. (2) is invariant under
rotations, time-reversal, parity, and the exchange of particle
labels. The presence of the medium breaks Galilean invariance,
and two new structures [the “center-of-mass tensor” § lz(ﬁ) and
“cross-vector” (61 x 62) - (§ x 13) operators] arise [15] that
depend explicitly on the center-of-mass momentum P. Neither
of these terms are found in the free-space nucleon-nucleon
potential.

By assumption the two quasiparticle momenta p; and p,
lie on the Fermi surface (|p1| = |p2| = k) and therefore the
scalar functions { f,g,h.k,¢, f',g',h',k’,£'} admit a decompo-
sition in Legendre polynomials:

F(Pr.p2) =) fulky)Pr(cos 6),

L=0

f'Brp) =Y fi(kp)P(cos 0), ... 3)

L=0

where cos = p;-p, and g =2kssin(@/2) and P =
2k cos(6/2). The expansion coefficients fi,f],... are re-
ferred to as the Fermi liquid parameters. In relating the Fermi
liquid parameters to nuclear observables, it is often convenient
to multiply by the density of states

No = 2M*k /7, )

with M* the effective nucleon mass, to obtain dimensionless
parameters F;, = Nofr,....

The ten scalar functions in Eq. (2) can be extracted from
linear combinations of the spin-space and isospin-space matrix
elements, but the decomposition will depend on the orientation
of the orthogonal vectors g and P. For instance, if P = PZ and
g = qX, then

f= (6]:11,1;1,1 + 3]:11,0;1,0 + 3}-&0;0,0

+2F0 100+ Froro + Foooo)/ 16,
= QF 11+ Floao + Foooo

- 2-7:?,1;1,1 - -7:?,0;1,0 - fg,o;o,o)/m’
8§ = (6]:11,1;1,1 + 3]:11.0;1,0 - 9]:(},0;0,0

+ 27 10+ Froro — 3F0000) /48,
g = QF 111+ Floro—3F0000

- 2]'—?,1;1,1 - ]:10,0;1,0 + 3]'_(()),0;0,0)/48’
h=(GF 1+ Fu)/12,
h = (-7:11,1;1.—1 - ‘F?,l;l,—l)/lz’
k= (3F! 110 —3F 010+ 3F 11

+JT'{1),1;1,1 - ]'-?,0;1,0 + ‘7:?,1;],—1)/24’
k' = (-7:11,1;1,1 - -7:11,0;1,0 + }—11,1;1,71

— i+ Floro—Flii-1)/24,
€= (3F 100+ ]:?,1;0,0)/4\/5’

¢ = (Fi 100 — 1,1;0,0)/4\/5, (3)
with the notation .FST’mS;S,’m,_ = (Sm,T|F|S'm.T).

The quasiparticle interaction is defined as the second func-
tional derivative of the energy E with respect to the occupation
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probabilities 7 5,

SE = Z €5, 0 s

Pisit
l = -
+ E Z Jr(plsltl;p252t2)8n13131t| Bnﬁzxztz, (6)
pisit
Dasaly

where €2 is a normalization volume. The quasiparticle inter-
action F in momentum space has units fm?, s; labels the
spin quantum number of quasiparticle i, and #; labels the
isospin quantum number. In the present work we consider
contributions to the quasiparticle interaction up to second order
in many-body perturbation theory.

B. Two-body force contributions

The first- and second-order terms in the perturbative
expansion of the ground-state energy from two-body forces
are given by

1 R
Eyy =5 > minglijIVawli), )
ij
nin iy,

1 =
Efy = 3 2 [Vanlmn)? . ®

eite;—ey—ey

ijmn

where n; = Q(kf — |l§,|), flj =1- n; = 9(|];| — kf), andV
indicates an antisymmetrized interaction. In Egs. (7) and (8)
the sums run over momentum, spin, and isospin.

Functionally differentiating Eq. (7) with respect to (arbi-
trary distribution functions) n; and n, yields for the first-order
contribution to the quasiparticle interaction

}é}\;(ﬁlsm; Pasatr)
= (12|V,n]12)

= (P1s111; Pasata| Von | Pisiti; Pasata), &)
|

shown diagrammatically in Fig. 1(a). Since this is just a matrix
element of the antisymmetrized free-space nucleon-nucleon
potential, only the four central and two exchange-tensor terms
in the quasiparticle interaction can be generated and the
total spin S = (67 + 02)/2 (with associated quantum number
S) is conserved. From the second-order energy in Eq. (8),
three different contributions to the quasiparticle interaction
arise which are distinguished by intermediate particle-particle,
hole-hole, and particle-hole states shown diagrammatically in
Figs. 1(b)-1(d), respectively. They have the form

1 [12|Voy |mn) i,

f.(2pp) g e = ) = — 10
ov (P1siti; pasatz) 2; €l +e—€y—6, (10)
L 1 [ijIVan[12)Pnin,
F2hh) f: PR Z L 11
N (plsl 15 D252 2) 5 7 E,'+6j_51_62 ( )
L [(Lj1Van|22) *n ;i
FalP(Bisiti; pasat) = =2 E : - — (12)
jn

€1+€; —€—¢€

Equations (9)—(12) can be evaluated for realistic nuclear
interactions by first decomposing the potential matrix elements
into partial-wave sums. The Fermi liquid parameters are then
obtained by integrating over the angle 6 between p; and p, with
appropriate Legendre polynomials as weighting functions. For
the first-order term, as well as the second-order particle-particle
and hole-hole diagrams, the partial-wave decomposition is
straightforward since the two quasiparticle states are both in
the incoming or outgoing state. However, the evaluation of
the second-order particle-hole diagram is more complicated
due to the cross coupling of the quasiparticle states in one
incoming and one outgoing state. We state here the final
expressions, and for additional details the reader is referred
to Ref. [45]. As already mentioned, the first-order contribution
to the quasiparticle interaction is just a matrix element of the
antisymmetrized free-space potential:

F(Smem/; Ty = 167 2L + 1) Y i /@ + D@ + 1) (10 Sm,| T M)

mwJj

kg
x(l/OSm;|JM)/ dp
0

where p = g /2. The second-order terms are given by

16(2L 41
f£2pp)(5msm;; T) = %
F lllzl3l4mm’
i JJ' M
M

A+l —l —ly p I M
l C/]mSmx

Xp2_k2

X ply SIT|\VonlklySIT ) (klySJI T |Van | plzSJI'T),

, , min{xg,1}
JM J'M J'M
ClzrhSrhvclgm’Sm;ClﬂﬁSnix/

kﬁz (pISIT|Von|pl'SIT) Py (1 —2p*K2), (13)
f

kp 00
> dp pPL(1—2p*[k7) f dk K> N(lymlymlzm'Lyn) P/ (0) P (0)

p

dx P,’:'(x)Plf’(x)

max{—xg,—1}

(14)
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FIG. 1. Diagrams contributing to the quasiparticle interaction (all interactions represented by wavy lines are antisymmetrized): (a) first-order,
(b) second-order particle-particle, (c) second-order hole-hole, and (d) second-order particle-hole diagrams.

16Q2L + 1 k
]-"fhh)(Smsm;;T): QL+1) Z

F V4 /
dp P (1= 2p°/k) /0 dk I N (imbiilym! L) Py (0) P (0)

2
kF 11121314mm/ 0
g J ' M
htli—h—lap M pIM  AI'M )M mint=o.1) ' C
X kZ_—21 e 4Cl]mSmelzmSmelgm’Sm;CluhSrhx / dx Pl;n(x)PlZn(x)
V4 max{xp,—1}
X plySIT|VanlklySIT ) (klySJT T |Van | plzSJI'T), (15)
) 16QL +1) (% 2 ks :
fzzph)(smzslsé;t1t2t{té) = —( 3 ) dp PPL(1 - 2P2/k3‘)/ d¢3/ dk3k§/ dcosts
7ka 0 max{0, yo} max{—1,z0}
X Z (p'limysis3tit| VK lamasysatats) (K lamasysatyta| V| p'lzmss| sstit3)
11121314‘?3‘?4
mypmomsmy
x cos((msz —m| +my — m4)¢pr)Pl’1"' (cos Gp,)PZ:_"z(cos Qk’)P1T3 (cos Qp,)Pl’:“(cos Or)
M
i+l —l—ls
X 1 N(imibhmsylzmslamy) ————, 16
(limylomalzmsly 4)p2+k3pc0s93 (16)
[
where in the particle-particle and hole-hole diagrams spin-orbit interaction of the form
k=(ks—ke)/2,  xo= (K —p)/QkNk; —p*),  x= |
cos6, P/ are the associated Legendre functions, and V,=g?"——, (18)
N(lymilbmalsmslyms) = N[ N> N/ N;"  with N = m* +q*
VQI+ DI —m)!/T+m)!. In the particle-hole diagram g2i(@+02)-(Gxp)
we have additionally p’ = (p; — k3)/2, k' = (P2 — k4)/2, Vio = ) m?+q2 ’ (19)

yo=ks—2p, and zo = (k7 — k3 — 4p*)/(4ksp). From the
matrix elements of the second-order particle-hole contribution
in the uncoupled spin and isospin basis, it is trivial to generate
through recoupling the terms needed in Eq. (5) to extract the
Fermi liquid parameters.

Given the numerical complexity of Egs. (14)—(16), we
benchmark our codes against semianalytical results from
model interactions. As a first case we consider a modified
pseudoscalar interaction of the form

01-q02-¢q.
Vps = gzmﬁ - T, a7
where ¢ is the momentum transfer, g is a dimensionless cou-
pling constant, and m is the mass parameter chosen to be large
enough to achieve good convergence in momentum integrals
and partial wave summations. We choose for concreteness
g =6 and m = 600 MeV. As a second interesting case, we
consider the interference between an isoscalar central and

where p is the incoming relative momentum. We choose the
same values for g and m as in the modified pseudoscalar case
above.

In Ref. [45] it was shown that the second-order particle-
particle and hole-hole diagrams can only generate the central,
relative momentum tensor, and center-of-mass tensor compo-
nents of the quasiparticle interaction. In fact, only the combi-
nation of a spin-orbit force with any non-spin-orbit force in the
second-order particle-hole diagram can lead to a cross-vector
term. These general conclusions are exemplified for the test
interactions considered in Egs. (17)—(19). In particular, the L =
0,1 isoscalar relative-momentum tensor and center-of-mass
tensor Fermi liquid parameters from modified pseudoscalar
exchange at second order are shown in the left and middle
plots of Fig. 2 employing both the partial-wave decomposition
in Egs. (14)—(16) as well as semianalytical expressions similar
to those in Sec. III of Ref. [45]. The isovector contributions
only differ from the isoscalar contributions by integer factors
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FIG. 2. Comparison of the L = 0,1 noncentral Fermi liquid parameters in nuclear matter from modified pseudoscalar exchange at second
order (left and middle plots) as well as from the interference of a central and spin-orbit interaction in the particle-hole channel (right plot).
Results from both a partial-wave decomposition and semianalytical calculation are compared and found to be in excellent agreement.

and therefore are not shown explicitly. The modified pseu-
doscalar interaction at second order also gives rise to central
components of the quasiparticle interaction, but these have
been considered in a previous work [64]. From Fig. 2 we see
that the numerical agreement across the full range of densities
considered, 0 < p < 0.32 fm ™3, is excellent. In the rightmost
plot of Fig. 2 we show the Fermi liquid parameters associated
with the cross-vector interaction from the interference term
between a central and spin-orbit force. Again the numerical
agreement between the two methods is very good.

C. Three-body force contributions

We next consider contributions to the quasiparticle interac-
tion from three-body forces. The Hartree-Fock energy is given
by

! R
Eqy = ¢ D mmmilijkIVavlijh). (20)

ijk

where the totally antisymmetrized three-body potential
is defined by V3N =0 —Pip— Pi3— P+ PPy +
P13 P13) V3. In the present work we employ the N2LO chiral
three-body force, which includes a long-range two-pion
exchange component V321(,’ , a one-pion exchange contribution
VT and a pure contact force Vi, The two-pion exchange
three-nucleon interaction has the form

8 0G0 papap
_ J o ragh
87 (@° +m2)(q;” +m2) ©

ij
where g4 = 1.29, f, = 92.2 MeV, m, = 138 MeV denotes
the average pion mass, g; denotes the difference between the
final and initial momenta of nucleon i, and the isospin tensor
F, ‘;‘fj is given by

2
V31</T =
i#j#k

2

1
Fi(;k = 8aﬂ(—4clm72, + 26‘3(?]} (?]) + qe“ﬂyr{&k . (L-jl X 671)
(22)

The one-pion exchange component of the three-nucleon inter-
action reads

8ACD
8fdAy g;* 4+ m?2

0j-qj - - -

15,4
Viy = 0i 4T

i#j#k

(23)

. Ti’

where A, =700 MeV. Finally, the three-nucleon contact
interaction has the form

= Y

i#j#k

In pure neutron matter only the terms proportional to c;

and c3 contribute to the ground state energy and quasiparticle

interaction, but for symmetric nuclear matter in general all

terms are needed. Taking two functional derivatives of Eq. (20)
with respect to n; and n; yields

CE - o
— T T

217 Ay e

L 1 R
FinBisit.prsst) = 3 3 mil(i12[Vayli12)

+ (12| Van|1i2) + (12i[V35]12i)].
(25)

Since the three-body force is symmetric under the interchange
of particle labels, we can rewrite Eq. (25) without loss of
generality as

FiN(Brsit. pasata) = » i (i12[Vayli12).

1

(26)

In general there are nine distinct direct (and exchange) con-
tributions to the quasiparticle interaction from a three-body
force. In Fig. 3 we show the direct terms from the N2LO chiral
three-nucleon interaction (exchange terms can be obtained by
swapping the two outgoing lines). As seen in Fig. 3 there are
three topologically distinct contributions from the two-pion
exchange three-body force Vfﬁ. Contribution “(2)” represents
the sum of four reflected diagrams, while contribution “(3)”
represents the sum of two reflected diagrams. The one-pion
exchange contribution V31](,T gives rise to two topologically
distinct diagrams, shown as “(4)” and “(5)” in Fig. 3. Finally,
there is a single diagram “(6)” coming from the three-body
contact force Viy™. As shown in the Appendix, this diagram
contributes only to the central components of the quasiparticle
interaction.

Atsecond order in perturbation theory we include the effects
of three-body forces by first constructing a density-dependent

two-body force Vzn,{,ed, as described in detail in Refs. [65,66].

In Egs. (10)—(12) we then replace Vo with V;flf, =V +

—med . N
V;n:, . This approximation accounts for only a subset of the
full second-order contributions from three-body forces.
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(1) (2) (3)

\
(4) (5) (6)

FIG. 3. Diagrammatic contributions to the quasiparticle interaction in symmetric nuclear matter generated from the three terms in the N2LO
chiral three-body force. The short double-line symbolizes summation over the filled Fermi sea of nucleons. Reflected diagrams of (2) and (3)

are not shown.

II1. RESULTS

In the present section we focus on the noncentral compo-
nents of the quasiparticle interaction from the five different
chiral nuclear forces {n2lo450, n210500, n3lo414, n310450,
n310500} [46-51]. We focus primarily on the role of three-
body forces and second-order perturbative contributions. The
quality of the nuclear force models and perturbative many-
body method is benchmarked by comparing the nuclear in-
compressibility, isospin asymmetry energy, and effective mass
(which are related to specific central Fermi liquid parameters)
with empirical values. We also study the convergence of
the expansion of the quasiparticle interaction in Legendre
polynomials for both central and noncentral forces.

A. First-order perturbative contributions
to Fermi liquid parameters

At first order in perturbation theory, two-nucleon forces
contribute only to the relative momentum tensor noncen-
tral Fermi liquid parameters (Hy,H,) due to the underlying
Galilean invariance of the free-space interaction. In Fig. 4 we
show as solid-circle and solid-square symbols the magnitude
of the dimensionless Fermi liquid parameters (Hy,H;) and
(H{, H{) from two-body forces as a function of density. The
error bars are calculated as the standard deviation of the
results from the five nucleon-nucleon potentials considered
in the present work and represent an estimate of systematic
uncertainties in the construction of realistic two- and three-
body force models. Note that here and in the following sections,
we employ in the density of states, Eq. (4), the Landau
effective mass computed from the full quasiparticle interac-
tion including second-order perturbative contributions [see
Eq. (42) below]. The Hartree-Fock single-particle spectrum is
used only when calculating the energy denominators in the
second-order perturbative contributions to the quasiparticle
interaction. Comparing the results from two-body forces in
Fig. 4, we find the approximate relationship Hy >~ —3 H} and
H, ~ —3H/, which in fact exactly holds for all L in the case
of a pure one-pion exchange (OPE) nucleon-nucleon potential
[39].

Next we present analytical expressions for the noncentral
Fermi liquid parameters in nuclear matter from the N2LO
chiral three-nucleon interaction. The associated low-energy
constants {c;,c3,c4,cp,cg} have been fitted separately for each
nuclear potential and are compiled in Table 1.

We present individually the Fermi liquid parameters arising
from the five diagrammatic contributions in Fig. 3. The pion

. d, 1 .
self-energy correction Vy'y" leads to a relative-momentum
tensor interaction

2.3.5 pl
8amzu
h :—3h/:—/d 1—202L+1
L L= S | 42 9LED
aut(z—1) —¢

P& T ea o

(27)
where u = ky/m, and P(z) is the Legendre polynomial

of degree L. The pion-exchange vertex correction, V;,n,f,d‘z,
likewise gives rise to relative-tensor force of the form

hy = 3 — _8iMa /1 4o L= DCL+DPL@)
omafot ) 1+ 2u%(1 - 2)

(c3+ca)(3 —2) — 4y
u

64u?
X { SM (c3 — 2c4) arctan 2u+[

+4uBcy —4cy —c3 — (3 +¢4)2) + :| In(1 + 4u?)

8u* 32u°
+4(cs +C4)uz<1 ou? - %) + 9” (5¢3 — Tes)

4
4813 (dey — 3es + 5ca) + ?”(uc1 ey — c4)}. (28)

Since V)5 and Vyeh? renormalize the one-pion exchange
interaction through self-energy and vertex corrections, the as-
sociated Fermi liquid parameters obey the generic relationship
hi, = —3h/, as seen explicitly above.

The Pauli-blocked two-pion exchange contribution, Vs,
gives rise to a richer set of spin and isospin structures that lead
to contributions to all of the noncentral Fermi liquid parameters

TABLEI. Low-energy constants associated with the N2LO chiral
three-body force for the five different nuclear potentials considered
in the present work. The constants ¢y, ¢3, and ¢4 have units GeV~!,
while ¢p and ¢y are unitless.

Cy C3 C4 Cp CE
n210450 —0.81 —3.40 3.40 —0.326 —0.149
n210500 —0.81 -3.40 3.40 —0.165 —0.169
n3lo414 —0.81 —3.00 3.40 —0.400 —0.072
n310450 —0.81 —3.40 3.40 —0.240 —0.106
n310500 —0.81 -3.20 5.40 —0.200 —0.205
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FIG. 4. First-order perturbative contributions to the dimensionless L = 0,1 Fermi liquid parameters of the relative tensor interactions as a
function of density. Results for both two- and three-body forces are included.

(h,h' k,k',£,£). For the relative tensor interaction we find

hy = 3,
_ gacamyu® ) (1 — [u(l +2) — I(x + y)I?
RGN / al / dx/ dy/ WL DR e+ 2 — s+ @ + B —2ly) )

withz = xy + /(1 — x2)(1 — y?2) cos ¢. The center-of-mass tensor Fermi liquid parameters in the isoscalar and isovector channel
are given by

gAC4m u? 2
k= =3k, = S e /dll / dx/ dy/ dp 2L + 1)PL(2)
X(l—z)[u(l+z)—l(x+y)]2+2z2(x +y2 4272 —1-2xy7)

(1 +2)(1 +u?+12 = 2ulx)(1 + u? + 12 — 2uly)

(30)
We note that the relative tensor interaction exhibits the same relationship, k; = —3k} , between the isoscalar and isovector

components as the relative-momentum tensor interactions above. Finally, the Pauli-blocked two-pion exchange diagram produces
a cross-vector interaction with Fermi liquid parameters,

3gam,u
0 = 32/;13]‘4/6”12/ dx/ dy/ d¢(2L+1)PL(Z)1/

2¢1 + (c3 — e)ll? — ul(x + y) + u’z]

XWU+O_KX+”%LF2+ﬂ—hMXLHﬂ+ﬂ—MUY 3D
, gam_u
t), = 3;n3f4/ zzzf dx/ dy/ de 2L + l)PL(Z),/
6c1 4+ Bz + c)[I? — ul(x + y) + u?z]
X<l 42 = o+ I T T 2w+ a2 1 2 = 2uly)’ (32)
~ 3gimiu
7, = 16;}(4 / dlﬂ/ dx/ dy/ dp 2L + 1)PL(z)
2¢; + (3 — e)ll? — ul(x + y) + u’z]
X+ ) = ) e o 42 + 12 = 2uly)’ 3)
~ Am u 2
7, = 16n3f4/ dll / dx/ dy/ de 2L + 1)P(2)
2 2
< [l + 2) — 1x + )] 6¢1 + (Bes + c)[l” — ul(x + y) + uz] (34)

(I 4+u? 412 = 2ulx)(1 + u? + 12 — 2uly)’
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FIG. 5. First-order perturbative contributions to the dimensionless L = 0,1 Fermi liquid parameters of the center-of-mass tensor and
cross-vector interactions as a function of density. Only three-body forces contribute at the Hartree-Fock level.

In Eqgs. (31)—-(34) we have employed two versions of the
cross-vector quasiparticle interaction in terms of Fermi liquid
parameters:

Feross = 31 % 62) @ x )Y tr(kp) P(pr - po). (35)
L=0

and
(01 x 02) - (p1 X p2)

Feos = T F P

S 2tk) Ppr - o), (36)
L=0

the latter being more convenient in calculations of nuclear
response functions [19]. In pure neutron matter VI{,n[‘f,d’3 gives
rise to only central and cross-vector interactions [45]. In
the present symmetric nuclear matter calculation also the
relative tensor and center-of-mass tensor terms are generated
due to the three-body force proportional to the low-energy
constant c4.

The medium-dependent vertex correction, V,{,",f,“, from the
one-pion exchange three-body force leads to a relative tensor
force with associated Fermi liquid parameters

_ gacpmiu’ /‘ g L= DL+ DPLE)
C24m2fAA, ) 1 +2u?(1 —2)

hy = —3h)

(37
The second contribution, V,{,“,f,d’s, from the one-pion exchange
three-body force has the form of a zero-range interaction
with vertex correction, leading to a finite-range force that
contributes to only the L = 0,1 Fermi liquid parameters:

ho = —hy = —hi = h') = ko = —ko = ki = —k; (38)

3 3 2
Zgﬂi{l+2u—8l _ 1n(1+4u2)}.
724 fr) Ay u 3 4y3
Finally, the contribution V's*"® due to the three-body contact
interaction is momentum-independent and therefore does not
give rise to any noncentral components of the quasiparticle
interaction.

InFigs. 4 and 5 we show as open symbols the L = 0,1 Fermi
liquid parameters associated with the N2LO chiral three-body

force as a function of density computed at the Hartree-Fock
level according to Eq. (26). All contributions vanish in the
p — 0 limit and grow approximately linearly with the density
up to nuclear saturation density pp = 0.16 fm—>. We find that
in the case of the isotropic Hy and H Fermi liquid parameters,
the three-body force enhances the contribution from two-body
forces at all densities considered. In contrast, both H; and H{
from two- and three-body forces exhibit large cancellations
beyond nuclear saturation density pg. All three-body force con-
tributions (except V;,n;,d‘s, which is small) to the relative tensor
Fermi liquid parameters obey the relationship H;, = —3H;
characteristic of one-pion exchange. At the Hartree-Fock level
with two- and three-body forces, this relationship turns out
to be an excellent approximation relating the isoscalar and
isovector relative tensor interactions. The center-of-mass ten-
sor interaction from three-body forces is comparatively weak.
The L = 0,1 Fermi liquid parameters associated with both the
isoscalar and isovector center-of-mass tensor force are all less
than 0.10 in magnitude at nuclear matter saturation density. We
observe that the spin-nonconserving cross-vector interaction
from the chiral three-body force is particularly strong in the
isoscalar channel, with Ly and L, from three-body forces
reaching values around —0.75 at twice saturation density.

B. Second-order perturbative contributions
to Fermi liquid parameters

We next consider the sum of the second-order particle-
particle, particle-hole, and hole-hole contributions to the non-
central Fermi liquid parameters. All are computed according
to Egs. (14)—(16), except that a Hartree-Fock energy spectrum
for the intermediate particle and hole states is employed. This
results in a reduction of the second-order contributions by a
density-dependent effective mass factor, which at saturation
density is on the order M}, /M =~ 0.7. Second-order per-
turbative contributions [62] to the nucleon self-energy result
in a slightly larger average effective mass on the order of
M*/M ~ 0.85 at nuclear saturation density. In the present
study we neglect such effects since the associated uncertainties
are small compared to the choice of nuclear force model.
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FIG. 6. Total L = 0,1 Fermi liquid parameters of the relative
tensor interaction from two- and three-body forces as a function of
the density. Error bars are obtained from the standard deviation of the
five chiral potentials considered in the present work.

In Figs. 68 we show the total dimensionless L = 0,1 Fermi
liquid parameters for the noncentral parts of the quasiparticle
interaction as a function of density. This includes the first-
order two-body and three-body contributions together with
the second-order particle-particle, hole-hole, and particle-hole
diagrams. Comparing the results to Figs. 4 and 5, we see
that overall the second-order terms have a relatively small
impact, in contrast to their large contributions to the central
components [44]. Neither the particle-particle nor hole-hole
diagram gives any contribution to the noncentral Fermi liquid
parameters larger than 0.1 in magnitude across the range
of densities considered. The particle-hole diagram, however,
gives contributions to the relative tensor and cross-vector Fermi
liquid parameters on the order of 0.1-0.3 in magnitude. None
of the second-order diagrams lead to a sizable center-of-mass
tensor interaction, and in Fig. 7 we see that this component of
the quasiparticle interaction is very weak in both the isoscalar
and isovector channels in symmetric nuclear matter up to twice
saturation density.

0.2 r
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FIG. 7. Total L = 0,1 Fermi liquid parameters of the center-of-
mass tensor interaction from two- and three-body forces as a function
of the density. Error bars are obtained from the standard deviation of
the five chiral potentials considered in the present work.
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FIG. 8. Total L = 0,1 Fermi liquid parameters of the cross-vector
interaction from two- and three-body forces as a function of the
density. Error bars are obtained from the standard deviation of the
five chiral potentials considered in the present work.

The L = 0,1 Fermi liquid parameters of the isoscalar and
isovector relative tensor force are very well constrained up
to nuclear saturation density. In fact, the uncertainties on all
four parameters are less than 0.1 in this regime but grow
significantly beyond saturation density. As in the case of
one-pion exchange (OPE), the isotropic Landau parameters
Hy and Hj are respectively positive and negative across all
densities considered. The generic relationship H; = —3H],
which is satisfied by OPE and most 3NF contributions, is
violated due to second-order perturbative contributions. The
corresponding tensor interactions in the proton-neutron and
proton-proton (neutron-neutron) channels are given by

H™ = H, — H],
H” = H)" = H, + H],. (39)

From Fig. 6 we see that the combination of isoscalar and isovec-
tor tensor forces produces a large proton-neutron effective
interaction and a very small proton-proton (neutron-neutron)
interaction, in agreement with a wide range of experimental
data [38].

The Fermi liquid parameters of the cross-vector interac-
tion are non-negligible in the isoscalar channel. In particu-
lar, the value of L (and to a lesser extent L) grows strongly
with the density as a result of the N2LO chiral three-body force.
The isovector cross-vector interaction, in contrast, remains
small up to about twice saturation density. The large negative
value of Ly may be a concern in light of the normal stability
conditions

CL>—-Q2L+1), (40)

where C € {F,F’,G,G"}, for the central components of the
quasiparticle interaction. The presence of additional spin-
dependent interactions H,K,L (and H',K’,L’) that couple to
G (and G’) modifies the stability criteria in Eq. (40), but to date
only the effect of the relative tensor contributions have been
considered [67].
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FIG. 9. Total L =0,1 Fermi liquid parameters of the spin-
independent central parts of the quasiparticle interaction from two-
and three-body forces as a function of the density. Error bars are
obtained from the standard deviation of the five chiral potentials
considered in the present work.

C. Central components of the quasiparticle interaction

In previous work [44] we have computed the central Fermi
liquid parameters in symmetric nuclear matter including the
effects of three-body forces. We update those results to include
theoretical uncertainties obtained by varying the chiral order
and momentum-space cutoff of the nuclear potential. In com-
parison to Ref. [44] we also consider a larger range of densities
in the present calculation. We then use standard relations
[68,69] to study various nuclear observables that are directly
related to the low-harmonic central Fermi liquid parameters.
Since the tensor Fermi liquid parameters for symmetric nuclear
matter are largely unconstrained by empirical data, benchmark-
ing the central terms to empirical data is an important check
on the nuclear force models and many-body methods.

In Figs. 9 and 10 we show the L = 0,1 Fermi liquid
parameters associated with the F,F’,G,G’ components of
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FIG. 10. Total L = 0,1 Fermi liquid parameters of the spin-
dependent central parts of the quasiparticle interaction from two- and
three-body forces as a function of the density. Error bars are obtained
from the standard deviation of the five chiral potentials considered in
the present work.
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FIG. 11. Incompressibility of symmetric nuclear matter as a
function of the density for the two- and three-body chiral nuclear
force models considered in the present work.

the quasiparticle interaction. The isotropic spin- and isospin-
independent Fermi liquid parameter Fj is related to the nuclear

: ek _ 20(E/A)
incompressibility K = 99 P /dp, where P = p % , through
3k2
K==£1+F). 41
L+ Ry @1

From Fig. 9 we see that Fy < —1 for p < 0.10 fm~3, which
corresponds to the well known instability of nuclear matter to
density fluctuations associated with spinodal decomposition
and cluster formation. However, the nearly linear dependence
of Fy on the nuclear density results in a strongly increasing
nuclear incompressibility, which we show in Fig. 11. At
p = po the incompressibility lies in the range 190 MeV <
IKC < 400 MeV. While this is consistent with the empirical
estimate of 220 MeV < K < 260 MeV [70,71], the large
theoretical range is due to the fact the n2lo450, n210500,
and n310500 nuclear forces saturate at too low of a density
p >~ 0.14-0.15fm™>. In this case the contribution 18,0%//)/*)
beyond saturation density that is linear in the density strongly
enhances the nuclear incompressibility.
In Eq. (44) the quasiparticle effective mass M* is related to
the Landau parameter F; through
M* F
= 1+ 3 (42)
with M = 938.9182 MeV the average nucleon mass. From
Fig. 9 we find that F; > 0 for p < pp and consequently the
effective mass is larger than the free-space mass. For p 2 po
the effective mass may be less than that of a free nucleon,
but the decrease in the effective mass with increasing density
is not nearly as large as in most mean field models and
other approaches to scaling masses [10] at first order. The
large effective mass is due almost solely to the second-order
particle-hole diagram, which gives a contribution Ffz” M~
for all densities up to p = 2y. From the study of nuclear level
densities in the vicinity of the Fermi surface, the effective mass
has been estimated [72,73] to lie close to that of a free nucleon
M* ~ M.InFig. 12 we show the effective mass as a function of
density together with the theoretical uncertainty estimates. At
saturation density we find the range 0.94 < M*/M < 1.07.
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FIG. 12. Nucleon effective mass in symmetric nuclear matter as
a function of the density for the two- and three-body chiral nuclear
force models considered in the present work.

Since M*/M — 1 as p — 0, the effective mass must rise
rather quickly at low densities.

We define the density-dependent isospin-asymmetry energy
S>(p) as the coefficient of the quadratic term in an expansion
of the energy per particle of isospin-asymmetric nuclear matter

in powers of the parameter 8,, = 272
,

E
~(p.8p) = <p 0)+ Sx(p)s2, + 43)
Generically [74,75] the energy per particle contains nonana-
lytic contributions in §,, beyond the quadratic term in Eq. (43)
when second-order perturbative corrections are included in the
equation of state, but at low temperatures it is nevertheless a
good approximation to retain only the quadratic term in the
expansionin Eq. (43). The isospin-asymmetry energy is related
to the isotropic part of the F’ contribution to the quasiparticle
interaction:

2

6M*

In Fig. 13 we plot S>(p) and associated uncertainties up to
twice nuclear matter saturation density. We find the peculiar

S =

L1+ Fp). (44)
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FIG. 13. Isospin-asymmetry energy as a function of the density

for the two- and three-body chiral nuclear force models considered in
the present work.
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FIG. 14. Convergence of the Legendre polynomial expansion for
each of the different contributions to the quasiparticle interaction.
Results are shown only for n310450 two- and three-body forces at
nuclear matter saturation density. Terms up to L = 9 are considered.

feature that the variations in the Landau parameter F; (which
enters into the definition of the effective mass M*) and in
the Landau parameter F; are correlated in such a way as to
produce a very small error band for the isospin-asymmetry
energy up to nuclear saturation density. For instance, at nuclear
matter saturation density, we obtain 29.6 MeV < S,(pg) <
33.4 MeV, which is consistent with other recent microscopic
uncertainty estimates [59,60] but with a much smaller error
band. It is not clear what could lead to the correlation between
F; and F}, and therefore we tentatively attribute the very small
errors in S,(p) to a chance cancellation.

From Fig. 10 we see that G, remains large and positive
for all densities considered. At nuclear saturation density, we
find 1.16 < G{ < 1.74, which is consistent with extractions
[76,77] from fitting the peak energy of giant Gamow-Teller
resonances in heavy nuclei. Such fits give arange 1.4 < G, <
1.6 [78] but rely on certain model assumptions related to the
shape of the parametrized single-particle potential and the form
of the effective interaction. In addition the authors of Ref. [78]
find correlations between the value of G| and the position of
the energy peak of the Gamow-Teller resonance when Gj, is
kept fixed, leading to further uncertainties in the extraction of
G, from resonance data.

Finally, we investigate the convergence of the Legendre
polynomial decomposition, Eq. (3), for the noncentral com-
ponents of the quasiparticle interaction. From Figs. 6-8 we
see that in some cases the L = 1 Fermi liquid parameters are
comparable in magnitude to the L = 0 parameters at nuclear
matter saturation density. Using the tensor parametrizations
in Eq. (2), it is expected [16] that the convergence is much
improved compared to alternative choices, such as

qz H(p1,p2)S12(Q)

H(p1,p2)S12(§) = &

(45)

employed in Refs. [7,14,39]. In Fig. 14 we plot the ten lowest
dimensionless Fermi liquid parameters from the n310450
potential at nuclear matter saturation density. It is clear that
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the slowest convergence is in the spin- and isospin-independent
part of the quasiparticle interaction F', whichevenupto L =9
has contributions greater than 0.1. The Legendre polynomial
expansion in all other channels is nearly converged by L = 5.

IV. CONCLUSIONS AND OUTLOOK

In the present work we have computed for the first time the
full set of central and noncentral contributions to the quasi-
particle interaction in symmetric nuclear matter up to twice
nuclear saturation density. We have derived general formulas
that allow one to extract the associated scalar functions from
appropriate linear combinations of spin- and isospin-space ma-
trix elements. Both two- and three-body forces are included at
first and second order in perturbation theory, with the involved
numerical calculations of the second-order diagrams bench-
marked against model interactions. Three-body forces at the
Hartree-Fock level are shown to give important contributions
to the relative tensor and cross-vector interactions. Indeed, the
isovector cross-vector interaction is dominated by three-body
forces, in particular the two-pion exchange term proportional to
the low-energy constant c4, and only the second-order particle-
hole diagram leads to a modest reduction of the strength in this
channel. While the relative tensor force from the free-space
nucleon-nucleon interaction is enhanced in the medium by
three-body forces and second-order perturbative corrections,
the center-of-mass tensor force remains relatively weak.

We have considered five different nuclear force models
in order to estimate theoretical uncertainties. Up to nuclear
saturation density, the relative tensor force in both the isoscalar

J

and isovector channels is well constrained by microscopic
many-body theory, which should be valuable for efforts to
include effective tensor forces in mean-field modeling and
density functional theory. In addition we find robust evidence
for a strong isovector cross-vector interaction which is not
normally included in mean-field models and may be important
for spin-dependent phenomena. We benchmark the quality
of our results against bulk nuclear matter properties, such as
the incompressibility, isospin-asymmetry energy, and nucleon
effective mass, which are directly related to selected central
Fermi liquid parameters. While the theory uncertainties are
sometimes large, in all cases the results are consistent with
empirical constraints.

The present calculations are a step toward the microscopic
description of response functions in nuclear matter consistent
with equations of state exhibiting realistic nuclear saturation
properties. In the future this work will be extended to isospin-
asymmetric nuclear systems with applications to neutrino
processes in neutron stars and supernovae.
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APPENDIX: CENTRAL COMPONENTS OF THE QUASIPARTICLE INTERACTION FROM THE N2LO CHIRAL
THREE-BODY FORCE

In this section we provide for completeness the central Fermi liquid parameters for arbitrary values of L resulting from the
N2LO chiral three-body force. The various terms are organized according to the different topologies shown in Fig. 3. Some
contributions are explicitly separated into a direct “d” and exchange “e” term. For notational convenience we introduce the
abbreviations o = o1 - 02 and T = T - To. The contributions from the six topologies read

4g124m731u
9772f7? 0

2.3 u
Eally / dx
(127> fHus Jo

FretY = (6 —3)3 - 1)

B3QL+ 1)

F =(3-0)3-1) e

3x? -2 2
+ 7(03 +cey)d+u")+6u(cs —c3 —2¢1) — 3c1 —

f dx x*QL + DP.(1 — 2x*u™?)

¢ + 2¢3x?

(1 +4x2)2° i

P (11— 2x2u2){ 16u>(c3 — 2¢4) arctan 2u

C3+cy

] In(1 + 4u?)

8u 40u*
T 2(c3 + ea)x(8u* — 6u? — 3) + 12¢,u>(1 + 2u?) +263u2<1 —6u® + %) +264u2<l 18U — TM> } (A2)

2.3 3
Fimed D — 8aMx 2 du(cs — 1) — 8csu® + 6(6¢1 — Scs)arctan 2u + ~(3es — ey In(l + 4u) ¥, (A3)
1672 f4 u
Fmeaze) _ 384y / Al /‘ dx /1 dy / o QL+ DPLR)
3273 f7 Jo T e T A+ 12— 2ulx)( + u? + 12 = 2uly)
X {(1 + o)1+ r)[2cl(u2z —ulx —uly + %) + c3(u?z — ulx — uly + %]
+B-0)3— r)%“[(uzz —ulx —uly +1*)? — u® 4+ 1* = 2ulx)(u* + I*> — 2uly)]}, (A4)
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with z = xy + /(1 — x2)(1 — y?) cos ¢,

3

u 3
2L +1) _
FrY =3 -0)3 - gACDm”u/d : PL(1 —2x%u™), A5
¢ G=0)B—Dyerrn || dx Ty =20 (AS5)
to which only the exchange term contributes,
3(2u? 1

Fmed® (3 g 7 or)% % — 1+ arctan 2 — —— In(1 + 4u2)}, (A6)

k3

(med,6) _ CEXf
‘FO —(O‘+T+O’T—3)m. (A7)
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