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Two-body weak currents in heavy nuclei
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In light and medium-mass nuclei, two-body weak currents from chiral effective field theory account for a
significant portion of the phenomenological quenching of Gamow-Teller transition matrix elements. Here we
examine the systematic effects of two-body axial currents on Gamow-Teller strength and S-decay rates in
heavy nuclei within energy-density functional theory. Using a Skyrme functional and the charge-changing finite
amplitude method, we add the contributions of two-body currents to the usual one-body linear response in the
Gamow-Teller channel, both exactly and though a density-matrix expansion. The two-body currents, as expected,
usually quench both summed Gamow-Teller strength and decay rates, but by an amount that decreases as the
neutron excess grows. In addition, they can enhance individual low-lying transitions, leading to decay rates that
are quite different from those that an energy-independent quenching would produce, particularly in neutron-rich
nuclei. We show that both these unexpected effects are related to changes in the total nucleon density as the

number of neutrons increases.
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I. INTRODUCTION

B decay is a well-studied weak process. Dating back to
1933, Fermi’s theory of 8 decay [1] paved the way for our
later understanding of the electroweak force. Despite substan-
tial progress, however, a peculiar feature of nuclear 8 decay
has puzzled physicists for decades. Gamow-Teller transition
rates, the primary contributions to decay in most nuclei, are
systematically overpredicted by the nuclear shell model [2],
and a phenomenological “quenching factor” has been required
to bring theoretical predictions in line with experimental
data [3-5]. The physical source of the quenching was unclear
until fairly recently.

The literature contains several reviews of the so-called
quenching problem; recent examples include Refs. [6,7]. The
work of Refs. [8-10] provides compelling evidence that in
all but the lightest nuclei, where quenching is small, nuclear
correlations and two-body meson-exchange currents each pro-
duce significant quenching. Nucleons contribute coherently
to the two-body currents, which should therefore be impor-
tant in heavy nuclei. Although ab initio many-body methods,
with interactions and currents from chiral effective field the-
ory (xEFT), have proved useful for studying the quenching
problem in lighter nuclei, they are computationally difficult
to apply in most heavy nuclei. Several studies of double-8
decay and dark-matter scattering in medium-mass and heavy
nuclei treated two-body currents in a simple nuclear-matter
approximation [11-14], but a more complete treatment in
heavy systems is still missing. Here we fill the gap.
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Our approach is to use the x EFT currents in conjunction
with a Skyrme energy functional. The simultaneous use of two
distinct schemes is inconsistent, of course, but will do for an
initial investigation of the effects of the two-body currents.
Ultimately, we want to treat the numerical coefficients of the
chiral currents as parameters to be fit in conjunction with the
energy-density functional. We defer that large task to a future
paper.

This paper is structured as follows: In Sec. II we dis-
cuss the weak axial current, its implementation in nuclear
energy-density-functional (EDF) calculations of linear re-
sponse, and a density matrix expansion of the two-body
current. In Sec. III, we outline our method for numerically
incorporating the two-body current in an axially-deformed
oscillator basis. We then present calculations in several nuclei
and discuss the effects of the new current in Sec. IV. Finally,
in Sec. V, we discuss the outlook and conclude.

II. THEORETICAL MODEL
A. Weak axial current

B decay is a semileptonic process. It is governed by a
Hamiltonian density that for energies much less than the mass
of the W boson can be written as

G
Hy = __‘; d*x J,(x)L"(x) + H.ec., (1)

where G/g/(iic)3 =1.14959 x 107> GeV~2 can be inferred
from superallowed decays [15], J,(x) is the nuclear weak
current, L*(x) is the leptonic weak current, x = (x, t), and
we use the Einstein sum convention. With Fermi’s golden
rule in first-order perturbation theory, one computes decay
rates from a phase-space-weighted transition matrix element.

©2022 American Physical Society
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Equation (1) implies that the S-decay transition matrix ele-
ment between the initial atomic state |/) and the final state |F)
is [16]
Gﬁ 3 —iq-x .

(FIHyT) = —ﬁz“/d x(fle L@l @)
In this expression ¢ is the momentum transferred to leptons
and /" is a leptonic matrix element that depends only on
initial and final lepton wave functions. The remaining term,
(f1J,.(x)[i), is the matrix element of the nuclear current opera-
tor between initial and final nuclear states |i) and | f). Because
nuclear states are complicated, the nuclear matrix elements
cannot be written in closed form. Most often, one invokes
the impulse approximation, which takes the nucleus to be a
collection of free nucleons, so that the current is represented
by a one-nucleon operator.

In the standard model, the nuclear current is a sum of vec-
tor and axial-vector pieces, J, (x) = J) (x) 4+ J; (x). Here, we
consider only the axial current in the limit of zero momentum
transfer. The resulting leading-order contributions come from
the spatial piece of the four-current. In the nonrelativistic im-
pulse approximation this piece is a one-body vector operator
with the first-quantized form

Jhx) = —ga Z a8 (x —r)). 3)

The sum is over nucleons in the nucleus, g4 ~ 1.27 [17] is the
axial-vector coupling, x is the position (a c-number argument
of the quantum field operator J/l‘b), and r; is an operator de-
scribing the location of the ith nucleon relative to the nuclear
center of mass. We use the notation ¢ = (6", 0", 6{")
and t@ = (z{, ¢V, ) for the usual Pauli matrices acting
on the two-component spin and isospin vectors of the ith
nucleon. We use ¢ to denote the isospin operators themselves:
t® = 17 The raising/lowering operators in Eq. (5) are then
1 =19 +ir®. With this notation, 7_|n) = |p), t4|p) = |n),
andt_|p) =ty|n) = 0.

To go beyond the impulse approximation, we need to spec-
ify degrees of freedom. We take them to be given by yxEFT,
which treats only nucleons and pions explicitly, including
other effects in contact interactions among the constituents.

J

We restrict ourselves to the leading-order two-body axial cur-
rent derived in Eqs. (AS5) and (A6) of Ref. [18] (see also
Refs. [19,20]). From those expressions, we derive the first-
quantized two-body current operator, which has the form

T, (x) = Z [@ffb)(’f —rj,p;)dx—r)

i<j

+ Oy —ri.—p)) 8x —r))). (4)
We leave the operators O unspecified for now, using them
here just to indicate the form of the current. They depend
on the coordinates of two nucleons and the momentum p, =

= <~
—%(Vk — V), which acts on wave functions of the kth
nucleon.

We use the axial current operators in conjunction with
Eq. (2) to generate a set of x-independent operators whose
nuclear transition matrix elements determine the decay proba-
bility. We begin by substituting Egs. (3) and (4) in Eq. (2), and
then evaluate the integral over x. Using the long-wavelength
(or allowed) approximation, we assume that |q|R, where R
is the nuclear radius, is small enough to let us replace e~4*
by unity. For the one-body part of the current, the procedure
generates the operator

Ap=—g1y oVt )

The two-body current contains a short-range (contact) piece
and a finite-range pion-exchange piece. For the short-range
part, after inserting explicit expressions for the operators O
in Eq. (4), we obtain

Ay = f2 Z[zd (t(’) @) _H(J) (1))
Toi<j
+4d_2 t:(tlxj)d(lxj)]33(ri _rj), ©)

where s stands for “short,” 6/ = ¢ x 6, 1>/ = (¢® x
tW), i@ x t1),, and to arrive at this expression we have
inserted a missing factor of —i [9,20,21] in the short-range
term from Eq. (A6) of Ref. [18]. The finite-range pion-
exchange two-body operator is

Avn =5 fz{“c Y 1@ VIV 4126 ? - VIV]+ 28V [p 6 - V) + pi (6 - V)]

i<j

+4(E4 + i)rﬁ*”[(a@ x V)0 - V) — (0 x V)@@ - V)] Yo(ri —r))). @)

This expression is equivalent to those given in Refs. [18,21],
but is written entirely in terms of derivatives acting on the
Yukawa function, Yy(r) = e7""/(4mr). The dimensionless
low energy constants (LECs) in Eqgs. (6) and (7) are defined
by [18]

me;%

8A

Ci = myc;, d; = d;. (¥

B. Linear response in energy-density-functional theory

Nuclear EDF theory away from closed shells is imple-
mented through the Hartree-Fock-Bogoliubov (HFB) gener-
alized mean field. To the extent that static HFB calculations
approximate the exact energy and one-body density, the time-
dependent HFB equations provide an adiabatic approximation
to the full time evolution of the nuclear density, and the HFB
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linear response is an adiabatic approximation to the exact
response. The time-dependent equations can be written as [22]

iR() = [H+ F(t), RO, R=<_‘;* - p*), ©)

with p the one-body density matrix and « the pairing tensor.
In these equations, the mean-field Hamiltonian { and external
field F take the forms

_(t+T A _(f+T A
H‘( —(t+F>*)’ f‘(—l* —(f+F)*)’

— A*

(10)
The matrices ¢t and f are from the kinetic piece of the Hamil-
tonian and the one-body external field, respectively. The terms
I" and A represent the effects of correlations. If the functional
is associated with a (typically density-dependent) potential
V, and if the external field is generated in part, as it will be
here, by a two-body operator F'(¢), these terms come from
contracting the two-body matrix elements of V and F (1) with
one-body density matrices:

1
Pip = Z Vijeprjs - Bij =3 Z Ui jki Kkl »
jt ij
~ _ ~ 1 _
Ly = ZE’jkl,Oljs Ajj = 3 ZFijlekla (11
Jl ij

where the 7’s are antisymmetric matrix elements of V and the
F’s are antisymmetric matrix elements of F@).

The HFB linear response comes from treating the time-
dependent HFB equations in first order in the external field
JF(t) to obtain small oscillations around the static mean
field. The oscillations are the same as those imposed by the
quasiparticle random phase approximation (QRPA). One can
obtain the linear response efficiently with the finite amplitude
method (FAM) [23,24], the charge-changing version of which
is outlined in several places [25-27]. Our work here takes
advantage of the similarity between I' and T in Eq. (11) to
include the effects of the two-body nuclear current operator in
Egs. (6) and (7). We neglect the “pairing field” A in this paper
and compute only the “particle-hole mean field” I'", which
should be more important.

Our computation involves external perturbations that
change the projection along the symmetry axis of the an-
gular momentum by an amount K. In deformed nuclei each
component of the vector operators in Egs. (5)—(7) can in-
duce a different response, but in systems where time-reversal
symmetry is conserved the response to operators that change
angular momentum by +K is the same. The laboratory-frame
response is a linear combination of the intrinsic responses
to the different components of the vector operators, where
each intrinsic result is multiplied by the factor ®x = 18k +
«/561(, kx>0 [28]. Because we therefore must compute the re-
sponse to each component of the current operators, we refer
to the external field as a vector, F, comprising f, I, and
A. Equations (9)—(11) should be understood to represent the
response to a single component of these vectors that changes
intrinsic angular momentum by K = 0, 1.

III. COMPUTATIONAL METHOD

We use the Python program PYNFAM [27] to compute S-
decay properties. This program wraps the ground-state HFB
solver HFBTHO [29-31] and the charge-changing FAM solver
PNFAM [25] for computing the linear response. In all our
calculations we use the same SKO’ Skyrme functional used
in the global B-decay calculations of Refs. [27,32]. In fitting
this functional, the authors took an effective value for g4 of
1.0, and considered one-body Gamow-Teller strength only.

Because of the similarity of Egs. (9) and (10) to static HFB
equations, we can implement the full two-body current in the
FAM in a way that is very similar to the implementation of
the finite-range Gogny interaction in HFB calculations [31].
This approach entails computing two-body matrix elements
of the finite-range operator and contracting them with the
one-body density, as in Eq. (11). Unlike the Gogny interac-
tion, however, the two-body axial current is a charge-changing
spin-dependent vector operator with a finite-range part that
involves a Yukawa function (rather than a Gaussian).

A. Contact term

The zero-range term of the two-body current can be treated
just like a Skyrme interaction. We express the contraction of
the antisymmetrized current operator with the density matrix
as

Tijs = D (iklAzl jl) puxs (12)
ki
where Ay, s = Ay (1 — P"P? PY) is the antisymmetrized ver-
sion of Eq. (6) and the matrix elements are given by

T . 3
(ik|A2p,5] jI) = / Ir Y
010{TIT| 02052 T
X (ro11iroats|Agy s|ro | 1{ros ;). (13)

We can rewrite Eq. (12) in terms of the nonlocal densi-
ties [33,34],

poo(r, ) =" pji Y ¢f(FoT)¢;(roT),

ij ot

pu(r, ) =" pji ) df (ot ro)(t|nlr),
ij ort’

s, r) =" pji Y ¢f o' D)¢;(roT)(0lalo"),
ij oo'T

s, F)=Y_"pji Y ¢7(o'tg;rot)(olelo’) (t]TlT),
ij oo'tt!

(14
which are, respectively, the scalar-isoscalar, scalar-isovector,
vector-isoscalar, and vector-isovector components of the full
one-body density matrix. Then, evaluating the matrix ele-
ments of Ay, we can extract the direct mean field current

~dir.

L, (),
8A
2my f2

~dir. - 1
) = {—d1 [poomari ¥ —slil(r)]

V2
—2idyo x [Slo(r)li + %slil(r)tz} } (15)
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where the densities with one coordinate r are the diagonal

elements of those defined in Eq. (14), and we have left the spin

and isospin components of the field in operator form. When

we compute matrix elements, we get

~dir. din * dir.

B =GR 0l = [ dr Y 6000 00,0070,

’ (16)

To obtain the exchange part of the mean field, we evaluate

the matrix elements of —Aj;, ;P"P? P* and extract the field

~exc. 8A
re C r) =
s 0 2my f2

1 - - 1
{E(dl - 2d2)|:,000(")0ti F ﬁslil(r)}

1 - - 1
~|—§(d1 + 2d2)|::Fﬁ<7,01i1 (r)+ Soo(")fii|

. 1
—ldl <0’ X I:Sl()(r)li + ES}ﬁ](F)Q})}. (17)
Finally, our HFB ground state is symmetric under time-
reversal and does not include proton-neutron mixing. The spin
and charge-changing ground-state densities therefore vanish,
leading to the result

Lo =TV + 50 = & poo(r)ots. (18)

-7

4mN f 7'%
Equation (18) is just as easy to work with as the usual
one-body Gamow-Teller operator and depends on a single
combination ¢p = d; + 2d, of the LECs.

B. Finite-range term

To obtain the finite-range contribution to the mean field
we must contract the antisymmetrized finite-range part of
the current with the density matrix according to Eq. (11).
The two-body current contains Yukawa functions, which are
not separable. Without separability, the time it would take to
compute the mean field in a model space with N harmonic
oscillator shells would scale like O(N'?), making large model
spaces impossible [35].

However, we can approximate the Yukawa function by a
sum of Gaussians. The two functions do not have the same
behavior at r = 0 but the integrands in their matrix elements,
which contain a factor of 72, do. We therefore use the fit [36],

r

r2|:e—] ~ 12[6.79¢ " 4 2.41¢7667 4+ 0.786¢ 4

1+0.241e7037” _ 0.062¢ 15" 1 0.078¢ 70137,
19)

to approximate two-body Yukawa matrix elements. The sep-
arability of Gaussian interactions makes contraction with the
density in configuration space tractable. Because we perform
our calculations in a basis of axially-deformed harmonic os-
cillator states, in which the mean field contains a Cartesian
(z) component, contributing a computation time of O(N 8,
and a radial (r, ¢) component, contributing a time of O(N'?),
the separability provides vastly better computational scaling.
Thus, we work with the nonlocal mean field T, (rot, ¥o't’).
Spin and isospin degrees of freedom, however, are implicit

in HFBTHO and PNFAM. It is therefore necessary to sum over
the corresponding quantum numbers analytically. The result
is then contracted over spatial quantum numbers numerically.

We compute Gaussian matrix elements in our axially de-
formed oscillator basis in the way described in Refs. [31,37],
obtaining them as analytic functions of the oscillator quantum
numbers, and using the Cartesian expansion of the radial
oscillator wave functions to express the full Gaussian matrix
elements entirely in terms of one-dimensional Gaussian ma-
trix elements (i.e., with one-dimensional wave functions). The
decomposition makes it easy to compute the derivatives in the
two-body current. The finite-range terms in the current appear
not as the Yukawa function Yy(r), but in the forms 9;0;Yy(r)

and (<€ — 7)3on(r). The derivatives acting on Yy(r) can
be integrated by parts so that they act on wave functions,
allowing us to use relations that relate derivatives of one-
dimensional oscillator wave functions to linear combinations
of a few other such wave functions. Thus, all finite-range
matrix elements in I'; are expressed as linear combinations
of one-dimensional Gaussian matrix elements.

From now on we neglect the terms proportional to p; and
p;j in Eq. (7). They are computationally expensive to evaluate
and contribute very little. In the nuclear-matter approximation
of Refs. [11,13], for example, these terms change matrix el-
ements by only 1.5%-2.5% in the zero-momentum limit for
typical values of 2¢4 — ¢3. In addition, time-reversal symme-
try causes the contributions of direct terms proportional to ¢4
to vanish exactly.

C. Density matrix expansion

To validate our implementation of the linear response
produced by the two-body current, and to find good approxi-
mations to it, we compare it to the response produced by an
effective density-dependent one-body current, derived from
a kind of density matrix expansion (DME). The DME is
a method to construct a density-dependent, local operator
O(r) that approximates the nonlocal operator O(r, ') of inter-
est [38—42]. When applied to a local, two-body, finite-range
potential of the type V (ry, r,), the DME effectively maps it
into a local one-body potential V(R) with R = %(rl +rp).
The application to a charge-changing current operator rather
than a charge-conserving Hamiltonian introduces some sub-
tleties that we describe along with details of the expansion
in Appendix A. The DME leads to a more sophisticated den-
sity dependence for the one-body current than that given in
Refs. [11] and [12].

At leading order, the DME reproduces the contact term
exactly [cf. Eq. (18)]. As for the finite-range piece, the ex-
pansion produces no direct term at all at leading order. There
is a leading-order exchange term, however, given by

T oM ()

- 1
= g“}zati{C[l— m2 F[kp (r)] — mmf,G[kF(r)]]p(r)

my Jx

2

D 1O ol 192
- P(r)—gk%(r) [F(")]|:Z ,o(r)—t(r)“,

(20)
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with C = %(254 — 3+ %) and D = d, — 2d,. Here p(r) is
the scalar-isoscalar particle density, p(r) = pg(r), and 7(r)
is the (isoscalar) kinetic density, T(r) =V - V' poo(r, ¥)|r=p.
The functions F' and G are given by

i = =12 gt (2 7 (140K
=—|1-—tan'[— |+ -ZIn — 1.
2k2 k My 4k2 m2

b4

3 K2 m2 K2
Glk] = T [1+ 84k2+m§ 2 In <1+4m72r>1|, 2n
and kr (r) = [372p(r) / 2]'/3 is the local Fermi momentum.

Although nonzero direct terms arise at higher orders
(N’LO, N*LO, and beyond), the expansion of the direct term
does not converge for a realistic pion mass. The DME for
the direct current is essentially an expansion of a finite-range
two-body object in delta functions and their derivatives [43],
and the range of the pion is too large to allow the expansion
to converge quickly at nuclear density. We therefore truncate
the DME at leading order, in which the finite-range ¢;3 contri-
bution to the direct term vanishes completely. As we will see,
however, this approximation is not bad.

IV. RESULTS

A. Modification of Gamow-Teller strength

In this section we explore the effects of the two-body axial
current on the ™ transition strength function, which reduces
to the Gamow-Teller strength distribution in the absence of
two-body currents. We define a “bare” Gamow-Teller oper-
ator from Eq. (5) as Ogr = A1,/g4, and add the two-body
current to define a modified Gamow-Teller operator Ogp =
Ogt + (1/84)(Aopx + A2p ). The bare Gamow-Teller transi-
tion strength from parent state |i) to daughter state | f) is then
By = |(f|Ogrli)|?, and the full strength is B, = (flOG i) %
The charge-changing FAM computes the linear response to an
external field operator and constructs the function S(w). This
function contains poles at excitation energies of the system
with residues equal to the transition strengths. We obtain the
derivative of, e.g., the full transition strength from the full
FAM linear response, S'(w), via [25]

,dB

8a do

From the transition strength function we quantify the net two-
body effect by defining the “total quenching factor,”

— s, (22)
T

(23)

Q
I

As the definition shows, g is determined by the ratio of
the summed strengths, and is independent of g4. The total
quenching factor allows one to define an effective value of
the axial-vector coupling, g% = g g4, that could be used in
a one-body calculation to account for two-body effects. In
general, those effects will depend on the transition, causing
q to depend on the energy range of the integrals in Eq. (23).
We therefore consider QRPA energies up to 60 MeV, which is
generally sufficient to exhaust the 8~ contribution to the Ikeda
sum rule in the nuclei we consider.

T T T T T T
K ® EGM |
0.90 A A RTD
e B EM
0.85 ]
A e .
® (o)
=}
A ()
0.80 A A ® Q-
m A A
m| A
0.75 F - ': A A-
m O
070 1 1 1 1 1 .I
20 40 60 80 100 120

Proton Number Z

FIG. 1. Total quenching trends with proton number for the dif-
ferent sets of LECs in Table I, with ¢p = 0. The solid symbols
correspond to the lightest isotope of a given element and the open
symbols to the heaviest one, at the neutron drip line.

To begin our exploration of two-body currents in heavy
nuclei we focus on a small set of nuclei, including the well-
studied spherical isotopes BCa, Y7r, and 2%Pp, plus, to
examine the effects of neutron excess and deformation, the
spherical isotopic chain '*Sn—17*Sn and the well-deformed
isotopic chain '>Gd —??°Gd. We include only even-even iso-
topes and truncate the chains at the two-neutron drip line.
Finally, to explore the effects of changes in the total mass,
we include the light nuclei 2°0 and 220, and the superheavy
nuclei ?*Og and *¥0g. We find 220 and **®0g to be at the
two-neutron drip line.

Figure 1 shows the value of ¢ for all the nuclei in our
data set except those in the middle of the isotopic chains.
Because we use a density functional with no direct connection
to the interactions and operators of y EFT, we consider three
different sets of LECs for the long-range contribution to the
current (see Table I) and at first ignore the contact coefficient
Cp. We find that the two-body current always has an overall
quenching effect. For all LEC sets, the amount of quenching
increases with proton number, leading to values of g between
0.86 and 0.91 in 2°Q and between 0.73 and 0.80 in ¥8Qg.
For elements at the boundaries of the isotopic chain, we also
observe slightly less quenching in the heavier isotopes than
the lighter ones. The differences in g between 2°0 and 280 are
only 0.0014-0.0023, however, while the differences between
the heaviest and lightest isotopes for Sn, Gd, and Og are all
larger and similar, averaging 0.013-0.017.

TABLE I. A summary of the LECs used in this work. The entries
all have units of GeV™".

Label C3 Cy4

EGM [44] ~3.40 +3.40
RTD [45] —4.78 +3.96
EM [46] -3.20 +5.40
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FIG. 2. Same as Fig. 1 but for the change in ¢ with ¢p = £2.

In Fig. 2 we examine the effect of the contact term.
Equation (18) shows that adding a positive ¢p reduces the
quenching while adding a negative ¢p increases it. The
amount by which ¢ is raised or lowered is almost symmetric
about ¢p = 0, so the difference between the ¢p = £2 values
in Fig. 2 [denoted Ag(Cp = %2)] can be thought of as the
size of error bars on the g values in Fig. 1 due to the variation
of ¢p in this range. The ¢p contribution by itself is the same
for all LEC sets; small differences in its effects reflect the
interference of the contact with the finite-range term. The size
of the variation due to ¢p follows the same trends with N and
Z as q itself, and ranges from 5% to 10% of g at cp = 0.

We compare calculations with the full current to those with
the DME current in Fig. 3. The DME predictions—the circles
in the figure—differ from those of the full current by roughly

A A A
0F A .
A A A A
S I
< -2r .
/S: ’ DME¢x¢-
| —3r A DME®¢ 4Fulldir 7
<3|
2 4 4
Z -4
= o ©
—5F O o
° °
L ]
—6 -
, 1 . 1 1 1 1
20 40 60 80 100 120

Proton Number Z

FIG. 3. The difference between the total quenching produced by
the density-matrix expansion (DME) and by the full calculation, as
a percentage of the full quenching with the RTD parameter set [45].
Blue circles correspond to predictions of the DME exchange current,
not supplemented by anything else, while red triangles correspond
to those of the DME exchange current together with the full direct
current (see text).

® Full
A DMEeXC‘—l—Fulldir‘
() DMEeXC.
| (a) WY ynie [] T
AA:AA““ .‘::ll-.--..--:_ b) :
0.82 _--‘.--..l- | L I lﬂﬂﬂmﬂﬂ-
= 1 ...co.cool -ﬂﬂmql
080F b jeee® v ! ol
0010‘. * : 001"......
TR gy |
™ . Loee
by 1) @™ 1 e
E o2f | H e .
= I I | I
g | * | |
= 0.0 teed o H oodee .
Kel | . | |
o 1 oo 1 o
- —0.2 k1l 1 1 1 o |l 1
80 100 120 100 125 150

Neutron Number N Neutron Number N

FIG. 4. Total quenching in the (a) Sn and (b) Gd isotopic chains
with the EGM LEC set, and with the full current and the same
versions of the DME shown in Fig. 3. Panels (c) and (d) show the
respective deformations. Vertical lines indicate the magic numbers
N = 82 and 126.

the same amount, ~5%, for all nuclei. This indicates that the
DME captures the same trends as in Fig. 1, but for all nuclei
it overestimates the quenching slightly. The source of this
discrepancy is the direct term, which is neglected in the DME.
The triangles in the figure add the full current’s direct term to
the DME exchange term, producing a small correction that
makes the agreement with the exact results almost perfect.

Next, we explore trends with deformation and neutron
excess by computing the two-body contributions for all even-
even isotopes of Sn and Gd from N = 78 to N = 124 (Sn)
and N =98 to N = 122 (Gd). We use the EGM LEC set
with ¢p = 0, and again compare the full results with those
of the DME. From Fig. 4(c) we see that the Sn nuclei are
mostly spherical, though those in the middle of the shell are
slightly deformed. On the other hand, Fig. 4(d) shows the Gd
isotopes are very prolate, except right around the shell closure
at N = 126. Although we see a small increase in quenching
near the shell closures in both elements, there is no significant
trend with deformation. There is, however, a small, contin-
uous decrease in quenching with neutron excess that is also
apparent in Fig. 1. The DME exchange term mirrors the full
calculation, again slightly overestimating the quenching. We
display its results because they are so much easier to compute
than the full results. Like the nuclear-matter approximation
of Refs. [11,13], the DME exchange expresses the two-body
contribution as a density-dependent renormalization of the
one-body Gamow-Teller operator. We thus expect the amount
quenching to closely mirror the nuclear density.

B. Gamow-Teller rates

We turn now to S-decay rates. They have been measured
in only a few of the nuclei in our set and, with the Skyrme
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FIG. 5. Comparison of Gamow-Teller rates computed with the full one-plus-two-body current and g4 = 1.27 to those computed with

the one-body current only and gt

= 1.0, in (a) Sn and (b) Gd isotopes. The percent difference is (1,°*%,;

— A /A x 100%, with A

representing decay rates. The isotopes '2*Sn—*2Sn are excluded because the Gamow-Teller strength below the 8-decay threshold is negligible.

functional that we use, we under-predict those rates even with-
out including a two-body current [27]. We are thus not able to
see how much the two-body current will improve the descrip-
tion of rates without recalibrating the functional, perhaps even
treating the LECs as free parameters, and examining more
data. We leave that major task for a future publication. Here,
however, we can still get an idea of what to expect by looking
at the differences between rates computed with the one-body
axial current and an effective axial-vector coupling g&f = 1.0,
employed in most EDF work so far (including Ref. [27]), and
those computed with the one-plus-two-body axial current and
the bare axial-vector coupling, g4 = 1.27. To what extent does
a nucleus- and energy-independent effective g4 compensate
for the omission of two-body currents?

We address the question in the Sn and Gd chains in
Fig. 5, finding that in lighter isotopes the effective axial-
vector coupling closely approximates the two-body current’s
effect on the rate. In very neutron-rich nuclei, however, we
begin to see a more significant difference between the two
approaches. The Sn isotopes show a steady increase in the
difference with neutron number, with an uptick near the drip
line to about 12%. In the lighter Gd isotopes, the differ-
ence is very small until the N = 126 shell closure, after
which it increases markedly, to about 40% in *2°Gd. Al-
though we do not plot the results, we have made the same
rate comparison for the O and Og isotopes in our data set.
In 2°Q, the difference between the quenched one-body and
unquenched one-plus-two-body rates is 32% and in 280 it
is 24%, a variation of only about 8%. But in **2Og, the
difference is 30% and in 388Og it is 121%, a variation of
over 90%. These findings suggest that a constant effective
axial-vector coupling does not adequately account for the
effects of two-body currents, particularly in very neutron-rich
nuclei.

To understand the source of the discrepancy in neutron-rich
isotopes, we examine the change in the low-lying one-
body Gamow-Teller strength distributions (up to the B-decay
threshold energy) caused by the two-body current for the
lightest and heaviest Sn and Gd isotopes. This analysis is not
so easy, unfortunately. The FAM requires that the strength
distribution be computed with an artificial Lorentzian width
applied to each transition, but the overlap of the Lorentzian

tails from all transitions, in particular from the Gamow-Teller
resonance, prevents us from using the strength for any one
transition to compute the quenching factor for that transition.
To get the best picture, we should use a very small artificial
width to minimize the distortion. The FAM does not converge
well if the width is too small, however, so we use a moder-
ately small half-width of y = 0.1 MeV to maintain sufficient
numerical stability.

Figure 6 shows the resulting ratio of the one-plus-two-body
strength to the one-body strength. The two-body current ap-
pears to affect all low-lying transitions in lighter isotopes in
almost the same way, but in the heavier isotopes it appears
to enhance some transitions. Such enhancement offsets the
quenching of other transitions in the computation of g, ex-
plaining the significant underestimate made by the effective
axial-vector coupling in these heavier nuclei.

162 134
0.67 Gd _ 0n Sn :
(a) (b)
23 0.65 - .
>~ 065 - T
SIS l 0.60 -
0.63 &= 1 1 - 0.55 1 1
0.0 1.5 3.0 0 5 10
220Gd 174Sn
201 (c) 1 10f (d) -
CQl 3 l
il 1.5 F -
o~ 0.8 F -
]2 10} .
0.6 F T -
0'5 1 1 1 1 1 1
0 10 20 0 10 20
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FIG. 6. Ratio of the one-plus-two-body FAM strength to the
one-body strength for Gamow-Teller transitions below the S-decay
threshold energy in the light isotopes (a) '>Gd and (b) 1**Sn, as well
as the heavy isotopes (c) *°Gd and (d) '7*Sn. Arrows indicate the
transitions examined in Figs. 7 and 8.
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FIG. 7. Density of the lowest lying Gamow-Teller transition am-
plitude in (a) **Sn and (b) !7#Sn as a function of the radial coordinate
r. The curves show densities for the one-body, two-body, and one-
plus-two-body amplitudes. The factor of 47 r* makes the integrated
amplitudes equal to the areas under the curves. The vertical line
is at the spherical radius Ry = 1.2A'/3, and the legends show the
amplitudes A and quenching factors g, for the state in question. The
overall signs of the amplitudes are arbitrary, but the relative signs
between the one- and two-body terms are not. The quenching factor
go contains the square root of the squared amplitudes and is always
positive.

What causes the enhancement of some low-lying transi-
tions in neutron-rich isotopes? To answer, we compute the
transition-amplitude density for the lowest lying states in the
heaviest and lightest Sn isotopes with non-negligible rates.
Although the quenching discrepancy in the Sn rates is not as
large as in that in the Gd rates, the Sn isotopes are easier to
understand because they are mostly spherical, allowing us to
display the density as a function of a single variable. We use
the DME to compute the densities because it provides a local
one-body external field, while the field from the full current is
nonlocal. (Details on the computation of transition densities
in the FAM appear in Appendix B.) Figure 7 shows that
the two-body current contributes very little at or beyond the
nuclear surface. The reason is the nucleon-density dependence
in Eq. (20) of the DME current field, which weakens quickly
as the density falls. The falloff of the one-body curve is much
slower. When the one-body contribution at the surface has the

same sign as that in the interior, as in Fig. 7(a), this fact is not
important and the two-body contribution quenches the tran-
sition amplitude. But when it has the opposite sign, leading
to relatively small one-body transition strength, the difference
between the quenching effect of the two-body current in the
interior and its almost negligible effect at the surface causes
the integrated matrix element to change sign and have a larger
absolute value than without the two-body contribution, result-
ing in an enhanced strength.

As we already noted, enhancement is more common in
neutron-rich nuclei than in those closer to stability. Although
a careful and systematic analysis would be necessary to con-
vincingly identify the physics responsible for the trend, the
presence of a node in the transition-amplitude density associ-
ated with the space-independent operator o7_—the condition
that leads to enhancement by the two-body current—implies
a mismatch between the shapes of neutron and proton
single-particle wave functions with the same spatial quantum
numbers. Such a mismatch is much more common in isotopes
with a large neutron excess.

Most of the Gd isotopes are deformed, and an analysis
of transition-amplitude densities is more complicated than in
Sn because the density is not constant on spherical shells.
Nevertheless, we can proceed. Figure 8 shows the density for
a slice of the upper right quadrant of the nuclei, and we see
that these deformed isotopes exhibit the same phenomena as
the Sn isotopes: quenching when the one-body density has the
same sign everywhere and enhancement when it changes sign,
because of a smaller two-body contribution at the surface than
in the interior. In the heavier isotope here, however, the surface
contribution outweighs the interior contribution even at the
one-body level. The concentration of the two-body contribu-
tion, with opposite sign, in the interior, makes the imbalance
even larger and enhances the integrated transition strength.

Although in this exploratory paper we are not yet examin-
ing the consequences of the energy and isospin dependence
of the quenching for total B-decay rates, our findings suggest
that they will be significant.

V. CONCLUSIONS

We have developed a method to include the contribu-
tions of two-body charge-changing axial currents in the
Skyrme-EDF linear-response, and applied the method to
Gamow-Teller strength and f-decay rates. From the current,
we construct mean-field-like external-field matrices that can
easily be included in the linear response equations, e.g.,
through our charge-changing FAM. We have also developed
a density matrix expansion for the two-body axial current. At
leading order the expansion reproduces the contact current
operator exactly and replaces the finite-range operator with
a density-dependent one-body Gamow-Teller operator. This
approximation reproduces the full linear response quite well
for all the nuclei we studied, and provides a cheap way of in-
cluding two-body contributions. If the direct term is computed
exactly, an easier task in some codes than in our oscillator-
based FAM, the expansion works almost perfectly.

To examine the effects on observables, we took the two-
body current operators and the parameters that multiply them
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FIG. 8. Density of the lowest lying Gamow-Teller transition amplitude in (a) "> Gd and (b) **°Gd as a function of r and z. The figures show
densities for the (al,bl) one-body, (a2,b2) two-body, and (a3,b3) one-plus-two-body amplitudes. The volume element of 47 r is included (with
an extra factor of 2 to account for the lower hemisphere). The curved lines indicate the nuclear surface determined from Eq. (B13), with
r = 1.2A'/3, The titles show the amplitudes A and quenching factors g for the state.

from x EFT. We found, first, that in all the nuclei we studied
the two-body current quenches the summed Gamow-Teller
strength. The quenching increases significantly with Z and
decreases with N. These trends can be understood by the
density dependence of the effective one-body operator pro-
duced by the density-matrix expansion. We also looked at
the energy dependence of the Gamow-Teller strength, finding
that the two-body current causes a nearly constant quenching
of decay to low-lying states near stability but a quenching
with significant state dependence and in some cases even
enhancement in very neutron-rich nuclei. Even though the
amount of quenching of the summed strength changes just a
little as N grows, the enhancement of low-lying strength can
cause fB-decay rates to differ significantly from what would
be predicted by a single effective g4. The energy dependence
in neutron-rich nuclei, like the isospin dependence of the
quenching of summed strength, is connected with nuclear
density profiles and the occurrence of zeros in the spatial
transition-amplitude distribution when the neutron excess is
large.

Our results open up a number of interesting paths for fu-
ture projects. Global calculations [27,32,47,48] indicate that
first-forbidden B decay should be important in many nuclei,
and our work should be extended to that channel and then
applied to produce global calculations for r-process simula-
tions. But most important is the marriage of x EFT with EDF
theory. We have taken the first step here by including a chiral
current together with a phenomenological density functional,
in a way that is obviously not self consistent. It would make
sense to refit not only the coupling constants of the functional
but also the LECs in the currents. Once at least some of
that is done, better systematic calculations of B-decay rates

over the entire isotopic chart will become possible. Here the
DME, which has already been applied to derive EDFs from
chiral potentials [42,49] and has been used to obtain an anal-
ogous density-dependent current, will be especially useful.
And with existing computational technology, one might be
able work directly with two-and three-body chiral interactions
and currents, without the DME. The combination of EDF
phenomenology and methods with ab initio interactions and
currents is promising and should be fully investigated.
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APPENDIX A: DENSITY MATRIX EXPANSION

Although one might start from a time-dependent energy-
density functional that includes the effects of currents, the re-
sult of a DME will be the same as if we start with the
“mean-field currents” I'; and I's. Instead of working with the
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charge-changing density, as we would in an energy functional,
we (equivalently) obtain the DME exchange functional by
applying Eq. (24) from Ref. [39] directly to the products
of single-particle wave functions [those corresponding to the

J

single particle states i and j in, e.g., Eq. (12)] as well as
to densities. Using the four-component spin-isospin vector
W;(r) in place of the individual components ¢;(r, o, 7), we
have

Wi r)W,0ry) = e e OV Gl W (1), 2k

~ o [L(V) = Vo) — k] +

Here k is a characteristic momentum, r =r; —r,, and R =
L+ ).

For the decaying nucleon labeled by i and j, we take the
characteristic momentum to have magnitude kr. Assuming
that the decaying nucleon is near the Fermi surface, working at
the leading order in Eq. (A1) for the decaying-nucleon states
|i) and |j)—that is, neglecting all terms in the large braces
except “1”—and averaging over angles for the momenta k
(with the assumption that the system is spherically symmetric)
gives

W (r)W;(ry) — T[kr (R)F1W] (R)V;(R), (A2)
with TTj[kr] = jo(kr) [39]. For the nucleon densities asso-
ciated with ¢, and ¢; in Eq. (12), we use the expansion
expressions from Ref. [39]. If, as for the full current, we
neglect the terms in Eq. (7) that contain p; and p ;, the nonlocal
spin density does not contribute and integrating the chiral cur-
rent together with ITj{[kr(R)r] and the nucleon density from
Eq. (26) of Ref. [39] over the relative coordinate r eliminates
many of the other terms in Eq. (7). The integrals, together
with the replacement of R by the one-body coordinate r, result
in Eq. (17). The expansion can be continued to higher order
in both the wave functions of the decaying nucleon and the
densities associated with the other nucleons, but we do not
present the results of that analysis here.

The direct part of the current can also be expanded in
the manner described in Ref. [43], where it was applied to
the Gogny interaction. When used together with the chiral
interaction, however, the expansion does not converge quickly,
at least in our tests. We attribute the problems to the long range
of pion exchange. In any event, in leading order the direct
current does not contribute at all, so that the most of the effects
of the two-body currents come from the exchange current.

APPENDIX B: TRANSITION DENSITIES

We wish to understand why the two-body current quenches
some low-lying transitions and enhances others, particularly
in neutron-rich nuclei. To do so, we compute the spatial den-
sity of the transition amplitude for particular transitions. A
transition amplitude to a given state within the FAM depends
on the corresponding QRPA eigenvector, which we must ex-
tract. Once we have it, we obtain the transition amplitude from

(m|F10) =Y (X/F2 + Y F). (B1)

J7A Y]
n<v

3 [5V1 = Vo) — ik]) W 0w )l

(AD)

(

where the X’s and Y ’s make up the QRPA eigenvector for state
|m).

Reference [50] explains how the QRPA modes are related
to the FAM response and shows that they can be determined
up to an unknown phase, e = (m|F'|0)/|{m|F|0)|, from the
expression

i Res[XT™M Q.1 m

_ i Res[YAM Q1
Res[S, Q,.] = ™

JRes[S, Q]
(B2)

m —_—
X =

where €, is the excitation energy of state |m), X"AM and Y FAM
are the FAM amplitudes [24], S is the FAM response given,
e.g., in Eq. (28) of Ref. [50], and Res[A, €2,,] is the residue of
quantity A at frequency €2,,. One can extract the residues of
the FAM quantities from contour integrals, but it is difficult to
choose a contour that contains only a single transition. A more
efficient but more approximate method to extract the residues
is to compute the FAM quantities a small distance y above the
real axis. The residue of S is then given by [51]

Res[S, ©,,] # —yIm[S(2,, 4+ iy)]. B3)

A similar relation holds for X*AM and Y¥AM if we choose the
undetermined phase such that the QRPA eigenvectors are real.
To verify that the energy at which we are evaluating these
functions is indeed a QRPA eigenvalue, and that the peak is
well separated enough for the approximation in Eq. (B3) to
hold, we compute the norm of the QRPA mode we extract:

N =30 (X~ YY), B4)

n<v

If N is close to 1, we can be confident the results are close to
the true QRPA values. The transitions highlighted in Fig. 6 all
have values of N > 0.99 for y = 0.01 MeV.

To obtain a spatial density for the transition amplitude we
express Eq. (B1) in coordinate space. Because the mean fields
for one-body and two-body currents are one-body operators,
they have the simple form

F=>"fiala;, (B5)
ij
where alT (a;) creates (destroys) a particle in level i, and the

(charge-changing) transition-amplitude density can be defined
through the relation

(ml£10) = / &r (), (B6)
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where, for 8~ transitions,
o) = Z/d3r/8,0m(r0p, ro'n)f(rop,ro'n). (B7)

In Eq. (B7) the term & p™ is the density perturbation for the mth
QRPA mode in coordinate space, obtained through a change
of basis,

Sp"(rop.r'a'n) = by (o Dpuron)soy,.  (pg)
pn

deformed oscillator basis states and the 8oy, are given by the
inverse Bogoliubov transformation,

where the ¢y(rot) = Al (}’,z)f}%xZ (0)xq4(t) are axially

Here U, refers to the pth basis component of the wth proton
quasiparticle state and U, refers to the nth basis component
of the vth neutron quasiparticle state.

The full two-body current is nonlocal in position space, so
we use the DME approximation to get a transition-amplitude
density that depends on the local particle density. We then
define a density-dependent function g[p] such that the one-,
two-, and one-plus-two-body current external fields can all be

written in the form

frot,r'o't’) = glp)] 8(r —r){olalo’) (zlt_|T")

(B10)
with
-1, one-body,
glom)] = 1 flp@)], two-body, (B11)
—1+4 fl[p(r)], one-plus-two-body,

and f[p] the density-dependent function in Eq. (20).

Inserting Eqgs. (B8) and (B10) into Eq. (B7) we obtain the
transition-amplitude density in our axially deformed oscillator
basis:

pr (r) = glp()] Z 8PpVp(r, D)Wn(r, 2)(0pl0|00)dA A, -
pn
(B12)
The angular parts of the oscillator wave functions cause terms
for which A, # A, to vanish, so we have replaced them with
a Kronecker delta to make the density real.
Finally, to construct radial plots for the two-dimensional
axially symmetric density, we can average the density over
shells defined by a spherical radius » and the deformation ;,

S(r.0) = r[e—%ﬂu/% cos(6) + e™VE sin(@)]. (B13)

For spherical nuclei 8, = 0, so the surfaces becomes spheres
and the value of the density over the surfaces is constant.
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