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Abstract The three-nucleon (NNN) interaction derived within the chiral effec-
tive field theory at the next-to-next-to-leading order (N?LO) is regulated with a
function depending on the magnitude of the momentum transfer. The regulated
NNN interaction is then local in the coordinate space, which is advantageous
for some many-body techniques. Matrix elements of the local chiral NNN in-
teraction are evaluated in a three-nucleon basis. Using the ab initio no-core
shell model (NCSM) the NNN matrix elements are employed in *H and “He
bound-state calculations.

1 Introduction

Interactions among nucleons are governed by quantum chromodynamics (QCD). In
the low-energy regime relevant to nuclear structure, QCD is non-perturbative, and,
therefore, hard to solve. Thus, theory has been forced to resort to models for the
interaction, which have limited physical basis. New theoretical developments, how-
ever, allow us to connect QCD with low-energy nuclear physics. The chiral effec-
tive field theory (xEFT) [1] provides a promising bridge. Beginning with the pionic
or the nucleon-pion system [2], one works consistently with systems of increasing
nucleon number [3—5]. One makes use of spontaneous breaking of chiral symmetry
to systematically expand the strong interaction in terms of a generic small momen-
tum and takes the explicit breaking of chiral symmetry into account by expanding
in the pion mass. Thereby, the NN interaction, the NNN interaction and also mN
scattering are related to each other. At the same time, the pion mass dependence of
the interaction is known, which will enable a connection to lattice QCD calcula-
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tions in the future [6]. Nuclear interactions are non-perturbative, because dia-
grams with purely nucleonic intermediate states are enhanced [1]. Therefore,
the chiral perturbation expansion is performed for the potential (note, however,
the discussion in [7-9] that points out some potential inconsistencies of this
approach). Solving the Schrodinger equation for this potential then automatically
sums diagrams with purely nucleonic intermediate states to all orders. The YEFT
predicts, along with the NN interaction at the leading order, an NNN interaction at
the 3rd order (next-to-next-to-leading order or NZLO) [1, 10, 11], and even an
NNNN interaction at the fourth order (N°LO) [12]. The details of QCD dynamics
are contained in parameters, low-energy constants (LECs), not fixed by the sym-
metry. These parameters can be constrained by experiment. At present, high-
quality NN potentials have been determined at order N°LO [13]. A crucial feature
of xEFT is the consistency between the NN, NNN and NNNN parts. As a con-
sequence, at N?LO and N3LO, except for two LECs, assigned to two NNN
diagrams, the potential is fully constrained by the parameters defining the NN
interaction.

It is of great interest and also a challenge to apply the chiral interactions in
nuclear structure and nuclear reaction calculations. In a recent work [14], the
presently available NN potential at N°LO [13] and the NNN interaction at N°LO
[10, 11] have been applied to the calculation of various properties of s- and p-shell
nuclei, using the ab initio no-core shell model (NCSM) [15, 16], up to now the only
approach able to handle the nonlocal YEFT NN potentials for systems beyond
A = 4. In that study, a preferred choice of the two NNN LECs, cp and cg, was
found and the fundamental importance of the YEFT NNN interaction was demon-
strated for reproducing the structure of mid-p-shell nuclei. In a subsequent study,
the same Hamiltonian was used to calculate microscopically the photo-absorption
cross section of “He [17].

The approach of [14] differs in two aspects from the first NCSM application of
the YEFT NN + NNN interactions in [18], which presents a detailed investigation
of "Li. First, a regulator depending on the momentum transfer in the NNN terms
was introduced which results in a local yEFT NNN interaction. Second, the
“He binding energy was not used exclusively as the second constraint on the cp
and cg LECs.

A local NNN interaction is advantageous for some few- and many-body ap-
proaches because it is simpler to use. At the same time, it is known that details of
the NNN interaction are important for nuclear structure applications. For example,
the Urbana IX [19] and the Tucson-Melbourne [20-22] NNN interactions perform
differently in mid-p-shell nuclei [23, 24, 16] although their differences appear to be
minor. In the Green’s function Monte Carlo (GFMC) calculations with the AV18
NN potential [25], the best results for p-shell nuclei up to A = 10 are found using
the Illinois NNN interaction that augments the Urbana IX by a two-pion term from
the Tucson-Melbourne NNN interaction and by three-pion terms that in the yEFT
appear beyond the N°LO [26, 27]. Contrary to the Illinois NNN interaction, the
xEFT NNN interaction features the above-mentioned consistency with the accom-
panying NN interaction. Still, interestingly, we found that the nonlocal YEFT NNN
interaction used in [18] and the local xEFT NNN interaction employed in [14]
differ to some extent in their description of mid-p-shell nuclei with the latter giving
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results in a better agreement with experiment. Therefore, it is important to pay
attention to the details of the NNN interaction and test different possibilities.

It is the purpose of this paper to elaborate on the details of the local YEFT NNN
interaction used in [14, 17] and present its matrix elements in the three-nucleon
basis. Technical details of dealing with NNN interactions were investigated in
many papers [28—34]. A new feature in the present work is the use of YEFT contact
interactions and a focus on the application within the ab initio NCSM. In particu-
lar, we demonstrate the binding-energy convergence of the three-nucleon and four-
nucleon systems with the YEFT NN 4 NNN interactions using the ab initio NCSM.
In Sect. 2, the local xEFT NNN interaction is discussed and compared to the
nonlocal version of [11]. Its three-nucleon matrix elements are given term by term.
In Sect. 3, the *H and “He binding energy and radius calculation results using the
N°LO YEFT NN interaction of [13] and the local YEFT NNN interaction are given.
Conclusions are drawn in Sect. 4.

2 Local yEFT NNN interaction at N*LO

The NNN interaction appearing at the third order (N*LO) of the YEFT comprises of
three parts: (i) The two-pion exchange, (ii) the one-pion exchange plus contact, and
(ii1) the three-nucleon contact. In this section, we discuss all the parts in detail and
present the three-nucleon matrix elements of all the terms. For the two parts that
contain the contact interactions, we also discuss in detail the impact of different
regularization schemes.

2.1 Three-nucleon coordinates

We use the following definitions of the Jacobi coordinates

£, :%m _r), (1)

§z=\@<%(r1+’2)—r3>a (2)

1
T :%(Pl —D2); (3)

m =2 (3002 1), (@)

We also define the momenta transferred by nucleon 2 and nucleon 3,
1 1

and associated momenta

Q:I’lz —Pzz—ﬁ(ﬂll—ﬁl)‘F%(‘ﬂ'lz—ﬁZ): (5)
2
Q =ps—p;=— 5(17/2 — ), (6)

where the primed coordinates refer to the initial momentum and the unprimed to
the final momentum of the nucleon.



120 P. Navratil

2.2 General structure of three-nucleon interaction and its matrix element

The NNN interaction is symmetric under permutation of the three nucleon indexes.
It can be written as a sum of three pieces related by particle permutations,

W =W, + W, + Ws. (7)

To obtain its matrix element in an antisymmetrized three-nucleon basis we
need to consider just a single term, e.g., Wy. In this paper, we use the basis of
harmonic oscillator (HO) wave functions. However, most of the expressions have
general validity. Following the notation of [35], a general matrix element can be
written as

(NiIJT|W|N'i'JT) = 3(NiJT|W,|N'i'JT)
=3 (nlsjt, NLT|INUT)(W'l's'j't ,N'L' J'||N'{JT)

x {(nlsjt, NCT)JT|W,|(#'I's']¢ ,N'L' T)JT), (8)
where |NiJT) is an antisymmetrized three-nucleon state with N =2n+ [+
2N + L, i an additional quantum number, and J and T are the total angular mo-
mentum and total isospin, respectively. The parity of the state is (—1 )N . The state
|(nlsjt, NLJT)JT) is a product of the HO wave functions (§,|nl) and (&,|NL)
associated with the coordinates (1) and (2), respectively. This state is antisymme-
trized only with respect to the exchange of nucleons 1 and 2, i.e., (—1)l+s+t =—1.

The coefficient of fractional parentage (nlsjr, NLJ||NiJT) is calculated according
to [35].

2.3 N?LO three-nucleon interaction contact term

We start our discussion with the most trivial part of the yEFT N*LO NNN interac-
tion, the three-nucleon contact term
Wfom = E’Tz T3 6("1 — 1‘2) 5(1‘3 — rl)
1 1
(2m)° (V3)’

with E = cg/F fTAX, where A, is the chiral symmetry breaking scale of the order of
the p meson mass and F; = 92.4 MeV is the weak pion decay constant. The cg is a

=ET T Jd'ﬂ'l dmw, dw') davy | w7 (w70 9)

3 1 2 Fig. 1 Contact interaction NNN term of the N°LO yEFT
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low-energy constant (LEC) from the chiral Lagrangian of order one. The corre-
sponding diagram is shown in Fig. 1. This term was regulated in [11] by a regulator
dependent on the sum of Jacobi momenta squared,

1 1
JEoENGKMW _ po __Jdm dm, dw') dwh|m ;)

T en (v3)
< (5w ) (e w)id )miml, (10
with the regulator function
F(q*; A) = exp[—¢*/A"] (11)

with the limit F(g*; A — 0o) = 1. This was in particular convenient as the cal-
culations were performed in momentum space. In Eq. (10), the abbreviation
ENGKMW stands for the initial letters of the names of authors of [11]. We note
that an identical regulator function (11) was chosen in [13]. We use this form
in our numerical calculations presented in Sect. 3. However, until then we keep
our discussion general and do not restrict ourselves to a particular choice of
the regulator function. It should be noted that a smoother regulator of the form
F(g* A) = exp[—¢*>/A%] would have lead to a simplified algebra. The fourth
power of the momentum in Eq. (11) was chosen in [11] so that the regulator
generates powers which are beyond the third order at which the calculations
are conducted.

Alternatively to Eq. (10), let us consider a regulator dependent on momentum
transfer,

1
(2m)° (V3)?
x F(Q% A)F(Q"; A)(w )|

=ET) 7 Jdil d&,|£,€,)Z0(V2¢1; A)

W — Ery . g jdm dw, dw)| dw)y |m 7,)

1 3
7ol | — ZE|A 12
X 0(‘\/5514‘\/;%2, )<§1§2|7 (12)
where we introduced the function
1 .
20(riA) = 5 [ da iolan) F ¢ 4) (13)

This results in an interaction local in coordinate space because of the dependence
of the regulator function on differences of initial and final Jacobi momenta. An
interaction local in coordinate space may be more convenient for some methods. In
fact, most of the NNN interactions used in few-body calculations, such as the
Tucson-Melbourne (TM’) [21, 22], Urbana IX (UIX) [19] or Illinois 2 (IL2)
[26], are local in coordinate space. Similarly, a local NN interaction can be derived
from a momentum-space NN potential as was done, e.g., in the case of the Bonn
potential, see [36].



122 P. Navratil

The two alternatively regulated contact interactions lead to different three-nu-
cleon matrix elements. The interaction (10) gives

<(nlsﬂ NEJ)JT|WC0m ENGKMW’( /l,S/j,l/,N/,C/j/)JT>

1
:E2\/§7T4(5[0(55061/05506”/65]6 /6j153/1
, | t 1
2 2 2 2 2

n 1
% Jdm d7T27T%7T§( 1)( +N)Rno(7n, 1/D)Rpro (72, 1/b)F<§(7T%+7T§);A)

! ! 1
[ st (1) Ry 10y 1 0)F (5024 725 )
(14)
while the interaction (12) results in the following matrix element,

nlsjt, NCT)JT|W Q| (W' Us'j't , N' L' TNIT
1

" et 1 t

—E65vs’tt/( )I+I+T+2{1 1 1}{1

2 2 2
Al S AL 1 g
X_]J jj/l ﬁl(—l)J 2+j TJ+I+L+s

I X i jJ xX\|J J X
XZ {J J s}{f J J}{E L' %}
x (I'0X0[10)(£'0X0|£0)

x jda 46, EER(Er, bR (62, bRt (61, 0)Ryp (62, D)

x Zo(V261; 4 Zox(\/fla\/&, ) (15)

In the above expressions, we have introduced the radial HO wave functions R,
with the oscillator parameter b and, further, a new function

[STEN
s
—

2

1
Zox(risra; A) =3 ZJdCICIJx(CIﬁ)JX(CIVZ) (4% A). (16)

We also introduced the customary abbreviation I=+2[+1. It should be not-
ed that the two differently regulated contact interactions have different ten-
sorial structure. One would perhaps expect that matrix elements of a local
interaction will be easier to calculate. This is not the case for the discussed
contact interaction. From Eq. (14) we can see that the term (10) acts only in
S-waves. On the other hand, the local interaction (12) acts in higher partial
waves as well as seen from Eq. (15). We display this schematically in Fig. 2
by breaking the symmetry of the pure contact interaction diagram (Fig. 1)
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Fig. 2 Contact interaction NNN term of the N’LO yEFT regulated by a function
3 1 2 depending on momentum transfer

and showing the finite range of the momentum transfer regulated interaction.
Using

F(q*4 — o0) = 1,

1
Z()(I’7A - OO) = 471'1’2 6(1’)
and
Z()J((r],rz;/l — OO) = ﬁé(}"l - rz),
ry

it is straightforward to verify that in the limit 4 — oo both expressions (14) and
(15) lead to the same result. For completeness, let us note that in [11] a matrix
element of 7, - T, was calculated, i.e.,

t

1 )

instead of 7, - T3 as we do in Eq. (14). Either choice leads to an identical matrix
element in the three-nucleon antisymmetrized basis (8). This is not the case once
we regulate with the momentum transfer. Our choice in (12) results in the same
isospin-coordinate structure as that obtained in [10].

<Tl . T2> = 66,,/(—1)t_1{

N[—= D=
N— N|—

2.4 Transformation of the momentum part of the NNN interaction

A general NNN interaction term is a product of isospin, spin and momentum parts.
In this subsection, we manipulate the momentum part. We only consider the case of
the regulator function F(g?, A) depending on the transferred momentum. The mo-
mentum part of a general term W; can be schematically written as

gk, (101; )gx, (1Q'|; A) (Yx, (Q) Y, ()™, (17)

with K| + K, even and with Q and Q' defined by Eqs. (3) and (4), respectively.
For coordinates and momenta, Q denotes the angular part of the vector Q. A
transformation of (17) to coordinate space leads to a local interaction

1 1
ijdm dvy dvy dy |y 72) gk, (195 A)gk, (1Q']; A)

x (Yk, (0) Y, (Q) ™) () ww) |
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K +K. 3
= % [ ey e i (V3 Vi | o843 6] 4)

(@ (Laryle)) el (19

Using (1) and (2), we note that

1 3
V2E =r —r and — +\/: =r —r;.
§=rn—n \/Egl 2§2 1 =3

In the above equation, we have introduced a new function using the relation

3quexp[iq-r] 8x(q; A)Yki(q), (19)

Ke o vy sy — ]
l fK(}", A)YKk( ) (27‘_)

which implies

1
filri ) = 5 [ daPilar)g(a: A) (20)
We manipulate Eq. (18) first by utilizing the spherical harmonics relation

- S e

Y, (r1 +12) = rer o |8

K3=0 1?3 2K
% (Y (1) Yoo ()i (21)
and, second, by the following expansion involving the functions depending on
1V + /3
Sl + s A)lry 72| = 47TZfK2,X(F17F2;/1)
XMy
X (= 1) Y, (1) Yoous (72), (22)
with the function fx, x(r1, r2; A) given by
fiox(r,r;A) = %qu 7’jx(qr1)jx(gr2) Jdrr Jo(qr)]#7 (23)

or, equivalently, by

sz(\/r% + 13 = 2r1ru; A)
(\/”12 + r% —2n rzu)K2
Using (21) and (22), the term (18) is re-written in the form

2K, +1\1"?
= % [ d, 8 £,V (VI 4 ZZK e )

0 XYZV

() (56) )

(24)

1 1
sz,X<r17r2;A) :EJ dqu(M)
-1
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KlYV}

x X2K; — K3 K KoY (—1)KiH7 24K
2 3K KoY (1) Z K K

Y X K
X (XOK30‘ YO)
K,—K; K, Z

X (XOK, — K30|Z0)(YOK,0]VO)(Yy (€1)Yz(€:))N) (& &, (25)

which 1s convenient for matrix-element calculations.

2.5 One-pion exchange plus contact N°LO NNN term

We are now in a position to discuss the one-pion exchange plus contact term that
appears at the N°LO. Following [11], we can write the W, term contribution as
1 ga

lm_cont __
W] = —U———" 5 T2 T3
T

(27 8F2 0oyl

1

{le + M
+———0,-003 0|, 26

QZ + M%, 2 Q 3 Q:| ( )
with D = ¢p/F 72TAX, where c¢p is an LEC from the chiral Lagrangian of order one.
A diagrammatic depiction of the second term in the parenthesis is presented in
Fig. 3. The first term corresponds to the exchange of 2 < 3.

Using the regulator dependent on the sum of Jacobi momenta squared of [11],

this term can be cast in the form

1 1
yym-contENGKMW _ _ p, 8A qu-; | dvy d') dawly | )

(2m)° 8F2 (\/3)?
X F<%(7r% + @;A)

o, Q'o;-Q

XT) T3 —F———
2 3|:Q/2—|—M%_

w0 d

0’ +M;

1
< (5 2+ a2 ) @)

Fig. 3 One-pion exchange plus contact NNN interaction term of the N*LO
3 1 2 yEFT
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Fig. 4 One-pion exchange plus contact NNN interaction term of the N°LO
3 1 2 xEFT regulated by a function depending on momentum transfer

On the other hand, with a regulator dependent on momentum transfer, we get

1 gA 1
WIW_COHI,Q — _D 64 Jd d d /d / F 2A
1 (27T)6 8F72T (\/§)3 T 4T 4% ATy |ﬂ1ﬂ2> (Q ) )

1
X T2 73 {QQTM%O'Z : Q,O'3 : Ql

1

+———02-005-0|F(Q% A) (x|, 28
G 0 0] FIQ ) (28)

which leads to a term local in coordinate space. We depict the second term in the
parenthesis of (28) schematically in Fig. 4. The first term corresponds to the ex-
change of 2 < 3. This choice of regulation results in spin-isospin-coordinate struc-
ture that also appears in NNN terms obtained in [10]. We note that a somewhat
different spin-isospin structure was used for one-pion exchange plus contact NNN
terms in [32] and [34]. In [32] in particular, the o and T operators were associated
with the active nucleon 1, i.e.,

I7_cont,Q, 1 gA 1 J ’ / 2

w '=-D dm dwy dw, dw, |wim) F(Q5 A
| (20 8F2 (\/3)) | dmy |mim) F(Q7; 1)

1 / /
X [’Tl-’ﬁmﬂl‘Q o3 0

oy@ngk@%mwwa (29)

+7T1 -7 Q2 I M721_
This change does not alter the matrix element of (27) in the antisymmetrized three-
nucleon basis. It will lead to a difference in the matrix element of (28). However,
the dependence on the regulator is a higher-order effect than the yYEFT expansion
order used to derive the NNN interaction. Therefore, these differences should have
only a minor overall effect. In fact, we confirmed in nuclear structure calculations
such as those described in [14] that the impact of the choice (27) or (28) is small in
particular when the natural LECs values are used (|cp| =~ 1). However, a more
significant impact of the choice of the regulator in particular on spin-orbit force
sensitive observables is observed in the case of the two-pion-exchange terms as
discussed in the Introduction.
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Due to the antisymmetry of the three-nucleon wave functions in (8), it is
sufficient to consider just one term of the two in parenthesis in (27) and (28)
and multiply the result by 2. Using the first term, the matrix element of (27) with
the regulator dependent on the sum of Jacobi momenta squared is obtained in
the form

<(nls1t NEJ)JT‘Wlw_com ENGKMWl( ,l/S/j,t/,Nlﬁlj,)JT>

g 1 St 71 t 1
=-D 6100p005;0g 71t
SN { AL
% (_1)(n+/\/+n +N+H(L+L) )2
. o . o/
ot s gegerat | JT ] {] J 1}
xjJT 2
Y { % } 77
J £ 1
x Y K(1010K0)¢ 7' £}
k=02 1 K 1
X K—K1[< ﬂ )£t '(K10X0|£0
&, 2 XL (J0X01£0)

, L K-K X
x (L'0K — K;0|X0)

K L K

1
X Jdﬂ'] dmy dry dry T TR ni Ruo (71, 1 /D) Ry (72, 1/b)F (5 (72 +73); /1)

1
R} 10)R o (o /0P (524 7204 a5,

(30)
where we introduced the function
AN 2 2 2 q27K . . . /
gkx(p,p') = - dqqdrr WJO(W)JX(pr)JX(p r), (31)
which can be alternatively evaluated through
2-K
11! 24 p2 _2pply
erxlp,p) =5 | duPylu; LY T - (32)
-1 $(pP? +p”? = 2pp'u)” + M

The matrix element (30) was first derived in [11].

For the one-pion exchange plus contact term (28) with the regulator dependent
on momentum transfer, we present the matrix element obtained using both terms in
the parenthesis of (28). Due to the three-nucleon wave-function antisymmetry, both
contributions lead to the same result for (8). One can take the advantage of this
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feature and use the alternative calculations to check the correctness of the numeri-
cal code. First, we take the first part of (28) and get
((nlsjt, NCT)JT|W ™" (n'I's'j'{ \ N L' T")JT)

t t

1 1 1
2
/

kN

9gA M/( 1)l+t'+T+%{
F

(S]] ot
——
——
=~
(ST

N =
——

PN _ (s s
ij/jj/(_l)l J+s+j {1 L
2

=

x > K(=1)%2(1010/K0) > K>3l L' (I0K,0]10)(L£'0K30|£0)
K=0,2 K3,K3
[ s L % J
> ZZZ I s j/ ﬁl % j/
z K 1 Z)J|\Ks 1 Z

FIA P
X
J J JJl1l K3 K

— 2K+1 1/2
X ZK—IQK ok )} DFY (—1)*X2(K,0X0|K,0)
1 X

K1:0
K X K>

><(K—K10XO|K30){K K-k
3 — ]

jd& A6, ECR(E, bRy (62, D) Rt (1, )R (€2, D)

(\/&)K(\/&)K 22614 fm(\/sl,\/&, 1), )

with the functions

1 . : *F(q% A
fox(rir 4) =51 [da intarintar) LD 34)
and
L[> . . > > F(k*; A)
fx(rirs A) = = JO dq q°jx(qr1)jx(qr2) L dkk(K* = ¢*) 75— Py (35)

which are special cases of (23). An alternative way of evaluating (35) is

1 (! fz(\/rz + 72— 2rru; A)
‘A== duP -2 ! 36
fax(ri;r; ) 2 J_l uPx(u) r? 412 = 2riru (36)
with
' 1 q°F(q*; )
falrid) =5 |daq *ja(gr) M (37)

We note that (36) is numerically more efficient than (35).
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Next, we take the second part of (28), which results in a simpler expression for
one-pion exchange plus contact NLO three-nucleon matrix element in non-anti-
symmetrized basis,

((nlsjt, NLT)JT|W,™"('I's'j'{ ,\N' L' T")JT)

924 ~) ot [ r’ N(t ¢ 1
:—D%ﬂ( 1)Z+Z+T+é{l 1 l}{l 1 T}
s 2 2 2 2 2

= = N
X]]j ( 1)] j+9+}{1

S
1
2
X K(=1)*7?(1010/K0) Z V(v01'00)
K=0,2 \%4

~—

x Y X*(X0K0|V0)(X0L'0|£0
X

s L i J .
Zz l/ S/ . £/ i j/ .] ,]/ Z V 1 Z
: g 2 g 7 711 X K
v 1 z)lx 1 z

d&1 d& EGR(&1, D) Ry (&2, )Ry (€1, B)R (&2, b)

X fx (V2154 Zox(\/ﬁl,\/7§27 >7 (38)

with

—

1 q°F(q* 1)
Jx(r;A) = 2 2quCIJK(qV)qZ+7M72r7

which is a special case of (20) and Z, x(r,2; A) given by Eq. (16). Both (33) and
(38) are already multiplied by 2 in anticipation of the three-nucleon antisymmetry
in the final matrix element (8).

For completeness, we also present the matrix element of the second part of (29),

((nlsjt, NLT)IT|W, " (W' 15j'¢, N £'T)JIT)

(39)

9 5 % U 2500y A s+s'+ "+
_ }szén’( l)t l{i i l}jj/jjlssll/ﬁl(—1)+ AT HLAT+T 45
2 2
s § K
x > K(=D)*™P1010k0)<4 1153 V(vorojio)
K=0,2 1 1 1 \%4
2 2
x Y X*(X0K0|V0)(X0L'0|£0)
X

~
[°5}
~

P {j X j’}{ﬂ X J/}
X gl J v . o
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x Jda d6, EER (1, DRz (6 b)Rur (61, 0)Ryr (62, )

ka(\/ifl;/l)zo,x<\/§§h \/gfz;/l>, (40)

which is still simpler than (38). Again, this matrix element is already multiplied by
2 in anticipation of the three-nucleon antisymmetry in the final matrix element (8).
The matrix element of (two-times the) first part of (29) is given by (33) multiplied
by (—l)m 5 Due to the three-nucleon wave-function antisymmetry, this con-
tribution leads to the same result for (8) as does (38), which can be taken advantage
of in testing the correctness of numerical calculations.

By comparing (27) with (33) (or equivalently with (38) and also with (40)) we
note the different tensorial structure of the matrix elements. When the regulator de-
pendent on the sum of Jacobi momenta squared is used, only the [ = 0, /' = 0 partial
waves contribute. This is not the case, when the regulator depending on momentum
transfer is utilized. At the same time, however, we note that in the limit 4 — oo both
expressions (27) and (33) as well as (38) and (40) lead to the same result.

2.6 Two-pion exchange N*LO NNN terms

In this subsection, we present matrix elements of two-pion exchange N’LO NNN
terms. Their schematic depiction is shown in Fig. 5. There are three distinct terms
associated with three LECs, ¢, c3 and ¢4, from the chiral Lagrangian, which also
appear in the sub-leading two-pion exchange in the NN potential. Consequently,
values of these LECs expected to be of order one are typically fixed at the NN level
unlike the case of the previously introduced cp (26) and cg (9) LECs whose values
need to be fixed in systems of more than two nucleons. In the present paper, we
derive only the matrix elements of the two-pion exchange NNN interaction terms
regulated by a function depending on momentum transfer, i.e., terms that are local
in coordinate space.

Following [11], the W part of the c¢; term with the momentum transfer reg-
ulators can be written as

1 4M? g2 1
27 _cl x 84A 2.
; c = —C (27_‘_)6 2 mTz.T}F(Q7A)7Q2+M20-2'Q
1
X O3 'QIWF(QQ;A)- (41)

3 1 2 Fig. 5 Two-pion exchange NNN interaction term of the N°LO YEFT
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Using results of Subsect. 2.4, we find for the c;-term matrix element

((nlsjt, NLT)ITIW™| (' Tsj'd N'L'T)IT)

36M2 g2 .. et 1Y (t F 1
="a zwg_f;”/(_l)ﬂrﬂrT+2 111 11
Fe 2 22 )L 2 T
NP s 5 1Y). o
X]j/jjlggl(_l)]j+S+J{l l l }l/ /
2 2 2
[ s
XZVR VOI'0]i0)(ROL'0|£0) Y "(—1)'Y(Y010[VO)S I 5 ff
Y VvV 1Y
L1
dev ol on
2 ! J
R 1 ov)\ Y
3
X — K3 ) X*(X0K30|Y0)(X01 — K30|RO
2 (o )] 7= R - com

X

(7 1)

d€1 d& EER(E1, D) R (&2, D) Ry (€1, D)R (€2, b)

(\/af(\/&z) (Vg A f1x<\fa,\/§z, 1) @)

Here we introduced the functions

1 F(g* A
03 ) = 575 [da i 20 3)

X

%

and

1 00 . ' 00 k kz/l
fl,X(rlv”Z;A):ﬁJO dqqux(qu>JX(qr2)J dk k2( Mz)’

which are the explicit versions of functions given in Egs. (20) and (23), respective-
ly. The function (44) can be alternatively evaluated with the help of the Legendre
polynomial,

(44)

1 r2 412 = 2riru; A
fl,X(rlyrZSA):EJ du Py ( \/1 2 2 ) (45)
—1 \/l’l —|—I’2 27‘1)’2%
The W, part of the two-pion exchange c; term is given by [11]
1 2 g 1
2mc3 _ A 2. /
VV1 C _C3<2 )6ﬁmT2-T3F(Q,A)Q2TM%O'2-QO'3.Q
x Q-0 ———F(Q% ). (46)

Q" + M2
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For its matrix element we find

((nlsjt, NCT)IT|\W=> (' Us'fd \ N L' ) JT)

18 g% .. et 1
:C3—g—Att/( 1)t+t+T+é{ 1}
E
., 5
]}l/:
2
(

1 1
2 2
x Y (-nKHRIPER K Kz(lolouqo) 1010|K,0)
KK,

x Y (=1)"*VR(VOI'0]I0)(ROL'0|£0) Y  ¥(YOK,0|V0)
VR Y

I s j)(c L g i 7z
% 222(_1)2 ! j/ L % j/ { j[ E }
z v 1 zZJ|R 1 Z

{z 1 Y}{Z 1 Y}
X
K, V 1J|K, R 1
K 2K, +1\1Y? — N
X K, — K X?(X0K;0|Y0
> ()] ©m Rk

Y X K3}

2 — A3 2

X Jdﬁl d& EEGR(E1, )Ry (&2, )Ry (€1, B)R (&2, b)

(\/ay(\/@)& i (V31 A (\/a,\/&, 4). @)

with the function fk, (r; A) given by (39), the function fy x (r1, r2; A) given by (34)
and the function f> x(r1, r2; A) given by (35).
Finally, the W; part of the two-pion exchange c4 term is given by [11]

11 g 1
4(2 )6F24;2 1 (72X73>F(Q2;/1)m02'Q03'Q/

xo-(@xQ) F(Q% 1), (48)

W127T _c4 —

1
2
0" + M?
and for its matrix element we find

((nlsjt, NCT)IT\W™R(n'Us'j'd , N' L' T")JT)

36 gA oY ey
= —C4—5 I 4F2tt( 1) 29

2

(ST
N =
——

— N =
—_— N N
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X]] jle/\l( )J‘Fj“rj?/‘é\/

x> (-1

KK,

2

L 5 J

“ R 1 Z

[ s %

leA{j s j gl
K v k. zJ) L1

{ 1 1 1
X
1 Ks K

Al

|

2K, + 1
2K3

<y

K3=0

X (XOK2 — K30|R0){

K> — K;
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)Ki+K2)2R K, (1010]K,0)(1010|K50)

1)V ™RVR(V0I'0|10)(ROL'0|£O) Z Y(YOK,0|V0)

{j]’Z}{Z]Y}
J T J Ky R 1
1
2 ez 1 v
3 8

K, V K,
1 Ky

1/ —_
)} Ky — K3 > X*(X0K50|Y0)
X

X K
K R

|

X del d& EEGR(E1, )Ry (&2, D)Ryr (€1, D)R o 1(£2, b)

y (\@&)IQ (@&)Kﬂ}m (ﬁf];A)fKQ,xQ@a, @w) - (49)

The same functions (34), (35) and (39) that were introduced in the c; term enter the

¢4 term as well.

We note that the local two-pion-exchange terms appear also in the Tucson-
Melbourne NNN interaction [20]. The analogous terms to ¢, c3 and ¢4 are present
in particular in the TM' interaction [21, 22]. The TM’ parameters are denoted by ',
b and d with the relation to the above ¢y, c3 and ¢4 given by

/

a —=

b =

d=

Further, the regulator function F(g%; A) is chosen in the form

F™M(g* 1) =

4M?
7 (50)
2
ﬁc:,‘ (51)
—1
F2 —5 C4. (52)
/12 . M2
3 (53)

A+ g
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This choice allows to evaluate integrals that define the functions fx analytically.
The analytic expressions can be found, e.g., in [29]. In that paper, the following
function is introduced,
1 2. F(q*;4)
Zl(”;/l)zz—Terdquo(qr)m- (54)
Using the properties of spherical Bessel functions, we can easily find relations
between derivatives of Z; and our fx functions,

fo(r,A) = — (Zi’(r; A)+ %Z{(r; A)), (55)
fl(r’A):_Zi(r;A)a (56)
f(r,A) =Z](r;A) — %Z;(r; A). (57)

For completeness, we note that a still different notation was used in [10], where
functions Iy ;(r; A) were introduced. They are related to the Zy(r, A) that we intro-
duced in Eq. (13) and to the above Z; function (54) it is as follows,

Z()(r,/l) = 1070(}"; /1), (58)
Zy(r,A) = hLy(r, A). (59)

In [37], the Tucson-Melbourne NNN interaction matrix elements in the HO
basis were calculated using a different algorithm than the one used in this paper.
That algorithm relied on a completeness relation and on transformations of HO
states with the help of HO brackets. Even though the algorithm of [37] required a
calculation of one-dimensional radial integrals, while the present algorithm
requires evaluation of two-dimensional radial integrals, the present algorithm is
substantially more efficient.

3 Convergence test for *H and “He

In this section, we apply the matrix elements of the N2LO yEFT NNN interaction
obtained in this paper to the NCSM calculation of *H and *He ground-state prop-
erties. As a test of correctness of the computer code, we verified that the new more
efficient algorithm reproduces the results obtained using the algorithm of [37] for
the two-pion-exchange term matrix elements. For the contact terms, we verified
that in the limit of 4 — oo, the matrix elements (15) and (14) lead to the same
result and the same is true for matrix elements (38) and (30). In addition, we
benchmarked the computer code for evaluation of (14) and (30) with the computer
code written by A. Nogga [38]. Finally, we tested numerically that the use of (33)
results in the same matrix element as the use of (38) in the three-nucleon anti-
symmetrized basis |NiJT) introduced in Eq. (8). The same checks were also per-
formed for the alternative version of the one-pion-exchange plus contact term
(D-term) given in Eq. (29). That is, we verified numerically that the matrix element
(40) leads to the same result as (30) in the limit of 4 — oo and the use of (40)
results in the same matrix element in the three-nucleon antisymmetrized basis
INiJT) as the use of (33) multiplied by (—1)""" ",
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We use the N°LO NN interaction of [13]. We adopt the ¢y, ¢3 and ¢4 LEC
values as well as the value of A from the N3LO NN interaction of [13] for our local
chiral EFT N’LO NNN interaction. The regulator function was chosen in a form
consistent with that used in [11] and [13]: F(¢?; A4) = exp[—¢*/A*] (11). We note
that the momentum-space N°LO NN interaction is regulated with the nucleon
momentum cutoff, while our local chiral EFT N2LO NNN interaction is regulated
with the momentum transfer cutoff. Due to the choice of the fourth power of the
momentum (11), this inconsistency is beyond the order at which our calculations
are performed. Values of the c¢p and cg LECs are constrained by a fit to the A = 3
system binding energy [18, 14]. Obviously, additional constraints are needed to
uniquely determine values of cp and cg, see [11, 18, 14, 39] for discussions of
different possibilities. Here we are interested only in convergence properties of our

Table 1 NNN interaction parameters used in the present calculations. The regulator
function was chosen in the form F(g?; A) = exp[—q*/A*]

c1 [Gev™] c; [GeV™!] c4 [GeVT] cp CE

—0.81 -32 5.4 1.0 —0.029
A [MeV] A, [MeV] M, [MeV] 24 F, [MeV]
500 700 138 1.29 92.4

ATy T T T T T T T T T T T T T T 1
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2 é |
3 \\ 3 aa =
\ H —-A NN 28 bare
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Fig. 6 *H ground-state energy dependence on the size of the basis. The HO frequency of
hQ = 28 MeV was employed. Results with (thick lines) and without (thin lines) the NNN interaction
are shown. The full lines correspond to calculations with two-body effective interaction derived from
the chiral NN interaction, the dashed lines to calculations with the bare chiral NN interaction. For
further details see the text
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Fig. 7 3H point-proton rms radius dependence on the size of the basis. The HO frequency of
hQ = 28 MeV was employed. Results with (thick line) and without (thin line) the NNN interaction
are shown. The two-body effective interaction derived from the chiral NN interaction was used in the
calculation. For further details see the text

calculations. Therefore, we simply select a reasonable value, e.g., cp = 1, and
follow [14] and adopt the c value as an average of fits to *H and *He binding
energies. In Table 1, we summarize the NNN interaction parameters used in cal-
culations described in this section. We note that *He results obtained with the
identical Hamiltonian but with ¢p = —1 and c¢g = —0.331 are presented in [17].
We use the Jacobi coordinate HO basis antisymmetrized according to the meth-
od described in [35]. In Figs. 6 and 7, we show the convergence of the *H ground-
state energy and point-proton rms radius, respectively, with the size of the basis.
Thin lines correspond to results obtained with the NN interaction only. Thick lines
correspond to calculations that also include the NNN interaction. The full lines
correspond to calculations with two-body effective interaction derived from the
chiral EFT N3LO NN interaction. The procedure for the effective interaction deri-
vation is described, e.g., in [15, 35]. The dashed lines correspond to calculations
with the bare chiral EFT N3LO NN interaction. Here, the bare means the original
NN interaction not renormalized by the effective interaction procedure. The bare
NNN interaction is added to either the bare NN or to the effective NN interaction
in calculations depicted by thick lines. We observe that the convergence is
faster when the two-body effective interaction is used. However, starting at about
Nmax = 24 the convergence is reached also in calculations with the bare NN inter-
action. The rate of convergence also depends on the choice of the HO frequency. In
general, it is always advantageous to use the effective interaction in order to
improve the convergence rate. The *H ground-state energy and point-proton radius
results are summarized in Table 2. The contributions of different NNN terms to the
3H ground-state energy are presented in Table 3. In addition to results obtained using
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Table 2 Ground-state energy and point-proton rms radius of *H and “He
calculated using the chiral N*LO NN potential [13] with and without the local
chiral N2LO NNN interaction. The LEC values and other parameters are given
in Table 1. The calculations were performed within the ab initio NCSM

*H
NN NN + NNN Expt.
Eg [MeV] —7.852(5) —8.473(5) —8.482
1, [fm] 1.650(5) 1.608(5)
“He
NN NN + NNN Expt.
Eg [MeV] —25.39(1) —28.34(2) —28.296
7, [fm] 1.515(2) 1.475(2) 1.455(7)

Table 3 Contributions of different NNN terms to the *H ground-state energy. The cp and ¢z LECs are
explicitly shown. Other parameters are given in Table 1. All energies are given in MeV. The two
alternative one-pion-exchange plus contact terms (28) and (29) are considered

H
cp CE Ey c terms D term E term
1.0 (Eq. (28)) —0.029 —8.473 —1.01 0.13 0.03
—1.0 (Eq. (28)) —0.331 —8.474 —1.07 —0.16 0.32
1.0 (Eq. (29)) —0.159 —8.471 —0.99 0.005 0.14
—1.0 (Eq. (29)) —0.213 —8.474 —1.10 —0.05 0.21
the cp = 1, we also show in Table 3 results obtained using cp = —1 and a corre-

sponding cg constrained by the average of the *H and *He binding energy fit. For
completeness, we show results obtained by the two alternative one-pion-exchange
plus contact terms (28) and (29). In all cases, the contact E-term gives a positive
contribution. The contribution from the D-term changes sign depending on the choice
of cp. Still, the two-pion exchange c-terms dominate the NNN expectation value.

In Figs. 8 and 9, we show convergence of the *He ground-state energy and
point-proton rms radius, respectively. The NCSM calculations are performed in
basis spaces up to Nyax = 20. Thin lines correspond to results obtained with the NN
interaction only, while thick lines correspond to calculations that also include the
NNN interaction. The dashed lines correspond to results obtained with bare inter-
actions. The full lines correspond to results obtained using three-body effective
interaction (the NCSM three-body cluster approximation, see, e.g., [16, 35]). It is
apparent that the use of the three-body effective interaction improves the conver-
gence rate dramatically. We can see that at about Ny,,x = 18 the bare interaction
calculation reaches convergence as well. It should be noted, however, that p-shell
calculations with the NNN interactions are presently feasible in model spaces up to
Nmax = 6 or Npax = 8. The use of the three-body effective interaction is then
essential in the p-shell calculations.
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Fig. 8 “He ground-state energy dependence on the size of the basis. The HO frequencies of iQ = 28
and 36 MeV were employed. Results with (thick lines) and without (thin lines) the NNN interaction
are shown. The full lines correspond to calculations with three-body effective interaction, the dashed
lines to calculations with the bare interaction. For further details see the text
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Fig. 9 “He point-proton rms radius dependence on the size of the basis. The HO frequencies of
nQ =28 and 36 MeV were employed. Results with (thick line) and without (thin line) the NNN
interaction are shown. The three-body effective interaction was used in the calculation. For further
details see the text
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We note that NCSM calculations in the three-body cluster approximation are
rather involved. The “He NCSM calculation with the three-body effective interac-
tion proceeds in three steps. First, we diagonalize the Hamiltonian with and with-
out the NNN interaction in a three-nucleon basis for all relevant three-body
channels. In the second step, we use the three-body solutions from the first step
to derive three-body effective interactions with and without the NNN interaction.
By subtracting the two effective interactions we isolate the NN and NNN contribu-
tions. This is needed due to a different scaling with particle number of the two- and
the three-body interactions. The “He effective interaction is then obtained by add-
ing the two contributions with the appropriate scaling factors [16]. In the third step,
we diagonalize the resulting Hamiltonian in the antisymmetrized four-nucleon
Jacobi-coordinate HO basis to obtain the *He J™T = 070 ground state. Obviously,
in calculations without the NNN interaction, the above three steps are simplified as
no NNN contribution needs to be isolated. In addition, in the case of no NNN
interaction, we may use just the two-body effective interaction (two-body cluster
approximation), which is much simpler. The convergence is slower, however, see
discussion in [40]. We also note that “He properties with the chiral N°LO NN
interaction that we employ here were calculated using the two-body cluster approxi-
mation in [41] and the present results are in agreement with results found there.

Our *He results are summarized in Table 2. We note that the present NCSM *H
and “He results obtained with the chiral N°LO NN interaction are in a perfect agree-
ment with results obtained using the variational calculations in the hyperspherical
harmonics basis as well as with the Faddeev-Yakubovsky calculations published in
[42]. A satistying feature of the present NCSM calculation is the fact that the rate of
convergence is not affected in any significant way by inclusion of the NNN interaction.

4 Conclusions

In this paper, we regulated the NNN interaction derived within the chiral effective
field theory at the N>LO with a function depending on the magnitude of the
momentum transfer. The regulated NNN interaction is local in coordinate space.
This is advantageous for some many-body techniques. In addition, it was found
that this interaction performs slightly better in mid-p-shell nuclei than its nonlocal
counterpart [14, 38]. We calculated matrix elements of the local chiral NNN inter-
action in the three-nucleon HO basis and performed calculations for *H and “He
within the ab initio NCSM. We demonstrated that a very good convergence of the
ground-state properties of these nuclei remains unchanged when the NNN interac-
tion is added to the Hamiltonian. Expressions for the local YEFT NNN interaction
matrix elements derived in this paper may by used after some modifications with
other bases, e.g., with the hyperspherical harmonics basis.
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