PHYSICAL REVIEW C 103, 035501 (2021)

Screening of nucleon electric dipole moments in atomic systems
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The electric dipole moments (EDMs) of diamagnetic atoms are expected to be sensitive to charge-parity
violation, particularly in nuclei through the nuclear Schiff moment. I explicitly demonstrate that the well-known
form of the Schiff moment operator originating from the nucleon EDM is obtained by considering the screening
of the nucleon EDMs in a neutral atom. Consequently, an additional contribution to the Schiff moment arises
from the screening of the nuclear EDM induced by the interaction of the nucleon EDMs with the protons. This
correction to the Schiff moment of '*’Hg is evaluated in the independent particle model.

DOI: 10.1103/PhysRevC.103.035501

I. SCHIFF MOMENT

The observation of a permanent electric dipole moment
(EDM) of an atom implies the existence of parity (P) and
time-reversal (7) violating interactions between constituent
particles. The atomic EDM is defined by

V4
dyom = — ) _ er), ()
i=1

where e is the elementary charge and r/ indicates the coordi-
nates of the atomic electrons. The interaction of the atomic
EDM with an external electric field causes an energy shift to
be measured [1,2].

Although the nuclear EDM and the intrinsic EDMs of elec-
trons and nucleons are independently coupled to the external
electric field E o, as

z A
Vext = _|:datom +dnua + nge) + Zda] E ext, 2
i=1 a=1

they are obscured by the internal interactions with the elec-
trons. Here dge) and d, are the intrinsic EDMs of electrons
and nucleons, respectively, and the nuclear EDM is defined
by

A
dye = Zera» 3)
a=1

where r, indicates the proton coordinates. In particular, the
energy shift due to the EDM of a pointlike nucleus is canceled
by the contribution from the atomic EDM induced by the
internal interaction of the nuclear EDM with the electrons.
However, P, T-odd nucleon-nucleon (NN) interactions allow
a finite-size nucleus to have the nuclear Schiff moment as well
as the nuclear EDM. Since the atomic EDM induced by the
interaction of the Schiff moment with the electrons survives
the screening, the atomic EDMs particularly of diamagnetic
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atoms are sensitive to P, T-odd NN interactions [3-6]. The
screening mechanism of the nuclear EDM induced by the P,
T-odd meson-exchange NN (w NN) interaction is reviewed in
this section.

The Hamiltonian of an atomic system that conserves P and
T symmetries is written as

Hyom = Hyue + He, (4)
He =T, + V' + Vi3] )

even—I[’
where H,,,. denotes P, T-even NN interactions. The electron
kinetic term 7, and the electron-electron interactions V¢ are
not relevant to the nuclear P, 7 violation of interest. The
electrostatic interaction between the electrons and the protons
is
z z
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i=1 a=1 "1

If r} > r,, then each term can be expanded as

1 (1) 1
¥ —r| ZZ( ) (ra-V))' <. (N
i a =0

] /
[ r]

The atomic Hamiltonian H,,, does not contain the odd-/
electron-nucleon (eN) interactions denoted by Vo(jév & ;» Which
vanish unless P and T symmetries are both violated in the
nucleus.

The nuclear grgund state in the existence of the P, T-odd

NN interaction V,yy is given by
~ 1
M\ — (N) §
| g.s.> - |I/fg.s. ) + E(N) _ E(N)
n g.s. n

< [N | Veww |[w V), ®)

where E{Y) and E{") denote the energies of the ground state

l¥{Y)) and excited states [ \)) of the nuclear Hamiltonian
H,yq1, respectively. As well as the atomic EDM is generated
by P, T-violations in the electron system, the P, T-odd 1NN
interaction can induce the nuclear EDM. The external inter-
action of the nuclear EDM represented in Fig. 1(a) causes the
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FIG. 1. (a) The second-order and (b) the third-order contribu-
tions of the P, T-odd w NN interaction V”NN to the energy shift of
an atom immersed in an external electric field. The black circles
represent the P, T-odd vertices. The electric charges of proton and
electron are denoted by gy and g, respectively. The P, T-odd 1NN
coupling constant is denoted by g_yx-

energy shift
AEy Gy av) = (V] — duiet Eed YY), (9)

where the coupling constants g, vy and gy specify the pertur-
bative interactions.

The P, T-odd NN interaction also induces the odd-/ eN
interactions Vo(dd ;» which violate P and T symmetries in the
electron system. Consequently, the atomic EDM contributes
to the energy shift in third-order perturbation as

AE3(8znns N> Ge)

1
=2y

m

(W(A) atom'Eext“;y(nA)XJr(nA)\Vo(;(]jwl|w(A))
+ c.c. (10)

This process is represented in Fig. 1(b). The eigenstates of the
atomic system in the existence of the P, T-odd w NN interac-
tion are expressed except for the Clebsch-Gordan coefficients
as

78) = [0 ® |95, (11)
[0 = v} @ i), (12)

where |)) and |\”) denote the ground state and excited
states of the electron system described by H, with the energies
E{) and E{¢, respectively.

Here 1 summarize the notations used in this paper. The
superscripts (A), (), and (e) represent the atomic, nuclear,
and electron systems, respectively. P, T-odd interactions and
P, T-violated wave functions are denoted by V and W)
respectively.

The screening of the nuclear EDM is demonstrated by

using a Hermitian operator [7]
| z
N /
Unia = zzumo-; v, (13)

where

(dosct) = (U |t [ WEY)). (14)

The nuclear EDM interactions in Egs. (9) and (10) are trans-
formed as

<W(A) ductE ext | 1/2;?)
<¢ | nucl> —@atom* ext]|w(A)> (15)
and
Al
— l<l//(A)|[ el V(eN)]|1//(A))
= < m |[UHUC17 |W(A))
— i [Unaars VY + VN 4 J[F). (16)

The eN interactions of a pointlike nucleus consist of the [ =
0, 1 components, which are explicitly given by

z
VZ(:EI(;/) —Ze 2
i=1

a7

’°
i

z
1
(eN) __ ’
vy = ednucl-; Vin: (18)
The last equality in Eq. (16) follows from the fact that the
operator Uy, commutes with the electron kinetic term 7, and
the interactions between electrons V (¢¢),
Although the same transformations are realized even if one
adopts
U/

nucl — l

ot Z v, (19)

instead of Uy, the resulting nuclear moment is a more com-
plicated two-body operator than the Schiff moment (24).

Using the transformations (15) and (16), the third-order
effect (10) is transformed as

AE3(Zrnns N Ge)

= —AE)(8uyn» gn) + Z

(g2l -

EY) —EY

dlom ext|w(6)>(w(6)|VNSM 1|w( )) + C.C.],
(20)

where the first term implies the screening of the nuclear EDM.
The remaining terms caused by the finite-size effect can be
nonzero in the “pointlike nucleus limit,” where

/21
i
Fi

= —478(r)). Q1
R—0

Here R is the nuclear radius.
Considering [ < 3, one obtains

(9 Vs [92) = (B V1 90)
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(22)
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where the nuclear part is separated from the electron part as
explained in Appendix A. The expectation value of the nuclear
Schiff moment is given by

1 -
($1) = Z W<W(N)|Sl [N [Vieww [ 0)

+ c.c. (23)

The explicit form of the Schiff moment operator is

4

e z 5
Stk =— [rﬁra,k - gra,k<r2)ch —3

10 4 ra,j(ij>chi|’ (24)

where the Charge mean values are defined by

zZ
=7z Z el e3)
Z
ij z X:: (N)|Qa Jjk I/I(N)) (26)
and
0¥ = \/g [re ®r,]% 27)

is the quadrupole moment of proton. Since the P, T-odd
NN interaction is scalar, only the z-component S, can have
nonzero values. The third term of the Schiff moment operator
(24) must vanish in spin % nuclei including '*Hg.

In conclusion of this section, the leading-order contribution

from the P, T-odd w NN interaction is given by

AE> (g Ny qN) + AE3 (N 9N Ge)
1

; Ey —E))

(1//‘(6) - atom ext|w(8)><w(6)|VNSM 1 |w(6)>
+c.c. (28)

This result implies that the interaction of the Schiff moment
with the electrons denoted by Vnsm.| induces the atomic EDM
that survives the screening. The third-order process is illus-
trated in Fig. 2.

The Schiff moments S; of actinide nuclei would be en-
hanced thanks to octupole correlations and the parity doubling
of the ground states [8]. It is expected from recent nuclear
many-body calculations [9-12] that the Schiff moment of
225Ra is greater than that of '’Hg by orders of magnitude,
although the uncertainty is still large.

II. NUCLEON EDM

There are several attempts to identify the leading-order
contribution from the intrinsic EDMs of nucleons to the
atomic EDM. In particular, the Schiff moment of '“’Hg
that originates from the nucleon EDM was computed in the
random-phase approximation [13]. Using their result, an up-
per bound on the neutron EDM was evaluated from the exper-
imental limit on the atomic EDM as d, < 1.6 x 10720 ecm

Vo
N g
(\ ( 4
\\..,/
nucleus
_datom 'EexL
0 WX
VNsM-1 —_— (@
N Qe
T

FIG. 2. Schematic illustration of how the P, T-odd w NN inter-
action VHNN induces the atomic EDM d,on. The P, T-odd tNN
interaction induces the nuclear Schiff moment as well as the nuclear
EDM. The interaction of the nuclear Schiff moment with the elec-
trons Vnsm.1 violates P and T symmetries both in the nucleus and in
the electron system. Finally, the P, T violation in the electron system
generates the atomic EDM.

[14]. This constraint is competitive with a recent direct mea-
surement d, < 1.8 x 10726 ecm [15]. On the other hand, it
was claimed that the nucleon EDMs in a neutral atom are
completely screened [16,17]. In this section, I demonstrate
that the screening of the nucleon EDMs is incomplete in the
pointlike nucleus limit.

Figure 3(a) represents the direct coupling of the nucleon
EDMs to the external electric field. This first-order contribu-
tion is given by

A
AE(dy) =Y (Y| —da-Ee|¥lY),  (29)

a=1

where d, denotes the nucleon EDMs.
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FIG. 3. The external interaction of (a) the nucleon EDMs and
(b) the atomic EDM induced by the interaction of the nucleon EDMs
with the electrons. The vertices with dy indicate the interactions of
the nucleon EDM.
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The internal interaction of the nucleon EDMs with the
electrons

VN — ¢ Z Zd o (30)

i=1 a=1

violate P and 7 symmetries in the electron system. Thus,
the induced atomic EDM contributes to the energy shift in
second-order perturbation as

AE>(dn, q.)
g —
" EyQ — Ey)
(w(z‘\) —dyom- ext|w(A))(W(A)| e(veeNn)l w(A))
+c.c. (3D

This process is represented in Fig. 3(b). The internal interac-
tion (30), which is expanded for r; > r, as

1y
1 —Z( D, V)Y, V,,, (32)

d, V!
|ri rq| !

L
is restricted to the even-/ components because P and 7' sym-
metries are not violated in the nuclear system.

The ground state and excited states of the atomic Hamilto-
nian Hyom Without P, T-odd interactions are expressed as

[v ) = [vdd) ® [wi), 33)
[ui) = (v ) ® [vy), (34)

respectively.
Iintroduce a Hermitian operator

1
Uy = zZ—e;;waw;, (395)
where in contrast to (d ) in Eq. (13),
(do) = (Vi |dalv ) (36)

is the expectation value in the ground state of Hp,e conserving
P and T symmetries. The external interaction of the nucleon
EDMs (29) is transformed as

A

> (W®] = daEex|yy)

a=1

= i(y &)Uy, —duom-Eexdl[¥). (37

The / = 0 component of the internal interaction (30), which is
explicitly given by

f/}(;N)—eZZd Vl 2 (38)

i=1 a=1

is transformed as
(I i) = ity [[Uw, Vi NIwi)
= iy P |[Un. H YY)

— iy On VY + VD + ), (39)
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FIG. 4. The leading-order contribution of the nucleon EDMs to
the atomic EDM d . The P, T-odd eN interaction due to the finite-
size effect Vysm.» appears in the pointlike nucleus limit.

where [Uy, T,] = 0 and [Uy, V] = 0 are used. Substituting
(39) into (31), one can find

AE(dy) + AEx(dy, q.)
_ 1
- ; B

( alom 'Eext | Kﬁ,gf)xlﬁ,(,f) | ‘7NSM—2 | 1#;?)
+c.c. (40

The right-hand side vanishes for a pointlike nucleus, where
the eN interactions in Egs. (6) and (30) are restricted to / < 1.
The complete screening of a pointlike nucleus is valid even if
the nucleons are relativistic [18].

The remaining second-order process in Eq. (40) is illus-
trated in Fig. 4. In the pointlike nucleus limit, the finite-size
effect is given up to / = 2 by

< (e)|VNSM 2|1/f(e)>

— <I/I(A)|V(8N)|¢(A)) V(EN)]W,(A))

i |[Ux

i=1

as derived in Appendix B. The nuclear moment S, is also
called the Schiff moment, and given by

LA
Sk = G Zda,k(r§ —(r*)eh)
a=1

(Qjk)ch)- (42)

) A
+ E ; da,j(Qa,jk -

Using the independent particle model (IPM) [12], one ob-
tains

S2(199Hg) = 2.8dn (fmz)’ (43)

which is consistent with the previous evaluation [8] S, ~
2.2d, (fm?). This quantity was calculated as S, = (1.895 &+
0.035)d,, (fm?) in the random-phase approximation [13].

III. NEXT-TO-LEADING-ORDER CONTRIBUTION
OF NUCLEON EDM

As discussed in Sec. II, the atomic EDM is sensitive to
the Schiff moment S,, which stems from the screening effect
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FIG. 5. (a) The second-order and (b) the third-order contribu-
tions of the interactions between the nucleon EDMs and the protons.

d:\“' PANANANANNG q N

of the nucleon EDMs themselves. In addition to the nucleon
EDMs, the nuclear EDM is independently coupled to the
external electric field as shown in Eq. (2). The nuclear EDM
is induced not only by the 7 NN interaction but also by the
interaction between the nucleon EDMs and the protons

V(NN) _ d Z (' (rh

ab |rb_ra|
NN (rp—ry)
a'\I'pb —Fg
+ ed, _ 44
L2 “

A similar argument as in Sec. I shows that this contribu-
tion represented in Fig. 5(a) is screened by the third-order
processes represented in Fig. 5(b). The finite-size effect leads
to the next-to-leading-order contribution of the nucleon EDM
to the Schiff moment

1
(S3) = Z Eg”l’) —E®

OIS 7 )
+c.c., (45)

where the operator Sz is the same as S;. This correction is
evaluated as

$3(1°Hg) = —0.15d, (fm?) (46)

in the IPM.

IV. CONCLUSION

I have examined the screening of the intrinsic EDMs of
nucleons and the nuclear EDM in a neutral atom. In the point-
like nucleus limit, the Schiff moment of a finite-size nucleus
induces the atomic EDM that circumvents the screening. The
total Schiff moment is given by

S=81+85+S;, “7

where S, and S3 are due to the nucleon EDM. The nucleon
EDM contributions provide constraints on the short-range
component, whereas the P, T-odd wNN interaction con-
tributes to the nucleon EDM in the leading-order chiral
perturbation theory [2,19,20].

The leading-order contribution S, stems from the screen-
ing of the nucleon EDMs themselves. The nuclear EDM is
induced by the interaction of the nucleon EDMs with the pro-
tons as well as the P, T-odd w NN interaction. The screening
of the nuclear EDM gives rise to the next-to-leading-order
contribution to the Schiff moment S3. This correction to the
Schiff moment of ’Hg is of the order of 5% in the IPM.
Here, nuclear octupole correlations would enhance S5 as well
as 1, which is induced by the m NN interaction, by orders
of magnitude. Consequently, the dependence of the Schiff
moment on the nucleon EDM can be dominated by S3 rather
than S, in octupole deformed nuclei.
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APPENDIX A: SCHIFF MOMENT DUE TO THE P, T-ODD
aNN INTERACTION

The Schiff moment operator S, is defined by the matrix
elements of the remaining eN interaction

— i[Uniat, VY] = ZZZm v )3

i=1 a=l1

2D

(eN)
Vizs

z
(l‘ a V ) nucl
1

i=1 a=
(Al)
The nuclear part can be separated as
3 2
(ru.V;)3 — grg(ra'V;)V? + 5Q1(13)_Vl{(3)’ (A2)
and
1
(r- V) (dct) -V = 373 (Anict)- V[V
2 /2 1 ,
- g\fg[wmm 2 0P|V viv?
2 3)
~ =l @ 0717V, a3)
where
@ _ /3 @ g p 1
Qa = 5[[ra ®r " Qr,l (A4)
is the nuclear octupole moment and
5
v = \E (Vi vi® e vi® (AS)

is a rank 3 operator of electron. Since the last terms in
Eqgs. (A2) and (A3) can be omitted [8], Eq. (A1) is rewritten
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as

N . (eN
‘/1(:63) - l[Unucly f )

i=1 a=1

1 zZz Z
ezz[m,,__r

In the pointlike nucleus limit, R — 0, one then obtain the Schiff moment interaction Vyspm.; in Eq. (22).

APPENDIX B: LEADING-ORDER CONTRIBUTION OF NUCLEON EDM

The P, T-odd interactions between the nucleon EDMs and the electrons in Eq. (40) are written as

D~ o] = 2 Y

i=1 a=1

where

(dN>ch =

2 1
il S R A A v
1774 nat) + 3V 10 {nct) © O] ] ViV (A6)
Vi)d,: V———ZZ(ra V) dN) e (B1)
i=1 a=1
A
=) (da). (B2)
a=1

The nuclear part can be separated by using Eq. (A3). In the pointlike nucleus limit, one obtains the Schiff moment interaction

VNSM—2 in Eq (4])

[1] I. B. Khriplovich and S. Lamoreaux, CP Violation without
Strangeness: Electric Dipole Moments of Particles, Atoms, and
Molecules (Springer-Verlag, Berlin, 1997).

[2] T. E. Chupp, P. Fierlinger, M. J. Ramsey-Musolf, and J. T.
Singh, Electric dipole moments of atoms, molecules, nuclei,
and particles, Rev. Mod. Phys. 91, 015001 (2019).

[3] L. I. Schiff, Measurability of nuclear electric dipole moments,
Phys. Rev. 132, 2194 (1963).

[4] O. P. Sushkov, V. V. Flambaum, and I. B. Khriplovich, Possibil-
ity of investigating P- and 7'-odd nuclear forces in atomic and
molecular experiments, Zh. Eksp. Teor. Fiz. 87, 1521 (1984).

[5] V. Spevak, N. Auerbach, and V. V. Flambaum, Enhanced T -
odd, P-odd electromagnetic moments in reflection asymmetric
nuclei, Phys. Rev. C 56, 1357 (1997).

[6] C.-P. Liu, M. J. Ramsey-Musolf, W. C. Haxton, R. G. E.
Timmermans, and A. E. L. Dieperink, Atomic electric dipole
moments: The Schiff theorem and its corrections, Phys. Rev. C
76, 035503 (2007).

[7]1 R. A. Sen’kov, N. Auerbach, V. V. Flambaum, and V. G.
Zelevinsky, Reexamination of the Schiff theorem, Phys. Rev.
A 77,014101 (2008).

[8] J. S. M. Ginges and V. V. Flambaum, Violations of fundamental
symmetries in atoms and tests of unification theories of elemen-
tary particles, Phys. Rep. 397, 63 (2004).

[9] J. Engel, M. Bender, J. Dobaczewski, J. H. de Jesus, and P.
Olbratowski, Time-reversal violating Schiff moment of **Ra,
Phys. Rev. C 68, 025501 (2003).

[10] J. Dobaczewski and J. Engel, Nuclear Time-Reversal Violation
and the Schiff Moment of *Ra, Phys. Rev. Lett. 94, 232502
(2005).

[11] J. Dobaczewski, J. Engel, M. Kortelainen, and P. Becker, Cor-
relating Schiff Moments in the Light Actinides with Octupole
Moments, Phys. Rev. Lett. 121, 232501 (2018).

[12] K. Yanase and N. Shimizu, Large-scale shell-model calcula-
tions of nuclear Schiff moments of '*Xe and '*Hg, Phys. Rev.
C 102, 065502 (2020).

[13] V. F. Dmitriev and R. A. Sen’kov, Schiff Moment of the Mer-
cury Nucleus and the Proton Dipole Moment, Phys. Rev. Lett.
91, 212303 (2003).

[14] B. Graner, Y. Chen, E. G. Lindahl, and B. R. Heckel, Reduced
Limit on the Permanent Electric Dipole Moment of '°Hg, Phys.
Rev. Lett. 116, 161601 (2016); 119, 119901(E) (2017).

[15] C. Abel, S. Afach, N. J. Ayres, C. A. Baker, G. Ban, G.
Bison, K. Bodek, V. Bondar, M. Burghoff, E. Chanel, Z.
Chowdhuri, P.-J. Chiu, B. Clement, C. B. Crawford, M. Daum,
S. Emmenegger, L. Ferraris-Bouchez, M. Fertl, P. Flaux, B.
Franke, A. Fratangelo, P. Geltenbort, K. Green, W. C. Griffith,
M. van der Grinten, Z. D. Grujié, P. G. Harris, L. Hayen, W.
Heil, R. Henneck, V. Hélaine, N. Hild, Z. Hodge, M. Horras, P.
laydjiev, S. N. Ivanov, M. Kasprzak, Y. Kermaidic, K. Kirch, A.
Knecht, P. Knowles, H.-C. Koch, P. A. Koss, S. Komposch, A.
Kozela, A. Kraft, J. Krempel, M. Kuzniak, B. Lauss, T. Lefort,
Y. Lemiere, A. Leredde, P. Mohanmurthy, A. Mtchedlishvili,
M. Musgrave, O. Naviliat-Cuncic, D. Pais, F. M. Piegsa,
E. Pierre, G. Pignol, C. Plonka-Spehr, P. N. Prashanth, G.
Quéméner, M. Rawlik, D. Rebreyend, I. Rienidcker, D. Ries,
S. Roccia, G. Rogel, D. Rozpedzik, A. Schnabel, P. Schmidt-
Wellenburg, N. Severijns, D. Shiers, R. Tavakoli Dinani, J. A.
Thorne, R. Virot, J. Voigt, A. Weis, E. Wursten, G. Wyszynski,
J. Zejma, J. Zenner, and G. Zsigmond, Measurement of the
Permanent Electric Dipole Moment of the Neutron, Phys. Rev.
Lett. 124, 081803 (2020).

[16] S. Oshima, T. Fujita, and T. Asaga, Nuclear electric dipole
moment with relativistic effects in Xe and Hg atoms, Phys. Rev.
C 75, 035501 (2007).

[17] T. Fujita and S. Oshima, Electric dipole moments of neutron-
odd nuclei, J. Phys. G: Nucl. Part. Phys. 39, 095106 (2012).

[18] C.-P. Liu and J. Engel, Schiff screening of relativistic nucleon
electric-dipole moments by electrons, Phys. Rev. C 76, 028501
(2007).

[19] R. J. Crewther, P. D. Vecchia, G. Veneziano, and E. Witten,
Chiral estimate of the electric dipole moment of the neutron

035501-6


https://doi.org/10.1103/RevModPhys.91.015001
https://doi.org/10.1103/PhysRev.132.2194
https://doi.org/10.1103/PhysRevC.56.1357
https://doi.org/10.1103/PhysRevC.76.035503
https://doi.org/10.1103/PhysRevA.77.014101
https://doi.org/10.1016/j.physrep.2004.03.005
https://doi.org/10.1103/PhysRevC.68.025501
https://doi.org/10.1103/PhysRevLett.94.232502
https://doi.org/10.1103/PhysRevLett.121.232501
https://doi.org/10.1103/PhysRevC.102.065502
https://doi.org/10.1103/PhysRevLett.91.212303
https://doi.org/10.1103/PhysRevLett.116.161601
https://doi.org/10.1103/PhysRevLett.119.119901
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevC.75.035501
https://doi.org/10.1088/0954-3899/39/9/095106
https://doi.org/10.1103/PhysRevC.76.028501

SCREENING OF NUCLEON ELECTRIC DIPOLE MOMENTS ... PHYSICAL REVIEW C 103, 035501 (2021)

in quantum chromodynamics, Phys. Lett. B 88, 123 (1979); 91, of diamagnetic atoms: A unique window to hadronic and semi-
487 (1980). leptonic CP violation, Eur. Phys. J. A 53, 54 (2017).

[20] N. Yamanaka, B. K. Sahoo, N. Yoshinaga, T. Sato, K. Asahi, [21] N. Shimizu, T. Mizusaki, Y. Utsuno, and Y. Tsunoda, Thick-
and B. P. Das, Probing exotic phenomena at the interface of restart block Lanczos method for large-scale shell-model
nuclear and particle physics with the electric dipole moments calculations, Comput. Phys. Commun. 244, 372 (2019).

035501-7


https://doi.org/10.1016/0370-2693(79)90128-X
https://doi.org/10.1016/0370-2693(80)91025-4
https://doi.org/10.1140/epja/i2017-12237-2
https://doi.org/10.1016/j.cpc.2019.06.011

