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Infinite nuclear matter is studied by resuming the series of ladder diagrams based on the results developed by
us [Ann. Phys. (NY) 437, 168741 (2022)]. The master formula for the energy density is explicitly solved for
the case of contact interactions, within a pionless description of the nucleon-nucleon interactions. Renormalized
results are obtained which are directly expressed in terms of the nucleon-nucleon phase shifts and mixing angles
in partial-wave amplitudes up to and including G waves, with convergence reached under the inclusion of higher
partial waves. The energy per particle, density, and sound velocity resulting from the ladder series are given for
symmetric and neutron matter. This resummation of the ladder diagrams provides a rigorous result that may be
used as low-density reference for other parametrizations of € for higher densities.
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I. INTRODUCTION

The rise of precision physics has brought a need for
more rigorous calculations in the low energy sector of QCD.
In order to interpret such experiments’ outcome correctly
and claim a possible discovery, theoretical calculations with
controlled systematic errors are crucial. The properties of
baryonic matter have been studied for such kind of programs.
In that case, there is additional complication besides dealing
with low energy QCD, since the interactions occur in a bary-
onic environment, and vacuum approaches are not applicable.

In this paper we apply many-body field theory to the calcu-
lation of the energy per particle € for nuclear matter, and other
magnitudes that can be deduced thereof. We define nuclear
matter as an infinite uniform system of nucleons interacting
by the strong force without electromagnetic interactions. This
system is supposed to approximate the interior of a heavy nu-
cleus. The proportion of protons and neutrons in the system is
controlled by the fraction of protons x,, so that for x, = 0 one
has pure neutron matter (PNM) and x,, = 1/2 corresponds to
symmetric nuclear matter (SNM), both being extremes of spe-
cial interest in our research here. Indeed, the equation of state
of nuclear matter is nowadays one of the most active fields
where these types of calculations are necessary, especially
in the study of neutron stars and gravitational waves. The
former offers a unique possibility of studying nuclear matter
under extreme conditions and testing our current theoretical
approaches for baryonic matter.
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The many-body calculations within perturbation theory [1]
have long been well known [2-8]. However, for larger scat-
tering lengths the perturbative expansion in powers of apkr
fails, with a( the S-wave scattering length. Of course, this is
the case if one is interested in the unitary limit |apkr| — 00
[9-11], which is closely related to neutron matter due to
the large and negative neutron-neutron (nn) scattering length
apn = —18.95 £ 0.40 fm [12]. Note that |ay,| > m;', with
m; the pion mass and whose inverse typically controls the
longest range of strong interactions.

A time-honored possibility to end with a meaningful re-
sult for large scattering lengths is to resum the two-body
interactions in the medium [1]. In the Brueckner theory
[13—17] the infinite series of interacting particle-particle in-
termediate states is resummed, where the two particles always
have momenta above their Fermi momenta.! This theory was
generalized by Thouless [18] considering also two-fermion
intermediate states with momenta below the Fermi momenta
(or intermediate hole-hole states). The notation of ladder
diagrams was also introduced by him to denote the associ-
ated Feynman graphs. As a result, both particle-particle and
hole-hole intermediate states interact between two consec-
utive rungs of the ladder series, and their infinite iteration
is resummed. The ladder resummation at zero temperature
is studied Refs. [19-22], taking into account Pauli blocking
without including self-energy effects. Resumming the ladder
diagrams in such circumstances is typically considered a good
starting point for calculating £ [19,23,24], also supported by
the power counting arguments of Ref. [20,25,26].

The Fermi momenta are globally denoted by kf or £.
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When the interaction between two spin-1/2 fermions is
reduced to its scattering length, an algebraic renormalized
formula for the ladder resummation was accomplished by
Kaiser in Ref. [21]. Within only dimensional regularization,
the extension of the previous result for taking also into ac-
count the contributions from the effective range in S wave
was obtained by the same author in Ref. [22] where, due to
off-shell effects, the resulting formula was conjectured and
checked up to some order. The case of an interaction given by
the P-wave scattering volume a; was separately discussed in
the same reference, and the resummation within dimensional
regularization was accomplished. The connection between
the ladder resummation and the density-functional theory in
many-body calculations was studied in [27,28]. Furthermore,
it is conjectured [29,30] that, for nuclear and atomic systems
with two-body interactions near the unitary limit, the binding
energy of the three-body system defines the relevant scale for
low-energy observables, such as particle energy.

We recently resummed the ladder diagrams for arbitrary
spin-1/2 fermion-fermion interactions in vacuum in Ref. [31].
The resummation can take into account higher orders in the
effective range expansion (ERE) of a partial-wave amplitude
(PWA) and/or any number of PWAs. The case of contact
interactions is fully resolved and renormalized results for £
are obtained, so that they are directly expressed in terms
of vacuum scattering parameters of the ERE. In the present
work we proceed further, and derive the needed equations for
different Fermi momenta &; (protons) and &, (neutrons). In
addition, we give the expression for & when infinitely many
orders are included in the ERE for (un)coupled PWAs, such
that the resulting € is directly expressed in terms of phase
shifts and mixing angles. In this way, the results from the
ladder resummation are completely independent of cutoff and
have no free parameters. We have then explored the cases
of SNM and PNM, discussing & for both cases, and its first
and second order derivatives, namely, the pressure (or the
equation of state) and the sound velocity. For the case of PNM
our results at low densities have been extrapolated towards
larger densities by using a quadratic expression in x,,. Results
compatible with present-day constraints and determinations
are obtained for the symmetry energy Sy and its logarithmic
slope in density L at nuclear matter saturation.

J

The contents of the paper are organized as follows. After
this Introduction, the resummation of the ladder diagrams and
its partial-wave decomposition are discussed in Sec. II. An
important needed element is the in-medium nucleon-nucleon
scattering amplitude which is discussed in Sec. III, and solved
in Sec. IV for the case of contact interactions. The results for
SNM and PNM are given in Sec. V. The last section contains
a summary and concluding remarks.

II. RESUMMATION OF LADDER DIAGRAMS
FOR THE ENERGY DENSITY £

The resummation of the ladder diagrams for evaluating £ in
terms of an arbitrary fermion-fermion vacuum 7 matrix was
accomplished by us in Ref. [31]. This derivation was based
on the many-body formalism of Ref. [32], which we refer
to as the in-medium many-body quantum field theory. Since
the resummation of ladder diagrams was derived in detail in
Ref. [31], here we only provide a brief summary signaling the
main steps in the derivation. We also briefly recap the power
counting of Ref. [25] for in-medium calculations.

A. Summary of the in-medium many-body formalism
of Ref. [32]

Reference [32] determines the in-medium Lagrangian after
integrating out the fermions in the nuclear medium. This is
accomplished by calculating the generating functional Z[J]
of in-medium Green functions with external sources J.

The vacuum Lagrangian contains a pure bosonic part, L4,
and another bilinear in the fermion fields, that is globally
called Ly, = ¥ Dvr. The operator D, which we write as
D = Dy — A, comprises the free fermion Lagrangian Dy =
iy*9,, — m, with m the nucleon mass in the isospin limit, and
the interacting part A, which incorporates the boson-fermion
interactions and external sources. The bosons can be either
light, e.g., pions, or heavy ones which, when integrated out,
give rise to contact multifermion interactions. In this way, we
do not need to additionally incorporate monomials with extra
fermion fields in the Lagrangian density, like quartic ones
Ly and so on. The result for ¢/“/] calculated in Ref. [32]
can be written as

. d _ .
e = / [dU]exp [i / dx Ly —i / # / Tr(A[l — D;'A]”| P dx dy 76

dp dq
Qmn) ) @n)
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such that the exponent in the integrand is i times the total in-medium Lagrangian. In this equation each trace is taken over the
spin and other internal indices of the fermions, like the isospin ones, and D, !is the free vacuum fermion propagator. In isospin
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where 6 (x) is the Heaviside or step function, and it restricts the
momentum p below the Fermi momentum &, for each nucleon
species a, with @ = 1 (2) referring to a proton (neutron).?
Each term in the sum in Eq. (2.1) involving at least one n(p)
is denoted as an in-medium generalized vertex (IGV), after
Ref. [32], and its total number is called V,,. The IGV's are made
by sewing nonlocal vacuum vertices I',

oo
= —iA[l - Dy'A] " = —iA ) (Dy'A)", 2.3)
n=0
with Fermi seas, with each of them involving a factor n(p). In
addition, there is a numerical factor (—1)"*! /n from the series
of In(1 + ¢&).

Equation (2.1) gives rise to Feynman rules and graphs.
The associated propagators for the fermion lines are either
in-medium insertions of on-shell Fermi seas, connecting I"
vertices, or fermion vacuum propagators joining vacuum ver-
tices A. In the following, a pure vacuum fermion propagator
iDy !(p) is depicted as a solid line, and a Fermi-sea insertion
n(p)(2m)8(p° — p?/2m) is drawn by a double line. In both
cases one has to sum over spin and isospin indices, and in-
tegrate over the intermediate four-momentum [ d*p/(27)*.
Each vertex —iA is plotted as a filled circle, while the non-
local T vertices are plotted as empty circles. Additionally,
one should keep in mind that bosonic and source lines can
stem from the A vertices. Of course, we refer to the original
Ref. [32] for the derivation and more extensive discussion
of this many-body framework. A good illustration is the
pure perturbative calculations done in Ref. [26] (see also
Refs. [33,34]), and nonperturbative ones were undertaken in
Refs. [20,25,35,36]. For a recent review see Ref. [37].

B. Fock and Hartree diagram contributions to £

Reference [31] performs the resummation of the ladder
diagrams to calculate the energy density £ of a system of
fermions of spin 1/2 with an arbitrary vacuum fermion-
fermion T matrix, which we call 7. Here, we first give the
formula obtained in Ref. [31], and then introduce the different
operators that appear in it.

The resulting expression for the interacting part of £ in the
ladder approximation, £, is [31]

> (tmLa)" i
Er = iTr(Z ’”2;’ ) = —ETrln (I — tnLy),

2.4
|

n=1

. m . . L R
Litp.) = igprs 3 [ dk0(&s, ~ la+ pRDOG., +1a— pki) Ipkoroaaaa) s (phoroaarcs,

a+k a+k a+k

a—k a-k a—k
(a) (b)

FIG. 1. In panel (a) we show L,(p, a) and in panel (b) L, (p, a),
which comprises two Feynman diagrams. The double lines corre-
spond to Fermi seas insertions. Here, a spring schematically indicates
any expanded interaction with momentum flow £k along it.

with the series fixing the branch of In z, with argz € (—m, 7).
In this equation the in-medium fermion-fermion 7" matrix is
denoted by #,,, while L, is a unitary loop function made up of
two Fermi-sea insertions, which is shown in the panel (a) of
Fig. 1.

In addition to the interacting part, one also has to sum the
densities of kinetic energies, £k, of protons and neutrons:

__& § _ %, s
10mn? = 10mm? ?

&k (2.5)

= p]—— .
p 10m 10m
Given the four-momenta k; and k, of the two fermions, we

introduce the four-vectors

a= 3k +k).
(2.6)
k= 1k — k),

so that

k=a+k, k=a—*k 2.7)

For the on-shell case we use p instead of k to denote the rela-
tive momentum, with p = |p|, so that k? =E(p;) = pf/2m. It
is important to keep in mind that the total four-momentum a
is conserved during the in-medium scattering process of two
fermions because of translational symmetry.

There are two important in-medium unitary functions. One
is Ly(p, a), already mentioned, and the other is L, (p, a),
which consists of two mixed intermediate states com-
posed of a Fermi sea insertion and a vacuum propagator.
The loop function L,(p,a) is depicted in panel (b) of
Fig. 1. These loop-function operators are given by the
expressions

(2.8)

la —kI)

m d’k 0(&y, — la+Kk|)+60(, —
Lm(p’ a) = _5 Zf (27_[)3 K2 —

>The Fermi momentum could also depend on the nucleon but we
do not consider further this case because our interest here rests in
unpolarized Fermi systems.

(2.9)

|kororaion) s a{kororoanl.

— i€

(

Here, we have denoted by |pkojoraz)4 the antisymmetric
two-fermion intermediate state with momenta k; = a + Kk,
k, = a — Kk, third components of spin oy, 05, and third com-
ponents of isospin «;, «p. The sum over the spin and isospin
indices o; and «; is denoted by Zd’a. A symmetry factor 1/2
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is included in Egs. (2.8) and (2.9) because the two-fermion
state is antisymmetric. In these equations we have also taken
into account that, as the in-medium states summed over in the
trace of Eq. (2.4) are on shell,

2ma0 _ aZ — m[E(a +p) +E(a — p)] — 32 = pz. (210)

In terms of the vacuum 7'-matrix ¢ and L,,, the operational
equation that defines #,,(a) is [31]

tm(@) =t + tLy,(p, a)t,(a). (2.11)

In this way, the in-medium 7 matrix t,(a) results by iter-
ating + with mixed intermediate states making up L,,. From
this equation and Eq. (2.9), the matrix elements of 7,,(a) be-
tween the initial and final two-fermion antisymmetric states,
|poioraian) and |p’o|oy0 o), respectively, fulfill the integral
equation (IE)

(p'ojoyaia) |t (a)|poioraan)

= (p'ojo,aja;t(a)|poi oo ay)

m d’k
72 f 2y P10l @)IKG15:51E2)

051 —la+ kD +6( —la—k))
X
k? —p? —ie

x (k61620105 |t (a)|poorct o). (2.12)

Reference [31] demonstrates in Sec. 2.3.2 that, despite the
complex nature of the operators #,, and L; and the explicit
presence of the imaginary unity in Eq. (2.4), £, is real for
the case of equal Fermi momenta. The demonstration is rather
technical and we omit it here for brevity and to avoid repeating
ourselves with Ref. [31]. The basic point is that the argument
of the In in Eq. (2.4) can be diagonalized and its eigenvalues
are phase factors of unite modulus. This is why the arctan se-
ries found in Refs. [21,22] always appear in these calculations.

C. Power counting

Reference [25] develops a low-energy power counting for
nuclear matter, with the fermion-fermion interactions counted
as O(1). Low-energy nucleon-nucleon interactions fall into
this category because of their nonperturbative nature [26,37].
In this counting a fermion energy p?/2m is counted as O (k7 ),
and then a fermion propagator as O(k;z), which also applies
to a Fermi-sea insertion within an IGV. We denote by v; the
number of bosons (heavy and light) attached to the ith bilinear
vertex, of which w; are heavy fields, and by d; its number of
derivatives. Concerning the purely bosonic vertices from L
we denote by n; the number of light fields in the ith vertex,
and by §; the number of derivatives there. Finally, the total
numbers of vertices from wa and L, are called V and V,,
respectively, and the total number of external light bosonic
lines is called E; .

With this preamble one can calculate straightforwardly the
chiral dimension v of an in-medium diagram, i.e., the power
to which the typical size of the momentum involved in the
diagram is raised. The original derivation can be found in
Ref. [25], and is reviewed and simplified in Ref. [37]. The

>
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FIG. 2. The energy per nucleon for SNM as a function of kr <
150 MeV from the ladder resummation is given by the black solid
line, and the gray area represents the estimated uncertainty. In ad-
dition, we also show the results from the variational calculation of
Ref. [52] (blue filled circles) and the density functional SealLL.1 [53]
(red dashed line).

resulting expression for the power counting is
1Zi
v=3—E;+ Y (§i+n—4)

i=1

N
+Z(d,~+v,~+wi—2)+vp.

i=1

(2.13)

For the calculation of the interacting part of £ at least
two fermions are involved in the interaction, so that V,, > 2,
and there are no external light fields. Its leading-order (LO)
contribution has V, = 2 and chiral order v = 5. Higher order
contributions arise by increasing V,, or any of the coefficients
inside parentheses concerning the number of bosonic lines or
derivatives, so that the combinations in parenthesis become
positive, instead of being zero as for the LO contributions.

Let us also notice that for small values of kr, such that
it is much smaller than the light-field masses, we can also
consider the latter as heavy fields and run into the limit of only
contact interactions. This is a limit of special significance for
the applications developed below, and also for nuclear physics
in general. Then, the power counting in Eq. (2.13) simplifies
to

N
v =3+Z(d,-+2w,~—2)+vp.
i=1

(2.14)

Notice that the parenthesis is = 0 as long as d; > 0 because
w; = 1. The LO contributions to £ are those with V,, = 2 and
vanishing combinations inside the parenthesis. In the applica-
tions discussed in Secs. V A and VB we actually go beyond
the LO contributions because the vacuum nucleon-nucleon in-
teractions are given in terms of their phenomenological phase
shifts and mixing angles, despite in-medium corrections being
implemented at LO by resumming the ladder diagrams.

A posteriori, by attending to the contribution of off-shell
momenta above the pion mass to £ for SNM (cf. Fig. 2), we
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deduce a value for the expansion scale A around 350 MeV.
This number stems from having an uncertainty of 1.5 MeV
for a value of £ around —3.5MeV at kr = 150 MeV. Then,
according to Eq. (2.14), the next-to-leading order (NLO) in-
medium correction with V, =3 is suppressed by an extra
power of kg /A, from where A ~ 350 MeV results. An analo-
gous procedure for PNM drives to a larger A; cf. Fig. 5.

J

(7120512

d
/ Pep f T {In ] — tu(@)La(p, )]}

pdp
—= Z —A (p, G1020103] In [T — 1, (@) La(p, )]|p, 510201102) .-

D. Partial-wave expansion

This subsection corresponds basically to Sec. 3 of
Ref. [31], to which we refer for more details. The only
addition here, which indeed is rather straightforward to im-
plement, consists of taking into account the isospin degrees of
freedom. Within the notation developed so far we can rewrite
Eq. (2.4) as

(2.15)

(2.16)

An extra factor of 1/2 is introduced in the last equation due to the antisymmetrized nature of the two-fermion states, indicated
by the subscript A in the bra and kets.

Another simplification in the expression for £, comes from rotational symmetry, so that one can take always a along the Z
axis. Next, we make a PWA expansion in the relative-motion variables p in terms of the partial-wave vector states |Ju€S/lis, p, ),
where J is the total angular momentum, u is its third component, £ is the orbital angular momentum, S is the total spin, I is the
total isospin, and i3 is its third component. One has to take into account the value for the scalar product between a partial-wave
vector |JulSIi3p) and the plane-wave ones |p, o102 102) 4. The relation between both bases is

p. 010010004 = VAT Y (010203]51528) (mos | ST ) ety iz | T DY (B)* X (SED)|J €S p).

Juts
a(p', ooy |J nlSlizp) = X(SK)M(010'252|51525)(m53/1«|€SJ)(a1a213|771'521)Y4 (),
1 — (_I)H—S—H
x(SeI) = — 5 (2.17)

The factor x (S€I) is nonzero for odd £ + S + 1, as required by Fermi statistics for a two-fermion state. After taking into account
the standard orthogonality properties for the Clebsch-Gordan coefficients and spherical harmonics [38], one has

2
Er = ——l Z X(SZI)Z/ pdp/ a*da(J ulSlizp|In[l — t,,(az)Ly(p, az)]|J weSIizp). (2.18)
mm3

J,opu, L
S, 1, i3

Let us remark that the presence of L;(p, aZ) limits the possible values of a and p since it requires that & 12 + 522 >2@+pH)=0.

III. INTEGRAL EQUATIONS FOR t,,(a2)

The vacuum 7" matrix ¢ satisfies the Lippmann-Schwinger equation

t =V —=VG(p)x, 3.1
where V' is the potential and G(p) is the vacuum unitarity loop function with intermediate states involving two fermions,
m [k Kk
G 3.2
(p) = Q) k2 — p? —ie’ ©-2)
Then, the operational equation Eq. (2.11) for #,,(a) can also be expressed as [31]
tm(@) =V = V[G(p) — Lu(p. a)]tn(a) (3.3)

for a given E = p?/m. This operational relation straightforwardly drives to the following IE for the matrix elements of 7,,(a):

a(p'ojoya )|ty (a)|pooaaian)a = A (/0|00 05|V [poj o) 4 + ——a(p'o{0y0105|V [KG16281 @) A
(277)3

1 -0 —k+al) —0(%, —

k2 — p* — e

Ik—al)

A{K61620 100t (a)|pororai ). (3.4)

The matrix elements of the kernel G(p) — L,,(p, a), used to deduce the previous equation, are worked out in Appendix A.
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A. Integral equation for ¢, (aZ) in partial waves: General values for &;, &,

Now, we give the integral equation for #,,(az) for general values of &, and &,, so that & and &, are not assumed to be equal, as
was the case in Ref. [31]. This generalization is only relevant for i3 = 0, since for i3 = %1 then &; = &, = £1/2, respectively,
and for these cases one can take directly the result from Sec. 4 of Ref. [31].

The resulting IE in partial waves is

(J' ul' SI'izp' |t (a2)|J ulSlizp) = {J' ul'SI'izp' |V |J ulSliz p) +m Z / (

A’k x(SEI")x (Sti1,)
27 )2

k* — p? —ie
J]Z1M3 p
S3£211

X (m3s3 1280 ) m3s3p | €1ST)Y (RY“ Yy (R wt'SI'izp' |V I ntaSIisk)

We can write the IE in Eq. (A14) in a more compact matrix form as

A / J— / " N
[tn(a)1(p', p) = VI, p) + (27 )? /0

with the matrices

[t (a)1(k, P)yer g0 = 1l STisk|t,(az)|J ulSlizp),

x (JiwliShisk|ty(az)|J plSIizp){1 — 6(§; — |k + az|) — 0(5, — [k — az])}. (3.5
The necessary steps to end with this IE for PWAs from Eq. (3.4) for plane waves are derived in detail in Appendix A.
2dk
- VI ) Alt @]k, p), (3.6)
—p? —ie
VW, yer.nen = 8758 (' wl' SI'izp'|VIJpulaShizk), (3.7)
(3.8)
Appesn.npen = X(SD)x (S61) Z(m3s3,u|525J2)(m3S3H|315J1) / dlA(YZ? (R)*1Qr73 (k)
ms3s3
x{1 = 0(&1 — [k +az|) — 6(6 — |k — az])}. (3.9)

We also notice that our final expressions for the IE obeyed by #,,(aZ), Eqs. (3.5) and (3.9), are also applicable when i3 = £1

by just replacing

06 — [k +az|) + 6 — |k —az|) —> 20(5, — |k — az)),

which is the case studied in Ref. [31].

(3.10)

There are symmetry properties of the PWA matrix elements such that they are symmetric under the exchange of the initial and
final states, and also there is a definite relation between the PWA matrix elements with opposite values of p. These symmetry

relations are stated and demonstrated in Appendix B.

IV. GENERAL SOLUTION OF THE PWAs FOR CONTACT
INTERACTIONS

We consider the two-fermion scattering by a zero-range
potential. We also adjust the normalization of the PWAs
such that it is the same as in the ERE, that is, Im#(p, p) =
—plt(p, p)|>. This choice is convenient since it simplifies the
matching procedure with the ERE heavily used in the fol-
lowing. This implies multiplying by a factor 47 /m the PWAs
from the previous sections.

A. The uncoupled case

We start with the LS equation in partial waves,

t(q,r) =v(g,r) —v(g, q)Gt(q', 1), 4.1

where, to shorten the notation, we do not show the integra-
tion symbol over ¢', nor the full integrand, all this being
understood when this continuous variable is repeated. For
instance, after including all the factors and symbols Eq. (4.1)

(

becomes

9 [ q/2dq/ )
t(q,r)=v(q,r)+—/ ,z—z,v(q,q’)t(q,r).
TJo g~ —p-—I€

“4.2)

We now explicitly build in the momentum factors required
by the centrifugal barrier potential, which factorize in PWAs
for contact interactions without left-hand cut (LC). Thus, we
write
¢ 2
1(q.4) = q"q" 7(q*. 7). @3
5 .
v(g.4) = q¢'q w(g’. 4,

where w(g?, q’z) is a polynomial in its arguments.> As a result
the LS equation becomes

120

w(q® ) = w(g? r?) — w(g? ¢2)q > Gu(g”, r*). (44

3The reduced potential function w(g?, q’z) only depends on the
square of the momenta because the full potential q‘q’[ w(g?, ¢'*) un-
der the exchange ¢ — —¢g and ¢’ — —¢' scales as (—1)¢ and (=1,
respectively [39]. This is accounted for by the prefactor qeq’z/.
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In order to calculate the on-shell 7 matrix in the medium
we also need the off-shell 7 matrix in vacuum. An important
remark to note in the IE for #,,(q, p), Eq. (2.12), is that the off-
shell momenta are bounded because the intermediate states
are of an in-medium mixed type, contributing to the loop inte-
gral L,, of one baryon line inside the Fermi sea; cf. Eq. (2.9).
Furthermore, once the on-shell #,,(p, p, a) is calculated the
momenta involved in Eq. (2.18) for evaluating £ are bounded
by the Fermi momenta because of L;. Therefore, g/A and
p/ A vanish for A — 00, in both the off- and on-shell cases,
respectively. Let us notice that this is not the case in vacuum,
because when working out the off-shell 7 matrix from a LS
equation one must consider off-shell momenta as large as the
cutoff.

We first consider half-off-shell scattering, and afterwards
we generalize our analysis to the off-shell case. Due to
half-off-shell unitarity in partial waves (see, e.g., Sec. 2 of
Ref. [39]), we can write the PWA as

t(q* p*) = D' (p)N(q*, pP),

Since there is no LC for a zero-range potential then N (g?, q/z)
is a rational function in its arguments, being real for real
momenta [40]. Here, D(pz) is an analytic function in the cut
complex p? plane with only a right-hand cut (RHC) for real
and positive values of p?.

For on-shell scattering ¢> = ¢'> = p* and we can reabsorb
N(p?, p?) in a redefinition of D(p?), such that [40]

N@?, p) = 1.

To achieve this just divide the 0r1g1na1 numerator and denomi-
nator functions in 7, (p?, ¢’ %) by N(p?, p*). The possible zeros
of N(p?, p*) would give rise to poles in the function D(p?):
the Castillejo-Dalitz-Dyson poles [40,41].

Adopting in the following the convenient redefinition in
Eq. (4.6), the imaginary part of D(p?) along the RHC becomes

4.5)

(4.6)

ImD(p*) = —p**\/p?, p* > 0. 4.7)

Implementing Eq. (4.5) into Eq. (4.4), one deduces from the
latter the following IE for N(¢*, p?):

N(g%, p*) = D(pHw(d?, p*) — w(g?, ¢ GN(q”, p*),

(4.8)
The imaginary part of this equation is zero because of
Eq. (4.7), taking into account that Im G = —p. This is indeed
a consistency check of the general result that N(g?, p*) has
no RHC. Denoting the real part of D(p?) by D,(p?), Eq. (4.8)
becomes
N p*) = D,(P)w(q’, p*) —
= D,(pw(g’, p*) + Q(¢*, ),

w(g?, ¢2)q* RGN (2, p?)

(4.9)
with
0%, PP = —w(q®, ¢ RGN(q?, pP),

which is a polynomial in the ¢ argument. Notice that q’uiﬁG
is meant to represent the Cauchy principal part of the ¢’
integral involved.

(4.10)

To shorten the notation when considering on-shell scat-
tering, the different functions 7,, Q, and w are written with
only one argument, namely, as 7,(p?), Q(p*), and w(p?),
respectively. For on-shell scattering, in which N (p2) =1, we
can isolate D, ( pz) from Eq. (4.9), which then reads

1- 0"
D, (p*) = ————~. 4.11)
w(p?)
This function is the one that is matched with the ERE,
1 1
Dy(p*) = ——+rp* + Z vup™™ = p*H cot 8. (4.12)

m=2

Let us stress that this result is a consequence of unitarity and
analyticity, with the latter exploiting the fact that no LC is
present in the PWAs when considering only contact interac-
tions. It is entirely expressed in terms of the experimental
phase shifts.

To calculate N(g?, p*) we substitute the expression for
D,(pz), Eq. (4.11), into Eq. (4.9), which then reads

2 2
N ) = B o) — g UG P
w(p?) w(p?)
4.13)

By solving explicit examples of off-shell scattering with
cutoff regularization for contact interactions with the potential
w(g?, ¢*) = 2. =0 a)aﬂq’zaqzﬂ up to and including sixth
degree in the arguments, we have checked that, after renor-
malization by matching with the ERE,* the coefficients wyg
scale with the cutoff A as

Wap —> O(AT2@TP), (4.14)
A—o0
This rule follows the dimension of wypg corresponding to
length?@*A+1 " and we take it for granted in the following
discussions. The previous equation also holds for a separable
potential.’
Importantly, Eq. (4.14) allows one to conclude that

N(¢*, p*) — L. (4.15)
A—o00
The reasoning is the following: (i) The ratio
w(q?, p?)/w(p?) = wy/we =1 for A — oo, and then
Eq. (4.13) simplifies as
N P =140 p)— 0.  (416)

(ii)) The monomial waﬁ(qz,q’z) gives rise to extra cutoff
powers of highest power A?? when implemented in the IE

4The divergent part of the integrals involved can be expressed in
terms of the basic functions

2 ][ _adq_
¢ — P
— 7/ dqqln — 0’1A2n+1.
T Jo
The coefficients 6, specify the cutoff regularization scheme.

3An explicit account of our analyses with contact-interaction po-
tentials can be provided to the interested reader on demand.

A
2n:/ dqq2n+p21n—l7
0
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Eq. (4.4), as compared with those stemming from wyy. How-
ever, the latter, because of its dimension ruling the scaling
with the cutoff, is less suppressed precisely by O(A~2@+A))
as compared with weg. Therefore, even taking into account
the extra cutoff powers resulting by integrating the off-shell
arguments in the IE of t,, it comes out that the contributions
to this IE from w,g are suppressed by O(A~>%) for & > 0, as
compared to those from wy,. Therefore, the contribution with
a > 0 vanishes in Q(¢%, p?) for A — oco.

However, for o = 0 there is no such suppression of the
contributions arising from the integration of wog(q?, q/z) to
the left of the symbol RG in Eq. (4.10). In the same manner,
when the potential w(q’z, p?) acts to the right in Eq. (4.10)
(think of an iterative solution of this IE), the only surviving
contributions in the limit A — oo correspond to wgg. Impor-
tantly, all these contributions involving wy, to the left or wg
to the right of )G in Eq. (4.10) are independent of ¢, because
the integration in the ¢’ variable is then only a function of p.
Thus, they cancel in the difference Q(g2, p*) — Q(p?) present
in Eq. (4.16), and Eq. (4.15) follows.

For the off-shell case ones writes /(g% r?) =
D~ Y(p*)N(q?, r?), with r another momentum, substitutes
it in Eq. (4.4) and, by taking into account the scaling rule of
Eq. (4.14), one has that

724 72

N(g%, r?) = D(PP)ago — w(g?, ¢2)q > GN(g”*, ). 4.17)

This equation has no imaginary part because of Egs. (4.7)
and (4.15) [due to time-reversal invariance N(p?, qz) =
N(g?, p?)], and then N(¢?,r?) has no RHC. Therefore,
N(q?, r?) satisfies an equation analogous to Eq. (4.16),

N(g* ) =1+ 0, ") — Q(pP).

Following then the same reasoning as used below Eq. (4.16),
one concludes that

(4.18)

N ¢*) —> 1. (4.19)
A—o0

As a consequence of Egs. (4.5), (4.12), and (4.19), the vacuum

off-shell PWAs can be expressed directly in terms of the

experimental phase shifts for g, ¢’ < 2max (&, &) as

(99"
20T ot 8 — ipHl

t(q.q") = (4.20)
p

B. The coupled case

This section is a generalization to coupled PWAs of the
results in Sec. IV A, and we follow similar steps as in the
uncoupled case. We use matrix notation which makes more
straightforward this generalization process. For M coupled
PWAs the LS equation in matrix notation is written as

t(q,r) = v(g,r) —v(q,q)Gt(q', 1), 4.21)

so that now ¢ and v are M x M matrices and G is a diagonal
matrix of the same order. We also introduce the matrix (g)*
which is a diagonal matrix whose ith entry is g%, being ¢; the
orbital angular momentum of the i, PWA. The right threshold
behaviors of t(q,q’) and v(q, q') are explicitly taken into

account analogously to Eq. (4.3) by writing, respectively,
19, 9) = @ 7@ )",
v(g.4) = (@) wig* ¢*)g)"
Multiplying Eq. (4.21) by (¢)~¢ and (¢')~¢ to the left and
right, respectively, we have
(g’ ) = (g, r*) — w(g’, ¢ g Grelg”, ).
(4.23)

4.22)

Invoking the N/D method in coupled channels [42], we write

w(qg®, 4 = N, ¢ D~ (PP,

(4.24)
ImD(p*) = —(p)**'N(p),

where D(p?) and N (qz, qz) are M x M matrices. The former
has only RHC and the latter has none in the case of contact
interactions. Both matrices of functions can be chosen such
that for on-shell scattering [40]

N(p*) =1. (4.25)

The equation for N(g?, r*) that results from Eq. (4.23) is

N(¢% ) = w(g?, HD(P?) — w(g®, 4*) g ) GN (g™, ).
(4.26)

Particularizing this equation to on-shell scattering we have
that

D, (p*) = w(pH)'[I — 0(pH)], (4.27)
where D, (p*) = RD(p?) and
0, ) = —w(d?, ¢ )@)RGN(g”>, r*).  (4.28)

Equation (4.27) is matched with the ERE in coupled chan-
nels to all orders, so that

D,(p*) = w(@p) ' — 0(p*))

1 [
= _(a)_l + 5(”)[72 + Z(Vm)sz-

m=2

(4.29)

Here all the shape parameters are actually matrices [43], a fact
indicated by placing them between brackets.

Explicitly, if S(p?) is the S-matrix projected in partial
waves, the corresponding coupled PWAs can be written as

1
t(p") = (P)'DPH(p) = ;.p[S(pz) 1. (4.30)

For vacuum NN scattering, the S matrix for coupled PWAs
can be expressed as

_ (cos 2¢ ¥

i sin 2¢ ¢®11582)
i sin 2¢ ¢i®1+%2) ’ (4.31)

cos 2¢ %%

where € is the mixing angle and &, &y, are the phase shifts
for waves 1 and 2, respectively.

A completely analogous analysis as for the single-channel
case implies that N(q?, q/z) — I for A — oo (we recall that
we are interested in off-shell momenta bounded by twice the
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largest Fermi momentum). Therefore, when the cutoff is sent
to infinity, the expression for the off-shell coupled PWAs is

q l 1 6]/ 4
1(g.q) = (—) —.(S(pz)—m(—) :
p/ 2ip p

In the previous expression the matrix (g/p)¢ is (¢)*(p)~¢ =
(p)~%(g)*. As in the uncoupled case, Eq. (4.32) has been
checked for polynomial potentials in coupled channels up to
sixth degree in its arguments.

4.32)

C. The in-medium 7" matrix

For the in-medium 7 matrix the results for the vacuum 7
matrix expressed in Eqgs. (4.20) and (4.32) allow us to derive
an algebraic equation to determine #,,(q, p). We explicitly take
care of the threshold behavior for interactions without LC, and
write

tn(q,q) = (@' (P ), (4.33)

Of course, for coupled PWAs a matrix notation analogous to
that developed in Sec. IV B should be understood.

Next, by taking into account the IE satisfied by ¢t,,
Eq. (2.11), it follows that t,, obeys the algebraic matrix equa-
tion,

¢ %
T (P?) = (P + tu(p")q Lug'" To(p®), (4.34)
with the matrix elements of ¢'*L,,q'* given by
[q/ZLm;/zlizfzJ]Ml@l q/f ]12427/151
m o k*dk tiit
= 8#—2#1 (271)2 [) K2 — pg — iék o MBJ2M1€2’2JW151’1'
(4.35)

The matrix [B] is given by the matrix [.4], defined in Eq. (3.9),
but removing the one in the factor between square brackets.
Namely,

Brutshnerty ==X (SLL)x (SO Y (myssu|€257)

ms3ss3
X (m3s31€18]1) / dk Y (ky*y;" (k)

x [0(&1 — |k + aZ|) + 6(&2 — [k — az])].

(4.36)
Finally, the solution of Eq. (4.34) is
() = [t — ¢ Lug 1™
- [(p)f(M)l<p>f - q’fLmq’Z}_l.
imp
“4.37)

D. Uniqueness of the on-shell in-medium 7" matrix

We discuss here that the on-shell in-medium PWA t,,(p, aZ)
shown in Egs. (4.33) and (4.37) is independent of the regula-
tor, as well as unique. The point is to consider the scattering
amplitude of two on-shell fermions in the medium, whose

imaginary part is not only due to G but also to L,. The
former comprises the contributions from intermediate states
of two fermions in vacuum, and the latter from the mixed
intermediate states with one Fermi-sea insertion. As a result,
rm(pz)’1 — i(p)ZIm [G(p) — Lm](p)e is amenable to a power
expansion in p? around threshold because the branch-point
singularity at p = 0 has been removed. This is then the in-
medium equivalent of the ERE in vacuum; cf. Eq. (4.29).

From this point of view, this in-medium ERE can be seen
as a dressing or flow of the ERE parameters in vacuum
because of the finite density of fermions, so that one has
a(&y, &), r&, &), and v, (&, &) form > 2. In the limit &, —
0, of course, one has the boundary conditions a(0, 0) = 4,
r(0, 0) = r and, in general, v,,(0, 0) = v,,, m > 2, where the
vacuum values have been denoted with the usual symbols.

By using cutoff regularization we have been able to work
out the dressing of the ERE parameters as a function of the
Fermi momenta &;. This is accomplished because t,,(p, aZ) has
been calculated to all orders in the ERE, being expressed di-
rectly in terms of the vacuum phase shifts and mixing angles.
Since any other regularization method respecting analyticity
and unitarity in the limit of contact interactions should agree
on the on-shell #,,(p, aZ) when taking into account all higher
orders in the ERE, then it follows our claim.

Making use of these results, one can then resolve the
regulator dependence [23] already observed of in-medium
nonperturbative calculations of £ by performing them either
with cutoff or dimensional regularization. The point here is
not to perform partial calculations up to some order in the
expansion of the contact interactions but to include all orders,
so that the physical results are directly expressed in terms of
the phase shifts and mixing angles as determined in vacuum
scattering experiments.

V. RESULTS

We have resummed the ladder diagrams for calculating &,
Egs. (2.4) and (2.18). We have also been able to solve #,, in the
nuclear medium for contact interactions; cf. Egs. (4.33) and
(4.37). As a consequence, our results are renormalized and
expressed directly in terms of the experimental phase shifts
and mixing angles of NN scattering [43].

The calculations are based on assuming contact interac-
tions between the two interacting nucleons, whose range of
validity is limited by the onset of the left-hand cut in PWAs
due to pion exchanges, which occurs for p? < —m?2 /4 (this
limit is determined by one-pion exchange). Nonetheless, the
on-shell PWAs in vacuum have been directly expressed in
terms of the phase shifts, which is valid for all momenta.
But the off-shell vacuum PWAs t;;(q, r), needed for in-
medium calculations, are proportional to g%’ in the off-shell
momenta, a functional form stemming from the contact-
interaction nature assumed for the potential. Indeed, one
would expect this functional form to be valid only for small
momentum compared with m,. As said, —m?2 /4 settles the
start of the LC in the momentum-squared complex plane, so
that the off-shell factor g% r% would set in only as the limiting
behavior for |gq|, |r| <« m,. Therefore, we would expect that
the strong off-shell dependence proportional to k“' T in the
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FIG. 3. The pressure (left panel) and sound velocity squared (right panel) for SNM calculated from the ladder resummation are plotted as
functions of kr < 150 MeV by the solid lines, with the estimated uncertainty given by the gray bands.

calculation of L,, in Eq. (4.35) would be tamed for momenta
of O(m,). For instance, this is the case if one calculates the
NN PWAs at tree level from one-pion exchange, as given in
Appendix A of [37].

Then, we display our results for low densities up to Fermi
momenta kr = 150 MeV ~ m,, which corresponds to sym-
metric nuclear matter (SNM) and pure neutron matter (PNM)
densities of 3 x 1072 and 1.5 x 1072 fm 3, respectively. We
notice that the onset of the sensitivity to the pion LC is smooth
and gradual, as shown by the validity of the ERE with a few
terms in reproducing the NN phase shifts for momenta clearly
above my /2 [39,44-46]. Furthermore, here the use of the
vacuum off-shell PWAs is always in integral expressions, so
that there is an averaging process, and results are not directly
sensitive to specific values of momenta. Then, we consider it
reasonable to extrapolate in kr and show the results for Fermi
momenta up to around m,. Indeed, it is not uncommon for
pionless EFT to show results for momenta up to around m,
[47-49].

To estimate the uncertainty in this extrapolation, we also
multiply the off-shell dependence on k for k > m;/2 in
the calculation of L,,, Eq. (4.35), by the Gaussian regulator
exp[—(k — m, /2)?/Q?]. The scale Q > m,, and in this way
higher values of k compared with m,, /2 are suppressed in the
calculation of L,, (the onset of LC in the complex k plane
occurs at +im, /2). Notice that this procedure is implemented
only for estimating uncertainties, and our benchmark values
correspond to Q — oo. The extent of the uncertainty is deter-
mined by taking the lowest value Q = m,,.

We also consider the impact in our results of taking an
effective nucleon mass m(p) in the nuclear medium. At the
level of the kinetic energy density £ we have to replace
m by m(p) in Eq. (2.5). For the interacting energy den-
sity, ¢, the substitution m — m(p) has to be made in L,
and L,, but not in the calculation of the vacuum scattering
PWA and, therefore, not in (p)i(z”%’p_m)_l(p)e for 7,,(p?),
Eq. (4.37). The replacement m — m(p) is also needed in
the prefactor —2i/(mm?) in Eq. (2.18), since this is linked
to the calculation of L;. At nuclear matter saturation den-
sity pp Ref. [50] gives m* = m(pp) =~ 0.7 m, while for pure
neutron matter Ref. [51] obtains m™* ~ 0.9 m. We take these
values and use for each case an extrapolation in density of the

form m(p) = which becomes linear in p for low

densities. This behavior is in agreement with Refs. [50,51],
and it is also the expected leading one by having into account
the self-energy corrections from NN interactions [20,25,26].
Nonetheless, this source of estimated uncertainty is typically
much smaller than the one stemming from the variation of
the Gaussian cutoff Q, and it is not really relevant in the
presentation of our results.

A. Symmetric nuclear matter

We show in Fig. 2 the resulting £ from the ladder resum-
mation as a function of kr by the solid black line, and the
estimated uncertainty corresponds to the gray area. In the
same figure we also show other low-density determinations
by the blue filled circles, corresponding to the variational
calculation of Ref. [52], and the red dashed line is the result
from the density functional SealLL.1 [53].

It is notorious that £ > 0 up to kr ~ 70MeV, or p =~
3 x 1073 fm~>. This clearly indicates that SNM is not stable
at such low values of the density, where the resummation of
the ladder diagrams provides robust results. Of course, this
phenomenon should not come as a surprise since it is well
known [54-56] that at low densities the stable phase is not
longer homogeneous, as « particles [55,56] and heavy nuclei
[54,55] form.

We can further study this region of instability of SNM, also
called spinodial region [57], by considering the resulting pres-
sure, P, and the sound velocity squared, csz, which respectively
obey the expressions

€
P(p) = p>—, (5.1)
ap
1P 2p93& 2928
)= ——m =P P (5.2)
: mop mdp m dp?

P(p) and cf (p) are shown in the left panel and right panels
of Fig. 3, respectively. The pressure is positive up to kp =
59 MeV, corresponding to a system which tends to split apart.
c? becomes positive in the region of negative P(p) only above
a critical value of kx, which we denote as &, and for which the
resummation of ladder diagrams yields &, = 139 MeV, with
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FIG. 4. The partial-wave contributions to £ for SNM with dif-
ferent orbital angular momenta are added separately. Contributions
with the S, P, D, and F waves consecutively added correspond to
the blue dashed, red dashed-dotted, magenta dotted, and green solid
lines, respectively. The full result is the black solid line. See the text
for further details.

around a +20 MeV of uncertainty. Let us recall the relation
between the compressibility coefficient K and c2,

(5.3)

so that when ¢? < 0 then K < 0. The Fermi momentum &, is
the critical density above which the system leaves the instabil-
ity region, and SNM becomes a homogeneous stable phase.
Reference [54], employing a relativistic mean field theory,
obtained a value for the critical density around 10'* g/cm?,
corresponding to & = 190 MeV. The boson-exchange
model for nuclear interactions used to apply the Dirac-
Bruckner approach to calculate £ in Ref. [57] gives & ~
200 MeV.

We separately show in Fig. 4 the contributions from PWAs
involving different orbital angular momenta, and their sum up
to the final result given by the black solid line. We organize
the different contributions according to the mixing of PWAs
in vacuum. In this way, the blue dashed line corresponds
to the S waves but, because of the mixing between the 38,
and D PWAs, we are actually keeping the 'Sy and 3S,->D,
PWAs. Let us recall that we directly take the experimental
phase shifts and mixing angles, so that the mixed PWAs in
vacuum must be kept together. Similarly, using the notation
of P waves (red dash-dotted line) we are adding the PWAs
1Py, 3Py, 3Py, 3P,-3F,. For the D waves (magenta dotted
line) we have in addition 'D,, 3D5, 3D3-3G3, and for the F
waves (green solid line) we have added the contributions from
the 'F3, 3F3, and 3F4-3H4 PWAs. As expected, we see from
Fig. 4 that the main contributions arise from the S waves, but
the P waves give a noticeable repulsion, which is compensated
to large extend by the D-wave contributions. The convergence
is already achieved with the F-wave contributions, and is
almost indistinguishable from the final curve including the
G waves.

5
Vv NLEFT
HEFT 2N
4{ m GCcos
4 G13
_ ® FP8l
% 1 Unitary limit
s ——- With ap
—-= With ap and r
NgP¥ ’ ’
W
1 e
0- ' ' ' '

0 20 40 60 80 100 120 140
kF [ MeV]

FIG. 5. & for PNM is plotted as a function of kr < 150 MeV. Our
results are given by the black solid line, together with the gray band
giving the uncertainty estimated. The resulting curve in the unitary
limit ay = oo is the blue dotted line. We also provide the results
calculated with the 'S, scattering length only, brown dashed line,
plus the effective range, green dash-dotted line [31]. For comparison
we show results for NLEFT [58] (green downwards triangles), HEFT
2N [59] (yellowish green diamonds), the two quantum Monte Carlo
calculations of Gezerlis and Carlson [60] (red squares) and Gezerlis
[61] (gray left-pointing triangles), as well as the variational one of
Ref. [52] (blue circles).

B. Pure neutron matter

The results for £ of PNM by resumming the ladder dia-
grams are shown in Fig. 5 by the solid line, with an estimated
uncertainty given by the gray band. By considering only the
S-wave contributions, namely the PWA 'S, we plot £ in the
unitary limit (infinite scattering length) by the blue dotted
line. When taking the actual value for the scattering length
of the PWA 'Sy, ap = —18.95 fm, the brown dashed line
results and, after the effective-range contributions are added
with ryp = 2.75 fm, we have the green dot-dashed line. The
last two cases were already calculated by us in Ref. [31]. In
addition we also compare with other calculations. The green
downwards triangles give the low-density results from nuclear
lattice EFT of Ref. [58], and the blue filled circles correspond
to the variational calculation of Ref. [52]. We also show the
quantum Monte Carlo results of Refs. [60] (red squares) and
[61] (gray left-pointing triangles) and the auxiliary-field quan-
tum Monte Carlo calculation of [59] (light green diamonds).
We see that £ for PNM obtained from the resummation of
the ladder diagrams is more repulsive than any of the other
calculations shown for kp 2 120 MeV.

We also plot the pressure P and the sound velocity squared
c? for PNM that result from the resummation of the ladder di-
agrams in the left and right panels of Fig. 6, respectively, with
the gray bands giving the estimated uncertainty as discussed
above.

Separated partial-wave contributions to £ for PNM are
shown in Fig. 7, similarly to Fig. 4 for the case of SNM. Then,
by S waves (blue dashed line) we mean the contributions from
the 'Sy PWA; P waves (red dotted line) comprise in addition
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FIG. 6. The pressure P(p) (left panel) and sound velocity squared c(p) (right panel) that result from the ladder resummation for PNM are

plotted by the solid lines.

those from 3Py, 3P}, and 3P,-3F,; D waves (magenta dash-
dotted) include 'D,; and F waves (green solid line) comprise
the contributions from the 3F5 and 3F4-3H, PWAs. In the in-
terval of values of kr shown it is clear that the full result (black
solid line) is overwhelmingly dominated by the 'Sy PWA, with
a small repulsive P-wave contribution, which is compensated
by the D and higher partial waves. The convergence with the
full result is reached with almost indistinguishable F-wave
contributions.

By assuming a quadratic dependence of £ on the proton
fraction x, = p,/p (width p, the density of protons), we
can calculate from our results the symmetry energy S(p)
as [28]

S(p) =E(p,0) = &(p, 3)- (54)
Here, we follow the notation & (p, xp,) for € as a function of
density and proton fraction, so that £(p, %) corresponds to
SNM and &(p, 0) corresponds to PNM. Note that, in order
to apply Eq. (5.4), one is taking the difference of energies per
nucleon at a fixed value of density p. Then, kr for SNM is a

5
--- S-wave
—-- S+P-waves
- BRREE S+P+D-waves
—— S+P+D+F-waves
—_ — Full
>
[}
Z
A4
~
W
0 T T T T T T T
0 20 40 60 80 100 120 140
kF [MeV]

FIG. 7. The partial-wave contributions to £ for PNM with differ-
ent orbital angular momenta are added separately. The notation is the
same as that employed in Fig. 4 for SNM.

factor 1/2!/3 smaller than kr for PNM when calculating the
difference S(p) = £(p, 0) — £(p, 0). From our results shown
in Figs. 5 and 2 for PNM and SNM, respectively, we calculate
S(p), which is plotted in Fig. 8 by the solid line, with the gray
area giving the uncertainty estimated.

Going on with the quadratic dependence on the proton
fraction for £(p, xp), Ref. [62] wrote also the parametrization

_ _ 1 0 Vs 2
E(p,xp) = 5(,0, E) + Cs(—) (1 —2x,)". (5.5

£0

In using this formula we take py = 0.16 fm~3, the standard
value for nuclear matter saturation.

By fitting S(p), shown in Fig. 8, with Eq. (5.5) within the
density range p € [0.7, 3.1] x 1072 fm >, the free parameters
C; and y are then determined. In the chosen density range
S(p) has a smooth behavior, once the region around the maxi-
mum of £ for SNM in Fig. 4 is clearly left behind. The values

S(p) [MeV]

0.020 0.025  0.030

p [fm~3]

0.015

0.010

FIG. 8. The solid line and its uncertainty band correspond to
the symmetry energy S(p) obtained from the resummation of the
ladder diagrams as a function of density p. The red dashed line is
the parametrization of Eq. (5.5) using the fitted central values of C;
and y in Eq. (5.6).
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"l — PREX-
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e This work
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25.0 27.5 30.0 32.5 35.0 37.5 40.0 425
So [MeV]

FIG. 9. L vs Sy at pyo. We show our results their 20 uncertainty
by the black circle and area, respectively. We also give the outcome
of Ref. [50] at different orders in the perturbative chiral expansion:
NLO (Holt et al. [50]), N2LO (Holt et al. [50]), and N3LO (Holt
et al. [50]). The 20 uncertainty area of the last is shown in blue.
Three empirical bands, obtained in Ref. [63] by analyzing the static
dipole polarizability in the nuclei 2*Pb, ®Ni, and '*Sn, are plotted.
The inferred values from the same reference are also reported by the
orange square (Roca-Maza et al., 2015 [63]). The result of Ref. [64]
is given by the cyan point (Drischler et al., 2020 [64]), and the inter-
val of values from the recent experiment PREX-II [65] corresponds
to the red square (PREX-II [65]).

obtained from the fit are
Cy, =34.77 £0.15 MeV,

y = 0.667 £+ 0.003. (5.6)

By employing the central values and the parametrization of
Eq. (5.5) we obtain the red dashed line plotted in Fig. 8, which
shows that the fit closely reproduce the results from the ladder
resummation for p € [0.7, 3.1] x 1072 fm 3.

The parametrization in Eq. (5.5) fixed at low densities
allows us to extend the results to larger values of p and, in
particular, consider the values for the symmetry energy at
saturation So = S(pp),

So = E(po, 0) — &(po. 3). 5.7
and its slope

dS(p)

Lo

L =3pp =3Cys. (5.8)

These are magnitudes of phenomenological interest, with
special attention devoted to the investigation of existing cor-
relations between these quantities (defined and computed in
infinite nuclear matter) and measured observables. Among
the latter we have those in finite nuclei, such as the neutron
skin thickness in neutron-rich nuclei and the electric dipole
polarizability, and others in astrophysics, e.g., concerning
neutron stars and heavy-ion collisions with radioactive beams
[28,63,66,67].

We show our central values for Sy and L in Fig. 9 by
the black circle corresponding to So = 33.77 MeV and L =
67.59 MeV. The 20 uncertainty area is also given by the
black narrow area, extending over the values 31.10 < §p <
36.57 MeV and 57.82 < L < 78.29 MeV. The figure also
gives the phenomenological bands obtained in Ref. [63] by

analyzing the data on the electric dipole polarizabilities of
%8Ni, 12Sn, and 2°®Pb, employing several density functionals.
The same reference infers the intervals of values 30 < Sy <
35 MeV and 20 < L < 66 MeV, represented by the orange
square in Fig. 9. We also show the outcome of Ref. [50]
obtained by employing chiral perturbation theory at different
orders, as indicated in the figure. The 20 correlation area at
N3LO of Ref. [50] is given by the blue area, and lies quite
close to our outcome. The result from the recent Bayesian sta-
tistical analysis of [64] is shown by the cyan dot, and that from
the recent experiment PREX-II [65], Sy = 38.29 £+ 4.66 MeV
and L = 109.56 &+ 36.41 MeV, corresponds to the red square,
which is compatible with our extrapolation.

VI. CONCLUSIONS

We have studied infinite nuclear matter by resumming the
series of ladder diagrams following the results of Ref. [31].
The master formula there given allows one to consider ar-
bitrary nucleon-nucleon (NN) interactions in vacuum. This
formalism can be explicitly solved for the case of NN
interactions driven by contact-interaction potentials. The
partial-wave amplitudes up to and including G waves are
considered for symmetric and pure neutron matter for Fermi
momentum up to 150 MeV, so that the results are conver-
gent under the inclusion of higher partial-wave amplitudes.
The energy per particle £ obtained from the ladder series
is renormalized, without any dependence on arbitrary scales,
such as cutoffs or regulators, and it is directly expressed in
terms of the experimental NN phase shifts and mixing angles,
reducing the systematic errors in the calculation of dilute
nuclear matter. The knowledge of £ as a function of density p
allows also studying other interesting observables such as the
pressure P(p) (equation of state) and the sound velocity c;(p).

We notice that our results are specially suitable in the low
density region where a pionless description of NN interac-
tions can make sense. They comprise the full vacuum NN
interactions and the leading order nonperturbative in-medium
contributions, according to the power counting of Ref. [25].
An interesting application of these results given by the re-
summation of the ladder diagrams would be to use them to
constrain the many-body techniques employed in deriving the
equations of state for higher densities that are used to calculate
neutron star properties. We also plan to extend our present
results by taking into account finite-range NN interactions
and, in this way, being able to reach higher densities p = p0p.
Work along these lines is in progress.
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APPENDIX A: TECHNICAL STEPS FOR DERIVING THE IEs FOR ¢,,(aZ)

In order to arrive to the IE for f,,(a) in Eq. (3.4), let us first analyze the matrix elements of the kernel G(p) — L,,(p, a)
between antisymmetrized plane-wave states. We take the expressions in Egs. (3.2) and (2.9) for the operators G(p) and L, (p, a),
respectively. From the operator G(p) we then have from Eq. (3.2) that

P~ e~ ~)

mQ2m)?
A(K'5{636 84| G(p) k616201 Ga)p = — 53—

e OO =050 B B, — DK + Kb Saiandise ] (AD)

For the case of the operator L,,(p, a), Eq. (2.9), more care is needed because the dependence of the Fermi momenta on the
isospin indices of the intermediate states, &; and &,. Namely,

~! ~!~! / (27T )3 / ’
A(K 616,018y |Lin(p, a)|KG1628102) 4 —m[a(k k)8&{61 562’&2554&1554&2 -4k + k)5&;&25&2’&1 5&;a25a;a1]

x [0(&z, — |k +a]) + 0(&, — |k —a))]. (A2)

The sum over the two Heaviside functions factorizes because the sum over the intermediate states is symmetric under the
simultaneous exchange of the subscripts 1 <> 2 and q — —q.
Putting together these results, we end with the following expression for the operator —V[G(p) — L, (p, a)]t,,(a),

- V[G(P) — Lu(p, a)ltn(a)

&’k d’k . , Yo~ o U
= /(271)3 an ) VIK'5(6,8,@)44 (K'G{5,8165|G(p) — L(p, @)K, 61628182) 44 (KG1528182 |1 (2)

3 —O(&; — —0(& — |k —
:ZZ/(CZ K ka0 = K aD = 0, — K —aD )

——V|k&162@182)a K2 — p? — e

Then, taking the previous result in Eq. (3.3), the IE Eq. (3.4) for the two-body scattering operator in momentum space follows.
From the decomposition of the antisymmetrized plane-wave states in the partial-wave basis, Eq. (2.17), Eq. (A3) for
—VI[G(p) — L,(p, a)]t,,(a) in the partial-wave basis is

—VIG(p) — Lu(p, a)ltn(a)

1-0 a]—k — ¢ az_k_ . 1l 1
w2 Y Y [ S E vy =0 T 20 S K2R g e e )

k2 — p? —ie
G.0 Julmy J' W' €'m)
Ss3liz S'syI'ty

X (516,84 |558') (616253 )558) (@il | TT1 ) (@ dais | TTT) (s |€'S T ) (mass | €STYY 0 (R)* Y™ (K), (A4)

where s = v = 1/2 is the spin and isospin of the each nucleon, respectively. It is also clear from this equation that i3 = i} =

&1 + &;. The sum over &; and &, can be readily done because of the orthogonality properties of the Clebsch-Gordan coefficients:
D (61625} 1555')(51528355S) = 8,5,05's- (AS5)
61,62

In the following we choose a along the z axis because this is enough to calculate £, [cf. Eq. (2.18)], and it also induces extra
simplifications in the final IE for #,,(aZ). Because of this choice it is clear that there is no dependence on the azimuthal angle of
k in the integral of Eq. (A3), because |k £ aZ| only depends on its polar angle. Thus,

2
f dpY." (0, 9) Y™ (0, 9) X Sy ms- (A6)
0

As aresult ' = p because u’ = s5 + mj = s3 + mz = . Then, we can get rid of the sums over &1, 62, S', 55, mj, 1, and i in
Eq. (A4), which then becomes

- V[G(P) - m(pr a)]tm(az)

1 —0(8s, — |k +a2|) — 0(5a, — |k — az|) . 5
_ / /. 1 2 1y
=m Z Z Z/ Qr )2V|‘I ul'STizk) K2 — p? — e (JlSIizk|t,(aZ) x (SED x (SET)
a0 Julms I'liz
Ss3J' 0

X (@13 | T T ) (@1 aiz |TT]) (mas3 | €S ) (mss3 p €SI)Y, (R) Y™ (k). (A7)
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We then continue with the case i3 = 0 and deduce the corresponding IE for the ¢,,(aZ), and take first Eq. (A7) with I’ # I,
i3 = 0. For T = 1/2 we then have the following substructure within the integrand:

1— (- oo N . .
B S— Z(alazlslfﬂ Yai@i|te[1 — 0(8s, — [k + az]) — 0(85, — |k — ai|)]
a,a
- =D , , " .
= T[—G(& — |k +az]) — 0(& — |k —az|) +0(& — [k + az|) + 0(& — [k — az])], (A8)
where in order to simplify the notation the Fermi momenta &, are denoted as
%:1 = $+% )
b=6y. (A9)
Next, we notice that (—1)¢ = —(—1)* because I’ # I, the total spin S is the same and there is contribution only when the

Fermi statistics factors x (S€I), x (S€'I") # 0. Then, by exchanging k — —Kk in the last two step functions in Eq. (A8), taking into
account the parity rule for the spherical harmonics, ¥;"(—k) = (-1 )ZYK’”(k), the contributions in Eq. (A7) with I’ # I become

1= (=1~ [ dk VI pl'SIisk)(JwtSTisk|tn(az) . o« . . - /
—my ! : v Ry ()x (SeDx (SeT)

2 2 _ 2 _
Jlms J'O'T @2m) ke —p”—ie
Ss3lis
X (m3s3p|€'ST" ) (m3s3 | €SI)[0 (€1 — [k + az|) + 6(& — |k — az))]. (A10)

On the other hand, for those with I’ = I we have that (&, &,iz|t7/ ¥ =1 /2 in all cases, and the sum over the isospin indices &;
and &, gives
1+ (_1)1_1/ 1y PN a PN PN m3 *y7 M3
T}((SU)X(SZ D2 -0 — [k+az|) —0(& — |k —az|) — 05 — [k +az|) — 0(&§ — [k —az])]Y,” (K)"Y,™ (k).
(A11)

Since now (—1)¢ = (—1)% because S is conserved, I’ = I, and there is contribution only for x (S¢I), x (S¢'I') # 0, the exchange
k — —k implies that the contributions in Eq. (A7) with I’ = I read

1+(—1)1/71 d3k ) ra g/ m3 Nk VI3
m Z Z 7 5 X (SED) x (SCT)(mas3 ) € ST ) (m3s3 ] €ST)Y,° (K)Y, ™ (K)

2
Julms J'O'T ( )
SS3Ii3

1 —0(& — |k +az]) —6(5 — |k—az|)

x V|J' ' ST'isk) g

(JulSlizk|t,,(aZ). (A12)

Putting together Egs. (A10) and (A12), the resulting IE reads

Pk x(SeI)x(Sel)

E 4
Y K= R —ie (m3s3p|€25T")

(J' wl'SU'izp' |t (az)| I ulSlizp) = (J' wl'SU'isp' |V |J ulSIlisp) + m Z / 0

Jilims
538211
x (m3s3p|€1SJy )YZT(R)*Y[,"3 (K wl'SI'izp' |V wlaST'isk) (Jy 1 Shisk|t (a2)|J ulSTiz p)
L+ (=D , .
X f—9(51—|k+aZ|)—9(é‘z—lk—aZ|) ; (A13)

where we have taken into account that the potential V conserves isospin. Now, since the combination 1 + (—1)" /' conserves
isospin, this implies that

ms kv s / 1+(_1)1/71] ms kv s /

/de[23(k) Y, R (k)X (Se1 )X(S€111)f = /de[j(k) Y, PR x (SGI)x (S61h), (Al4)
by simply exchanging k — —K in the original integral, and taking into account that Fermi statistics requires then that (—1)% =
(=% forI' =1, and (—1)® = —(—1)% for I’ # I,. Taking this result into Eq. (A13), one ends with the simpler expression of
Eq. (3.5).
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APPENDIX B: SOME SYMMETRY PROPERTIES OF PWAs: GENERAL VALUES FOR &, &,
Let us show that we do not really need to calculate the PWAs of #,,(aZ) with negative u since they obey the rule
' = pt'SLisplt(@@)J — ueSlizp) = (=D wl'SIispl |t (a2) | ptS1is p). (BI)

To prove it we start by considering the IE of Eq. (3.5) for the PWAs with — . Because of rotational symmetry the matrix elements
of V are independent of . We also employ the symmetry property of the Clebsch-Gordan coefficients under the change of sign
of the third components of spin [68]; then

(m303 — w|€280")m303 — pl€iSTy) = (=) (—my — 03687 )(=m3 — o3 €1ST). (B2)
Next, we take into account that the product of the two spherical harmonics is real and we can write
Y R Y (k) = YR (k)Y (k)" = Y, (k)*Y, ™ (K), (B3)
where we have also exchanged the sign of the third components of the angular momenta by making use of the well-known
property ¥ (k)* = (—=1)"Y, " (k).
Implementing this procedure, the IE for (— 1)+ (J' — ' STizp/|t,,(a2)|J — €SIi3p) from Eq. (3.5) becomes

(=) — W' SU iz p it (a)|J — wSlisp)
3k ) (Sel)x (Se11))
2m)r kr—p?—ie

= (=) Wl SUizp |V 1 e STisp) +m Y

]1[1]713
s3t21h

+1 OBy 8¢/ ¢4mod(2)

X (= — s3p|€280 ) (—m3 — s3pul €1 STDY, ™ (k)Y ™ (k) (= 1) H R (Il ST pl|V T taSTisk)

+1 By +mod(2)

X (=D e Sk, (a2) | peSTip)[1 — 6(51 — [k + azl) — (& — |k — ai))]. (B4)

This IE, after relabeling the dummy indices —m3; — m3 and —s3 — s3 (which also has a symmetric sum interval around zero),
is actually the same IE as the one satisfied by (J'ut'SI'i3p'|t,,(aZ)|J ueSIizp), and Eq. (B1) follows.
As a corollary of Eq. (B1) we notice that for ;| = 0 it is necessary that

(_1)J/+J — (_1)51+Z’ (BS)

otherwise the PWA is zero.
The PWAs of t,,(az) are symmetric under the exchange of the initial and final quantum numbers, namely,

(J' 'S izpltw () ptSIizp'y = (JutSIizp'ltm(a)|J' nl'SI'is p) (B6)

with the scattering energy fixed by p, so that E = p?/m. This relation is particularly useful for the on-shell case with p’ = p,
which is the one needed in the evaluation of £ . It implies then that the in-medium on-shell 7" matrix is symmetric under the
exchange of the discrete labels.

For the demonstration we use that the matrix elements of V because of time reversal are invariant under the exchange of the
initial and final states between them. Therefore, the IE for (JulSIizp|t,(az)|J' ue’'SI'izp’) from Eq. (3.5) reads

A3k x(SeI)x (Seil;)
2 l.: (m3s314|€287 ) (m3s31a| €157y )

(JlSTis plty(az)J wl'SI'izpy = (J ' SI'isp' |V I ulSTizp) +m Y / (

2 2 _ p2
S, 27) k P
s3laly
x Y k)Y, (k)* (1l 1 STy ikt (aZ)|J ' SI'isp)
—

It is real. The complex conjugate is taken

X (o STizk|V I ulSTizp)[1 — 0(81 — |k + az|) — 6(&2 — [k — az])]. (B7)

This is the same IE as the one satisfied by (J'ul'SI'i3p'|t,,(aZ)|JueSIisp) as we wanted to show. In order to arrive to this
conclusion we have used the fact that the operational equation for #,,(a) of Eq. (3.3) can also be rewritten as

tm(@) =V —1,,(a)[G — Ln(p, a)]V. (B8)
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