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Abstract

Use of Effective Theories in Nuclear Physics
by

Satoru Inoue
Doctor of Philosophy in Physics

University of California, Berkeley
Professor Wick Haxton, Chair

Approximations are inevitable in solving realistic physics problems, and reliability of cal-
culations depends on evaluation of how much error is associated with the approximations.
One method to quantify errors is building effective theories, which organize successive ap-
proximations as a power series in some small parameter. We apply effective theories to two
problems in nuclear physics.

One is the calculation of atomic electric dipole moments (EDMs). EDMs are of interest
as a probe of CP-violating physics. For atoms, EDM signals can be thought of as departures
from Schiff theorem, which states that a neutral system of point-like, nonrelativistic charges
that interact only electrostatically has no net EDM. We show how each of the conditions
for Schiff theorem are violated in actual atoms by expanding the Breit interaction between
the electrons and the nucleus in spherical multipoles. We see that EDM signals arising from
violations of the Schiff limit can be organized as a power series in Ry /R4, the ratio between
the spatial sizes of the nucleus and the atom. This ratio is of order 107°, and the power series
in this parameter would have quantifiable errors. We identify the contributions to atomic
EDM that correspond to the so-called Schiff moment, and give the general considerations
for other contributions that may be of the same order as the Schiff moment in powers of
RNn/Ra4.

The other problem is nucleon-nucleon (NN) interaction. The difficulty in describing
this basic interaction is the fine tuning that exists between the long-range attraction and
short-range repulsion in the NN potential. An effective theory of NN interaction must
separate these two length scales. In order to achieve this separation, we introduce a harmonic
oscillator (HO) basis, and restrict the calculation to a finite Hilbert space (P-space) of states
with energies below some cutoff Ahw. HO eigenstates contains a length scale, the oscillator
length b, which we choose to be 1.7fm, as an intermediate scale. We show that, despite
the short-range nature of HO states, restricted wavefunctions contain enough information
to reconstruct phase shifts. Projecting wavefunctions into this space throws away both the
long-range physics due to the kinetic energy, and the short-range physics due to the strong
interactions. We derive an equation in the P-space whose solution is the P-space restriction
of the full-space scattering wavefunction, and identify the components of the equation that



treat the long-range and short-range physics, respectively. The long-range information is
encoded in what we call the tilde states, which are modification to the HO wavefunction
with slower decay as r — oo. The short-range information is modeled by a contact-gradient
expansion, which is essentially a power series in a/b, where a is the length scale associated
with the repulsive core in the NN potential. The behavior of the theory is investigated using
a toy model of a spherical square well with a repulsive core.
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Chapter 1

Atomic Electric Dipole Moment

1.1 Introduction

Ever since the first attempt by Purcell and Ramsey [1], physicists have made successively
more precise measurements of electric dipole moments (EDMs). Although EDMs have never
been observed in fundamental particles, nucleons, and atoms, this lack of signal has acted as
tests of particle physics models. EDM experiments, like other precision measurements, are
places where nuclear and atomic experimentalists can make contributions to the search for
physics beyond the Standard Model (SM); precision measurements and collider experiments,
being sensitive to different aspects of new physics, act as complementary pieces in this quest.
Recent developments in cosmology suggest that there are beyond-SM sources of CP violation
(CPV), which may be observed in EDM experiments; this acts as added motivation for the
experimental effort.

EDM for a non-degenerate system violates CP symmetry. Such a system can be charac-
terized by only one vector—its spin. So its intrinsic EDM, if it exists, must be either aligned
or anti-aligned with the spin, and results in a Lagrantian term do - E where 7 is the spin
of the particle, and E is an external electric field. Under time reversal, @ — —¢&, while E is
left invariant. Thus, the EDM term violates T symmetry, and by CPT theorem, this implies
that CP is also violated. Since ¢ is an axial vector and E is a polar vector, the EDM term
violates P as well.

CP violation has been observed in neutral kaon and B meson systems, and the Standard
Model explains this by a phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Another
potential source of CPV in the Standard Model is the so-called 6 term in QCD. The most
stringent limit on the parameter # comes from neutron EDM experiment and is § < 1071,
0 can be written as a phase angle and, a priori, can take any value between —7 and .
Why this is so small is called the strong CP problem. One possible resolution is that the
spontaneous breaking of Peccei-Quinn symmetry forces § to be 0 [2]. If this is correct,
then there exist axions, Goldstone bosons corresponding to the broken symmetry [3]. As
axions are candidates to be (part of) the dark matter that make up the majority of the
matter content of the universe, probing CPV in the strong sector may provide information



for cosmology.

A more intimate connection between CPV and cosmology is the baryon asymmetry of the
universe (BAU). From cosmic microwave background (CMB), distribution of galaxies, and
supernova measurements of the Hubble constant, the latest estimate of the baryon-to-photon
ratio in the energy density of the universe is [4]

n=(619+0.15) x 107, (1.1)

In the standard cosmological picture, this nonzero value cannot be explained simply as the
result of some initial condition in the universe, because any initial baryon number density
would be vastly diluted by inflation. What is required is a mechanism, called baryogenesis,
to produce the BAU after inflation. As Sakharov noted [5], baryogenesis requires (1) baryon
number violation, (2) C and CP violation, and (3) non-equilibrium dynamics. The first
two conditions are needed to preferentially produce baryons over antibaryons, and the third
condition prevents ”washout”—in equilibrium, particles with the same mass would end up
with the same density. Although the SM does satisfy all three conditions, it is thought that
SM processes are insufficient to account for the observed asymmetry, and various models
involving physics beyond the SM have been proposed (See [6] for reviews). One class of
baryogenesis models, called electroweak (EW) baryogenesis, is the most accessible to ex-
periments. EW baryogenesis posits that baryogenesis occurred during the EW symmetry
breaking era, i.e. the new physics for baryogenesis appears at the TeV scale. This is the
energy scale that EDM experiments are starting to probe.

Atomic EDMs are intriguing from a number of perspectives. One is that atoms involve
electrons as well as hadrons, meaning different sources of CPV can contribute to their EDM.
In general, paramagnetic atoms are more sensitive to electron EDMs, whereas diamagnetic
atoms are more sensitive to CPV inside the nucleus. Since multiple CPV sources can con-
tribute to the EDM of a particular atom, measurements on multiple atomic species are
needed to disentangle each contribution.

One obstacle to measuring atomic EDMs is the shielding effect identified by Schiff [7]. His
theorem states that an electrically neutral system cannot have a net EDM if its constituents
are non-relativistic and point-like, and interact only electrostatically. The Schiff theorem
can be understood at the classical level. A neutral system in an external electric field Eext
does not accelerate. This means that at the location of each of the charged particles in the
system, the net electric field is 0, i.e. other charges produce an electric field that exactly
cancels out the external field. Changing E. does not alter the situation; charges will be
rearranged so that the net field at the location of each of the charged particles will again be
0. Since no particle in the system is experiencing a net electric field, there cannot be any
energy shift due to constituent EDMs.

Fortunately, all 3 conditions for the Schiff theorem are only approximately true in atoms.
The conditions are evaded as follows: (a) atomic electrons, especially in heavy atoms, cannot
be described non-relativistically, (b) the nucleus has finite size, (¢) and the constituents have
non-electrostatic interactions. The effects of relativistic electrons are especially strong in
heavy paramagnetic atoms. One example is 2°°T1, whose EDM was interpreted as one of the



best limits on electron EDM [8]. In experiments on diamagnetic atoms, on the other hand,
the effects of corrections to (b) and (c) can be more important. Traditionally, CPV effects in
the nucleus that are not screened by the electrons have been quantified by the Schiff moment,
which is the dipole component of the finite-size correction (e.g. [7, 12]). Following Liu et
al. [9], we take a more general approach to the corrections and show that there are other
comparable contributions to atomic EDM from nuclear CPV sources, such as those from M,
and C3 moments, although these particular contributions vanish for atoms with small total
angular momentum or nuclear spin. The smallest current limit for an atomic EDM, from
199Hg, sets limits on various CPV effects in the nucleus [10]. Planned EDM experiments
include paramagnetic ' Fr and diamagnetic *'Rn, **Rn, and ?*°Ra [11]. The last there are
interesting due to the possibility that octupole deformation in the nucleus, which enhances
the Schiff moment [12]. The goal for theory is to clarify how a CPV source translates to
atomic EDMs, and quantify the errors in the calculation so that experimental results can be
evaluated in terms of CPV parameters in the underlying physics.
Our approach to the problem takes the following steps:

1. We express the electron-nucleus interaction using the Breit interaction [13], which is
the Coulomb interaction with relativistic corrections, up to O(a?). This takes account
of the relativistic motion of the electrons as well as the non-electrostatic interactions
in the atom.

2. The Breit interaction is separated into 2 parts; one part corresponds to the electron-
nucleus interaction in the limit of a point nucleus, and the other part is the correction
due to the fact that electrons can penetrate inside the nucleus. This takes account of
the finite size of the nucleus.

3. We then expand the interaction in terms of electronic and nuclear multipole operators.
Multipole operators describe the charge and current distributions of electrons and the
nucleus, and carry definite angular momentum. We see that the multipoles appear

with leading factors of the form,
dree (R N "
— | = 1.2
() (1.2

for some integer n, where Ry is the typical nuclear size, and R4 is the typical atomic
size. Since Ry/R4 is of order 1075, this ratio acts as a small parameter to organize
the calculation.

4. The total atomic Hamiltonian H is separated into the unperturbed Hamiltonian H
and perturbation V’. We will choose Hy so that its eigenstate can be written as a
tensor product of an electronic wavefunction and a nuclear wavefunction, each having
been calculated with no consideration for backreaction.

5. Perturbation theory gives the ground state of the system, |g.s. >, which is written as

lgs. >=1[0>+|1>+]2>+..., (1.3)



where |0 > is the unperturbed ground state, and |n > denotes corrections to |0 > with
n insertions of the perturbation V’. The atomic EDM signal is proportional to

< gs|dlgs. >=< gs|d.|gs. > + < gs.|dy|gs. > (1.4)
where ci; and d, ~ are the electronic and nuclear dipole operators.

6. Schiff cancellation is effected by the use of displacement operator, A. The expected
leading order (LO) contributions to the EDM from the nuclear dipole operator is seen
to cancel out against part of the next-to-leading (NLO) contribution from the electronic
dipole operator. To be more specific, polarization of the electron cloud due to the C'-
(' interaction between the electron-nucleus interaction produces a signal that is equal
and opposite to that of a nuclear EDM. Since the cancellation is demonstrated in terms
of operators, we can show that analogous cancellations also take place at higher orders
in the perturbative expansion.

7. With Schiff cancellation in place, a general expression for the EDM signal can be
given. It is important to ensure that the natural size of the contribution is at least of
the same order as the Schiff moment (3 powers of Ry/R,4), and that the term has the
right symmetry properties to be an EDM. Up to this point, no reference to a specific
atom has been made.

8. Finally, the expression is evaluated by introducing atomic and nuclear wavefunctions.

The rest of this chapter is organized in accordance with these steps. In section 1.2,
we define the Hamiltonian, make the separation between the point-nucleus limit and the
penetration correction in the electron-nucleus interaction, then expand in terms of spherical
multipole operators. In section 1.3, the perturbative scheme is set up, and the relation
between matrix elements in the perturbation theory to the atomic EDM signal is given.
Section 1.4 demonstrates Schiff cancellation using the displacement operator. In section 1.5
we give the answer that is leading order in perturbation, after discussing how symmetry
arguments eliminate many multipoles from contributing.

1.2 The Hamiltonian

The Hamiltonian that we consider for the atom is

Subscripts e and N represent electrons and the nucleus, respectively, and N indicates that
the interaction with the nucleus violates CP. For our calculation, all of the CPV physics is
assumed to come from the nucleus.



Looking at the terms of H in more detail,

Z

(PR R (1.6)

2m
i=1 €

is the total kinetic energy of the atomic electrons, whose coordinates are given by ;, with ¢
running from 1 to Z.
A
1
Ty = — _32 . 1.7
N - QmN N,i ( )

1=
is the kinetic energy of the nucleons.
V.. is the interaction among the electrons, and we write

Ho=T,+ Ve — Za/d%w (1.8)
X

as the electronic Hamiltonian, taking into account the Coulomb interaction between the point
nucleus and the electrons and the two-body interactions among the electrons. Similarly,
Hyy + Hy g is the interaction among the nucleons, and

Hy =Ty + Vyy + Vg (1.9)

is the nuclear Hamiltonian, solved in nuclear structure calculations.
The Breit interaction gives the electron-nucleus interaction in our calculation,

Ven + Vg = —« // d*xd>y {%

1 (ﬁ(f) ©Jx(D) | 1) (= ) nl@) © (7 - y>>] |

— —| + — —|
2 1z — ] 1z —7]?

(1.10)

pe and py are the electronic and nuclear charge densities, and ]_'; and j’N are the electronic
and nuclear current densities (densities for the electrons are defined with a minus sign to
take care of the negative charge). The first line is the Coulomb interaction between the
nucleus and the electrons, and the second line gives the magnetic and transverse electric
interactions due to electromagnetic currents. We use the angular momentum conventions of
Varshalovich [14]. Scalar product ® is defined as

A OB =Y (~1)"ApmBi . (1.11)

The Breit interaction can be separated into the electron-nucleus interaction in the point-
nucleus limit, and corrections due to electrons penetrating the nucleus (see appendices A.1
and A.2 for the detailed calculation).

Vv + Vg = VA + VA (1.12)



Expanding Ve%’int and V" in electronic and nuclear multipoles,
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The multipole operators in the point-nucleus term are the charge multipoles
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and the transverse electric multipoles

=g [ [ (19)] v

=i/ ([ +1)(20+1) /d3y <RiN)H [YH(Qy) ®5'N(17)L

, 1 l+2 .
T’elj,\lfE |:€>< ( 22l+3 ylll Qy))]]N(y)

{2z +3\/;/ ( >l+l [YM(QZ/) ®jN(§)L
i oo () oo

1 - -
A =R [ i {? x (ﬁyg;(@x))] (@)

=—iIQ2I+ 1)) (RA) [Yi41(82) ® dis(a3)];

X

1 =R, [ | ¥ >< i2<2zl S| i@
| Y (€2

()

=1

21_1\/TZ< > i>®@y(fi>]l}.

=1

) ® @i ()],

~

The multipoles that appear in V" are
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l

Note that the electron coordinates are measured in atomic size R4, and the nuclear
coordinates are measured in nuclear size Ry. Since these length scales have been divided
out, one expects the integrals to be of order one. This implies that the leading factors of

4 (Ry\"

(=X (1.20)

Ra \ Ra
in all these terms correspond to the natural sizes of each operator. Since Ry/R4 is of
order 107°, we use the power of this small number to organize our calculation. Terms with
n < 3 are retained, as that is the order at which the Schiff moment enters. Matrix elements

of penetration multipole operators between atomic states can be reproduced by effective
operators that have natural sizes. See Appendix A.2 for these effective operators.

1.3 Perturbation Theory
We now set up the perturbation theory by writing the Hamiltonian in 2 parts:
H=Hy,+ V', (1.21)

where
Hy=H.,+ Hy. (1.22)

The electronic Hamiltonian H, and the nuclear Hamiltonian Hy were defined in the previous
section. The eigenvalue problem for Hy results in the unperturbed states, which have the
form

|QefeMe; AN NN >= |QefeMe >e Dlanjymy >N - (1.23)
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|aejeme >e and |ayjymy >y are eigenstates of H, and Hy, respectively, with spin quantum
numbers specified by j; and m;. a. and ay represent all other quantum numbers that need
to be specified.

Here, note that the last term in the definition of H., eq. (1.8), can be rewritten in terms
of multipoles as

4
Za/dgxpeix) ;O‘CAQ <oN > (1.24)
A

where the expectation value < C}’ > is taken between the nuclear ground state.
With Hj specified, the perturbation becomes

Ao
V' =Vin + Vg + =—Cio < 0 >
Ry
=V 5+ VR, (1.25)
with the adjustment to the point-nucleus term

4o
Ry

V’ point __

o) l
Cio(Cy—<cy >) +ZQ ( )(Jl@q

=1

- 1 Ry A N
—_ T T
+Z{2l+1(RA) mag,l® mag,l

=1

1 (Ry\"" 1 (Ry\"' 4
— | — T4 &T —_— T ™
+2l+1<RA> oy © ell+2l+1(RA) el @4y

This expression makes clear that nuclear axial charge can contribute to the EDM through
(CF— < >).
From appendix A.3, the ground state of H is

(1.26)

lgs. >=[0>+|1>+]2>+[3>+..., (1.27)

where |0 > is the ground state of Hy, and |n > are the perturbative corrections with n
insertions of V.



11

Explicitly,

Qo Qo
= 1% VN0 > —————=V'0 >< 0|V']0 >
Ey—Hy Ey— Hy | (EO—HO)2 | V'
QO V/ QO
Ey—Hy, Ey—H, FEy—H
__ @0y G V0 >< 0[V']|0 >
EO - HO (EO — H())
_ SV o V[0 >< 0[V'|0 >
(EO — Ho) EO - HO
L9 yios (<o)
(Eo — Ho)
Qo

Q
(Eo — Hp) Ey— Hy

V|0 >

-2 __V'0>< 0]V V[0 > . (1.28)

Here,

Qo= _10><0| (1.29)
n#0
is the projection operator out of the ground state of Hj.
The energy shift experienced by the atom when you turn on the external electric field

—

FEext is (from appendix A.4)

< FM{|Epyy - F|FM; > -
AE = Bt F] < F||d||F >, (1.30)
VF(F+1)(2F +1)

where F is the total angular momentum of the atom, and

Z

— — — 4

d=d, +dy =Y ai - ,/gaRNo{V (1.31)
i=1

is the EDM operator for the atom. We see that the signal is proportional to the matrix
element of d between the ground state of H, and this can be expanded perturbatively in the
number of V' insertions as follows:

< gs.|dgs. >= < 0[d]0 > + << 0ld|1 > + < 1]d]0 >>

+(<0|J]2>+<1|J]1>+<2|cf|0>)+.... (1.32)
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1.4 Schiff Cancellation

The natural size of dy is Ry/R4 times that of d,. Hence, < 0|d,|0 > is naively the LO
contribution to the atomic EDM. Writing |0 > as the tensor product of atomic and nuclear

ground states,
0 >=10 >, ®|0 >y, (1.33)

the ground state expectation value of d. becomes
< 0]d.|0 >=< 0]d,]|0 >, - < 0]0 >y=< 0[d,|0 >, (1.34)

Since H, does not contain parity violation, this term vanishes (The term is odd under reversal
of all electronic coordinates #; — —;. See discussion in subsection 1.5.2).
The next terms to be considered are the LO term from the nuclear EDM operator

< 0|dy|0 > (1.35)
and the NLO terms from the electronic EDM operator
< 0|do|1 > + < 1]d.|0 > . (1.36)

It is convenient now to define the displacement operator,

Z
_ 1 /4 (Bx o ON
=\ 3 <RA);RA?1@01. (1.37)

This operator has two very useful commutator relations. The first relation connects d. and
dy.

Z

. 1 [4r (Ry\ <
4., 4] = Zf E\E (R—A) ;Rﬁi oo

4 -
S /gRNC{V —dy. (1.38)

The second relation involves the unperturbed Hamiltonian.

e L5 ()

Z
S R.V 00, HN]
=1

7Z 1 Z
N 2
+ ;RAeiQCHa(_Tm;?]‘ + Vee
z 4
+ ;Rﬁi oxen —Rchg‘@ <CN s (1.39)
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The first line will be left as [A, Hy]. The second line yields 0, as T, and V.. are invariant
under overall translation of the electron cloud, and therefore commutes with ) . ? Finally,

evaluating the third line,
1 fix (By
Z\N 3 \Ra
1 /47 [ Ry 4o A Z Ry N
=/ — = —— ) | —= —1H™m RaVim | —Yoo| Cy_
z\V 3 (RA)X( RA>(\/47T>;( ) ; av [:c 001 bom
drar 1 RN) < 1 ) A AN
=—— | — -)"({—— |5, C
RA \/§ <RA ;( ) \/g im 1,—m

Z

4
ZRA?Z- ofens —RLacg‘@ <cl >
=1 A

= CT o0 1.40
i, () @ a4
This is (—1) times the C; term in the electron-nucleus interaction. Combining the results,
477'06 RN A N
A, H, A H Cy o0 1.41
At = 4,0+ 57 (B ) et (141)

Using the form that is most useful, this lets us rewrite the interaction as

V' = [A, Ey — Ho| + AV, (1.42)

with

, A4ma (Ry\ 4 N
A —— | = + A H
V=V 3RA(RA)C ©Cl +[A, Hy]

00 1 R l
CA o (C= < O >)+ZQZ—H(R—Z> Ch o

= 1 Ry N
+Z{21+1 (R ) TagZQTmagl

=1

1 G 1 Ry )\ y .
— | — T4 TN — T T
+ Y] RA) el O dgpy 2l+1 i el ©depy

+ Vver])\e;n + [Av HN]'

(1.43)

As the C term is now moved to the commutator [A, Ey— Hy|, the sum over the charge-charge

interaction in AV starts at [ = 2.
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Going back to the NLO expression for the electronic dipole contribution,

< 0|d|1 > + < 1]d.]0 >

Qo

Qo -
= 0|d, —2—[A, Ey — Hy)|0 Olde =—
(< 0 2 Ao — 10lJ0 > + < 0 =2

“Eo — H,
Qo
Eo — H,
—— < 0|d,QoA|0 > + < 0]AQod.|0 >
Qo
Eo — H,

=— < 0|[d., A)|0 > + < 0|d.

AV10 >>

+(<O][A,E0—H0] Q10> + < 0jAv—2 d!0>>

Ey— Hy

Qo
Ey— Hy

AV|0 > + < 0|d,

+ < 0ld,—=L—AV|0 > + < 0|d,

Qo
Ey— Hy

————AV|0 >

Qo
———AVI|0 >. 1.44
oAV (1)

The first term exactly cancels out < 0|dy|0 >.We can now write the LO contribution to the
atomic EDM as

dio = < 0|dy|0 > + << 0|d.|1 > + < 1|d.|0 >>

Q Qo

= d —A d, —A . 1.4
=< 0| iy V1§00 >+ <0 T V10 > (1.45)

"LO” here is meant as the sum of LO terms involving dy and NLO terms involving d; For
higher orders, "N"LO” denotes the sum of N"LO terms involving dy and N"HLO terms
involving d..

1.5 Preliminary Results

1.5.1 General Expression

Through straightforward algebra, the next 2 orders in V' yield the following EDM ex-
pressions (to save space, K = Qy/(Ey — Hyp) is used):

dnpo = << 0ldy|1 > + < 1|dn]|0 >>
+ (< 0ldef2 > + < 1Ude]1 > + < 21di]0 >)
= < 0|d,KAVKAV|0 > + < 0|AVKd. KAV|0 > + < 0|AVKAVKd,|0 >
- << 0|d, K2AV]0 > + < 0|AV K?d,|0 >) < 0|AV]0 >
+ < 0|d.K[A, AV]|0 > + < 0][A, AV]Kd.|0 > (1.46)
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and

dNNLO
= << 0ldn|2 > + < 1ldn|1l > + < 2|dy|0 >)
+ << 0|d.|3 > + < 1|do|2 > + < 2|d.|1 > + < 3|d.|0 >>
= < 0|d.KAVKAVEKAV|0 > 4+ < 0|AVEKd,KAVEKAV|0 >
+ < 0JAVKAVKLKAV|0 > + < 0|AVKAVKAVKA,|0 >
- (< 0. KAV K2AV]0 > + < 0|AVEdK2AV]0 > + < 0|AVEKAVE?|0 >
+ < Ol K2AVEAV]0 > + < 0| AV A KAV]0 > + < 0AVE*AVEdL]0 > )
x < 0|]AV]0 >
— (< OMLEAVI0 > + < 0AVE?Z]0 >) < 0[AVEAV]0 >
+ (< OMKCAVI0 > + < 0[AVE®dL]0 >) < 0]AV 0 2
+ < 0|d.KAVK[A,AV]|0 > + < 0|d.K[A, AV]KAV|0 >
+ < 0|AVKd.K[A, AV]|0 > + < 0][A, AV]Kd,KAV|0 >
+ < 0|AVK[A,AV]Kd,|0 > + < 0[[4, AV]KAV Kd_,|0 >
+ (< 0ld.KAV]0 > + < 0|AVKd.|0 >)
X (< 0JAKAV|0 > — < 0|JAVKA|0 >)
- (< 0ld. K2[A, AV]|0 > + < 0][A, AV]K?d,|0 >) < 0]AV]0 >
+ (cont.)
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(cont.)
- (< 0ld.K2AV]0 > + < 0|AVK?d,[0 >) < 0[[4, AV][0 >
1 - -
+3 (< 0ld. KAV KA, [A, By — Holl|0 > + < 0|d.K[A, [A, By — Hy]]KAV|0 >
+ < 0|AVKd,K[A, [A, Ey — Hll|0 > + < 0|[A, [A, Ey — Hy|| Kd,KAV|0 >
+ < 0|AVKI[A, [A, By — HJKd.|0 > + < 0|[A, [A, By — Hol| KAVKd,|0 >)

+ % (< 0|d. KA, [A, AV]][0 > + < 0|[A, [A, AV]] K d.|0 >)

- << 0ld.KAV]0 > + < 0|AVEd.|0 >) <0420 >

- % << 0|d.K*AV|0 > + < 0|AVE?d.|0 >) < 0|[A, [A, Eo — Hol|0 >

- % (< 0ld. KA, [A, By — Ho))|0 > + < O|[A, [A, By — Ho|] K2d,|0 >> < 0]AV|0 >

+ % (< O [A,[A, [4, Bg — HoJJJl0 > + < O|[A, [4,[A, By — HoJKd.J0 >) . (1.47)

1.5.2 Symmetry Considerations

There are two symmetry arguments that eliminate many terms from contributing to
the EDM. One is the parity operation on the electronic coordinates, and the other is time
reversal.

Since we assume that H, is parity invariant, its ground state, |0 >., has definite parity.
Multipole operators also have definite parity when all the electronic coordinates are reversed.
An electronic matrix element is an integral of a function of Z over all space, so if the integrand
is odd under the transformation ¥ — —Z, then the matrix element vanishes. For example,
consider the case when the ground state is odd under parity. Then under ¥; — —Z;,

< 0|CA|0 >c— < 0|(=1) - (=1)!C? - (=1)]0 >
=(—1)' < 0|C0 >, . (1.48)

Clearly, this result applies to even parity ground states as well. Since the symmetry trans-
formation here is a symmetry of the theory, [ in eq. (1.48) must be even for the term to be
nonzero. More generally, for a term in the perturbation series to be nonzero, the total parity
of the electronic multipole operators, including (fe must be even.

Time reversal requirement is slightly more involved. For an example of how a multipole
operator transforms under T, consider C}Y,. Tt is helpful to use de Forest and Walecka’s
convention for the charge multipole [15], which is related to C}Y, as

N =N (1.49)

lm
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Multipole Moment P T
Cy (=" (=1)
Tmag,l (_1)l+1 (_1)l+1
T Tay (=" (=t

Table 1.1: Phases acquired by multipoles under symmetry operations.

The action of time reversal operator T" on the nuclear charge operator py is

Ton(NT ™" = (=1)"pn(¥), (1.50)
where s = 0 if the charge conserves T, and s = 1 if it violates T (we assume s = 0 for the

electronic charge operator). T" operator also takes complex conjugates of any number. Using
these properties,

l
TCNT™! =TilT1/d3y (%) TY i ()T Ton ()T
A

I
—= [y ( 5 ) UM (@)(-1 (i
A
=(-1)HmtN (1.51)
Now, consider a reduced matrix element of C}.

< Sl i >

1-1
_ (_1)Jfo< {\Z ]\Z z(\]4) < J; M |T\TON T T, M; >
_ —M; ) ]

~

~

~

- 1-1
= [(=1)/r My ( ‘5{4 ]\l/[ Z\/} ) (—1)FitMits g —Mi|C’l'nA{|Jf, —M; >
L iy i/ ]

=(=1)7 It < LN Iy > (1.52)

- 1-1
= ()| e <y aC -
_ o) ,
J,

In the special case of a nuclear moment, J; = J;, and the matrix element vanishes if [ + s
is odd. This is the expected result that even-/ charge multipoles conserve T, and odd-/
multipoles violate T. Analogous calculations show that T},..; and T¢; transform with the
opposite sign. These results are summarized in Table 1.1.

T (or, equivalently, CP) violation is a very small effect. It follows that any term that
includes more than one instance of T violation would be vanishingly small. This forbids, for
example, terms with two or more T-violating nuclear moments to contribute.
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1.5.3 LO contributions
From section 1.4, the leading order contributions in AV to the atomic EDM is,

Qo Qo

dro =< O‘d By — H, Fo— H,

—L_AV[0 > + < 0]d,—2—AV]0 > . (1.53)

Since d, cannot cause a nuclear excitation, these terms involve ground state moments of the
nuclear multipoles that appear in AV. Also, the electronic multipole in AV must be odd
under parity, so that the combined parity with d: becomes even. From these considerations,
the only multipoles in AV that can contribute up to (Ry/R4)? order are Cs and Typae 2 in
the point-nucleus interaction, and C in the penetration term.

We evaluate the C'5 contribution.

471-0( RN 3 7 QO A N
_ (R—A) (< OHdem [03 @03 } HO > +

+<0\|[C§‘@C§V}EQHCJ|\O>)

__47T04 RN 3 1 Z 1
~ TRa \Ra F 1 F\ 4= Ey— En
—-F 0 F
(<m%mwm£wmgwmm><ag@Mmmﬁ@c?mgﬂMm>

+ < agjeanin|Ci © C:)J,V|Oé;j;OéNJ'N >< a;j;aNjN|de,10|aejeaNjN >>

dree ( Ry 3
=—— [ = F] < FF10|FF >
TRA (RA> 1 F ,Zﬂ)EO ‘
F 0 F
S doin F jo Je 3
F 1 je jN jN F

x < aefelldellage >< aejllCslacse >< anivl|CF llanix >

_{k Je 3}{ﬁ.m E}
Jn v F Fo1 g,

x < acjel[ClloL. >< agilldllaci. >< anjwlICd llaxiy >]

:47TOé @ ’ [F]QZ 1 ]; jN F ]; je 3
TRy \ Ra — Eo — En F 1 3 Jn v F
X < OéNjNHOéV”CYNjN >

X (< acje|[delladc >< a gl |CF||aete > + < acfel IO g >< agjcllde]|oeje >),
(1.54)
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where n’ stands for the state |a,j anjiy >.
The other two terms can be calculated by analogy, as only the multipolarity of C5 entered

in the calculation above. The T}, 2 term becomes

dra Ry’
L (_N> << 0||d Q [TmagZ © magQ} ||0 >+

" 5R4 \ R4 E, — H,
Lo =)
+ < 0| [Th,, o © T, d.||0 >
||[ g,2 gQ]E HO ||
S et {Er D L)
SR Eo L Je JN N F

x < anjnl|T, angaNJN >

<< ae.]€||d ||O'/e]e >< ae]e|| mag2||a€]€

+ < el Tl lose >< atiil|d e >) (1.55)
From Appendix A.2, the effective operator for the C'; penetration term is
At 1 47
V(G o CNy =22~ (Fimd®(@) + 6@V i
ff( 1 ©C; ) Ry 10 3 ( > Z + ) )
v \°
o [#( ) v (150
N
Again by analogy, the C| penetration contribution becomes
< OHCL&V#J‘(CHA © N0 > + < 0[Ver (CF © OF) - . 10>
Ey — Hy Ey— Hy
_dma (RN s L f gy PG e
1ORA RA Y Eo — En/ F 1 je jN jN F
3
< <axinll [ @ () Vi@px(@llaiy >
x [< aejelldil o, >< aLj||RY Z (V3% (@) + 0% Vs lloede >
+ <Ry (V:6*(@) + 8*(7) Vs Nl >< auiilidel i >] . (L57)
The usual Schiff moment is given by
(1.58)

§=° N S
= yy 37 y )
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which was corrected in [9] to
. 5 4/ . .
<ri> -y (1- V%)) eg) | (1.59)
37 5 )

Inspection of the C penetration term (1.57) shows that it can be identified with the first
term in eq. (1.59). In our formalism, the other 2 terms come from [A, AV], with Cj
penetration and Cy penetration terms in AV. These contributions appear at the next order
in perturbation theory. Note, however, that the C5 contribution is of the same order in
Ry/R4 as the Schiff moment, and the M, term is actually larger in terms of this power
counting.

There are restrictions on the nuclear and atomic spins, from angular momentum consid-
erations:

- e
S=—
10

e For the (' contribution, there is no restriction on atomic spin, as d; and the electronic
C operator can couple to form a scalar. The nuclear spin does have to be 1/2 or
greater in order to have a J = 1 moment.

e For the M, contribution, j. must be at least 1/2, and jy must be at least 1.

e For the C5 contribution, j. must be at least 1, and jy must be at least 3/2.

1.5.4 NLO Summary and Conclusions

For dnpo, possible combinations of operators that can contribute to eq. (1.46), up to
(Rn/RA)? order, are: without a nuclear excitation,

o [A,Cst o CY]
e [A, C§ ® C] penetration
e [A,C3' ® CY] penetration
o [A, Mo MY
o MA® MY and M3t © MY
and with a nuclear excitation, it has to be a combination of
e [A Hy|or
o T OTY,
and

° MIAQM{V,
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'A N
b Tel,2 © Tel,27 or
° C{‘ O, Cév.

Since the typical nuclear excitation energy is larger than the typical atomic excitation energy
by a factor of approximately R/Ry, the energy denominator with a nuclear excitation
counts as one more power of Ry/R4. The first two contributions, as mentioned earlier,
completes the Schiff moment.

Some of the other terms at this order can be identified with terms first considered in [9].
In addition, using the Breit interaction has resulted in contributions from transverse electric
moments, and power counting based on the ratio Ry/R4 ensures consistent treatment of
the terms. The NLO and NNLO expressions after the implementation of Schiff cancellation,
(1.46, 1.47), is also a new result.

The effects of (C)'— < CJ >) are yet to be considered. Since this operator is not
suppressed by powers of Ry/R4, it can potentially result in a relatively large EDM signal.
Also, higher order terms involving the (] interaction can also be large in terms of power
counting, and may require special treatment. These are the next steps in this project, along
with exhausting all possible terms at NNLO and above.
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Chapter 2

Harmonic-Oscillator-Based Effective
Theory

2.1 Introduction

One of the difficulties in building an effective theory (ET) of the nucleus is that the nuclear
potential is finely tuned. The shallow binding of the deuteron and the long scattering lengths
in nucleon-nucleon (NN) scattering are very sensitive to small changes in the NN potential.
The potential is attractive at long range and highly repulsive in the short range, and a
successful ET of nucleon interactions must respect how nuclear observables result from the
interplay between these components to the potential.

The use of harmonic-oscillator (HO) basis is one way to disentangle the short- and the
long-range physics. Oscillator length, b, gives HO eigenstates a characteristic length scale,
and if we choose b to have an intermediate scale, then the short-range physics and the long-
range physics can be treated separately. Effectiveness of the traditional shell model approach
to nuclear physics was partly due to this separation of the length scales. Another reason for
shell model’s success is the center-of-mass separability in the basis of HO Slater determinants,
i.e. if all states having up to NV quanta are in the model space, then the effective Hamiltonian
can be separated into the center-of-mass motion terms and relative motion terms. Despite
these virtues of shell model, its approximations are uncontrolled, compromising its reliability.
Our goal is to formulate a harmonic-oscillator-based effective theory (HOBET) that takes
advantage of the scale separation and the computational machinery in the HO basis, while
maintaining the systematic order-by-order approximation of effective theory (ET).

The final product should be similar to an effective field theory: a HOBET that contains all
the operators allowed by the symmetries as interactions. The strengths of each interaction, in
the end, should be determined by directly matching to experimental results, e.g. scattering
phase shifts. This avoids reference to any sort of high-momentum NN potential, which would
be an unnecessary intermediate step between QCD and the final ET.

The first step in building a HOBET is to introduce a cutoff A in the HO basis, including
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all HO states with A energy quanta or less in the allowed (P-) space. The point of using an
ET is to restrict all of the calculations to this finite Hilbert space, rather than carrying out
an expensive calculation in the full, infinite space. As restricting a wavefunction into P-space
strips out the long-range part of the wavefunction, it may be expected that the information
about the phase shift would be lost in the process. We show, using a toy model of a double
square well, that the longest-range behavior of the restricted wavefunction contains sufficient
information to recover the phase shift. To make the potential a model of the NN interaction,
it is attractive at long range, and has a repulsive core in the short range, and has a bound
state at the deuteron binding energy.

Then we derive an equation, which we call the master equation for the HOBET, that
resembles the Lippmann-Schwinger equation, but only acts on states in the P-space. The
contributions from states in the excluded (Q-) space are encoded in effective operators, which
will depend on the energy E of the system as well as the cutoff A. For the double square
well, it is possible to solve the Schrédinger equation (or the Lippmann-Schwinger equation)
analytically, and the Green’s function representation of 1/(F — H) in coordinate space can
be written down in closed form. This allows us to verify that solving the master equation
reproduces the P-space projection of the exact, full-space wavefunction.

In the actual NN potential problem, this is not a desirable path to take. Calculating the
Green’s function 1/(E — H) for the NN potential is computationally expensive, and does not
clarify what roles the short-range and long-range parts of the potential play in determining
the observables. As in [17], we define the tilde state

o E
The tilde state modifies the long-range behavior of the "edge” states, the states with max-
imum nodal quantum number n for given angular momentum [. Instead of the e /2 tail
common to HO eigenstates, the tilde state tails off much more slowly, as e*"/kr, where
k = \/2E/hw. Examination shows that the expression here is the analytical continuation of
the tilde state in [17].

The tilde state modification to the edge state wavefunction has the effect of bringing
in long-range physics into P-space. The short-range physics is modeled by replacing the
short-range part of the effective potential by a contact-gradient series. This is equivalent to
expanding around the intermediate momentum scale ¢ ~ 1/b, using a small parameter (a/b),
where a is the length scale associated with the short-range repulsion of the NN interaction.
For HOBET to be successful, each successive order in the contact-gradient expansion must
produce better approximation to the actual interaction. We show the results of some of the
studies that tested this using the toy model.

2.2 Formalism

First, we choose the oscillator length b. b is a free parameter in the theory, but we wish
to choose a value that is longer than the length scale of the repulsive core, and shorter than
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the length scale associated with small deuteron binding and large scattering lengths. As in
[17], we use b = 1.7fm, roughly the range of the tail in the NN potential. The dependence
of the theory on this parameter is a topic for future investigation.

Once b is chosen, the usual three-dimensional harmonic oscillator (HO) Hamiltonian can
be solved, and the set of HO eigenstates is the basis that we will conduct our calculations.
Each HO state is labeled by the nodal quantum number n and angular momentum [. Our
convention is that the lowest lying states have the nodal quantum number n = 1. The energy

eigenvalues are given by
Hnl >=hw(2n+1—1/2)|nl >, (2.2)

and we will write the coordinate space wavefunction as
< r|nl >= Ry(r)Yim(92). (2.3)

The form of this wavefunction is given in appendix B.1.

Next, we pick the cutoff for the ET, parametrized by an integer A. States with energies
up to (A + 3/2)hw are included in the model space (3/2hw is the ground state energy).
Projection operator into the model space (P-space) can be written

2n—+I<A
P= Y |nl><nl|. (2.4)

nl

Projection operator out of the P-space, and into the Q-space, is then
QRQ=1-P (2.5)

For the time being, we use A = 8, but observing the changes in the ET as this parameter
(much like b) is adjusted is one way to investigate the properties of this theory.

2.3 Phase Shift

In HOBET, only the P-space projection of wavefunctions appear explicitly. As HO
wavefunctions have Gaussian tails that quickly goes to 0, one may wonder if projecting a
scattering wavefunction into a finite space of HO states would destroy the information about
the asymptotic behavior. Before embarking on ET calculations, we will demonstrate that
P-space projection preserves enough information for us to recover the phase shift.

Let

<7l >= i(r)Yim(Q) (2.6)

be the partial wave with angular momentum [ for the full-space solution of the Schrodinger
equation, H|¢y >= FEli) >, and

<Pl >= 7 (r) Vi () (2.7)
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be its P-space projection.
Consider integrals of the form

o
/ r2dr 7"27”*[6”"2/2]%711(7"), (2.8)
0
where m is a non-negative integer. These integrals vanish when m < n. This allows us to

identify the longest-range information in v;(r) that remains intact after P-space projection.
To see this, explicitly expand ;(r) in HO basis.

Gi(r) =) <rlnl ><nlly >= " ey Ru(r), (2.9)
n=1 n=1
with the definition ¢, =< nl|y; >. Then the P-space projection is
) =3 <rinl ><nl|Pl >=>" ey Ru(r), (2.10)
n=1 n=1

where n.,., is the largest integer n that satisfies 2n + 1 < A.
Using the fact that the integral (2.8) vanishes for m < nyax,

I(m) E/ r2dr P2 e 2, (r)
0
:Z/ r2dr r2m+le_T2/2Rnl(r)
n=1 0

= Z/ r2dr r?mHe PR (r)
n=1 70
> m —7'2
:/ r2dr r*m e /27,/11(13)(7“). (2.11)
0

Evaluating the integral using the projected wavefunction yields the same answer as using
the full wavefunction. In particular, I(nm.x) and I(ny., — 1) are the integrals that capture
the two longest-range behaviors of v;(r) that is preserved in the P-space projection.

If these moments receive most of their weights from points outside the strong core, then
their values are only sensitive to the asymptotic part of the wavefunction, and contain
information about the phase shift. To test this, we replace the true wavefunction by its
asymptotic form,

¢l (r) — A (COS 5ljl(kr) — sin 5lnl(k;7‘)) , (212)

where j;(r) and n;(r) are the usual spherical Bessel functions, and k = \/2F/hw; the test is
whether this replacement affects the long-range moments or not.
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Making the replacement,
I(m) — A/ r2dr P He/2 (cos 6, (kr) — sin &y (kr)) . (2.13)
0

Integrals involving the spherical Bessel functions can be evaluated:

b E/ r2dr e 2 (kr)
0
k2 [(m+1+3/2)
=2t G Fy(—m;l+3/2;k%/2 2.14
’ \@ r(i+3/2) ' (—=m; L+ 3/2;k°/2) (2.14)

and

I,(m) E/ r2dr P2 e 2 (kr)
0

2m+le—k2/2

- Tk r

(m+ DL+ 1/2)1F (=1 —m —1/2;1/2 — 1;k%/2), (2.15)

where 1 Fi(a; b; ¢) is the confluent hypergeometric function, as defined in [18]. Having evalu-
ated the integrals, we can write

I(Nmax) —A (€08 011 (Nmax) — sin 61, (Nimax) )
I(Nmax — 1) = A (cos 011 (Nmax — 1) — sin 6,1, (Nmax — 1)) - (2.16)

If the replacement of the wavefunction by its asymptotic piece has only small effects on the
values of the moments, we can solve for cot d; to obtain

In(nmax)l<nmax - 1) - In(nmax - 1)I(nmax)
Ij (nmax)[<nmax - 1) - Ij (nmax - 1>[(nmax) .

kcotd, ~ k (2.17)

We need 2 integrals I(nmax) and I(nmax — 1) so that the arbitrary constant factor A can
be removed. Once we have Pl > as a function of k, It is straightforward to expand the
right-hand side in power series of k, and this can be compared to the true effective range
expansion (the left-hand side).

We introduce a toy model for the NN potential for this comparison. It is a mildly
attractive square well with a strongly repulsive core. Specifically, we use the potential

‘/17 r<ap
V(ir)=¢ —Va, a1 <r<ay (2.18)
0, r > as,

where a; = 0.25fm, ay = 1.7fm, V; = 40 x 54.531MeV, and V, = 54.531MeV (note the minus
sign in the definition of V).
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The lengths were chosen to match the typical length scales in the NN potential, and the
strength of the potential was chosen so that the potential has a bound state at the deuteron
binding energy, F = —2.22452MeV. Although the deuteron wavefunction contains [ = 2
components, the model should be sufficient for capturing the relevant features of the NN po-
tential. The square well is useful because it is solvable analytically; scattering wavefunctions
can be written in closed form using standard functions, with explicit dependence on k.

By analytically solving the Schrédinger equation (or the equivalent Lippmann-Schwinger
equation) analytically, we obtain the exact expression for the phase shift in the 'Sy channel,
do. Then, expanding k cot g in powers of k gives the usual effective range expansion,

k cot dy = —0.457721 + 0.323155k% 4 1.15663 x 10~ 2k* +4.23022 x 107k +.... (2.19)

The test is to project the exact scattering wavefunction (written as a function of k) into
P-space, then use the procedure described above to find the approximate effective range
expansion, and compare with the exact result. Numerical calculation on Mathematica gives
the series

k cot 8y ~ —0.457725 + 0.323136k% + 1.15749 x 1072k* +4.22876 x 107*k° +.... (2.20)

The fractional errors in the approximated coefficients of k2" are 1.0 x 107® : 5.9 x 1076 :
7.4%x107* : 3.5 107*. This shows that the long-range moments are insensitive to the interior
parts of the wavefunction and that the P-space projection of the scattering wavefunction does
contain sufficient information for reconstructing the asymptotic behavior with high precision.

2.4 Master Equation

The equation that we use to find P|i) > is inspired by both the Bloch-Horowitz equation
and the Lippmann-Schwinger equation.
Bloch-Horowitz equation for an eigenvalue problem H|i¢ >= E|¢) > is given by

HegPlp >= EP|) >, (2.21)

where the energy-dependent effective Hamiltonian H.ss is defined as

1
Hon =H+ HQm— o @
E TQT 1 E
= T — —_ —_. 2.22
E—TO Ve or® | E-or (2.22)

The form in the second line was derived in one of the appendices of [19]. This equation
prescribes a method to obtain the P-space restriction of an eigenstate of H, using effective
operators in P-space that implicitly take account of the Q-space effects.
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The Lippmann-Schwinger equation is

Y >=|¢ > + Vi > . (2.23)

E—T + e
This is an equation that is typically solved self-consistently for [i) >; the equation picks out
the eigenstate of H that is asymptotically an unperturbed incoming wave plus an outgoing
wave that has been altered by the potential. (+i€) in the denominator ensures that the
scattering term has only an outgoing wave component in the r — oo limit.

In order to derive the master equation, we start with a rewritten version of the Lippmann-
Schwinger equation:

>=|p>+———7"—V|p>. 2.24
[V >=10> + Vo (224
Projecting this into P space,
1
Pl >= P|¢p > +P——F—-V |0 > . 2.25
V5= Pl > +Po— V|6 (225)
Using the relation
1 1 1 1
_ = — + —HP .
E—H+ie E—-—HQ+ie FE— H+ie E— HQ + e
1 1
=(14+—=——F—FHP ) —F+7+-—— 2.2
( T E Tt )E—HQ+ie’ (2.26)
the scattered wave (the last term) in eq. (2.25) can be written as
P ! Vg >=P 1+ HP ! Vie >
E — H +ie N E — H +ie E — HQ + ic
1
=PMP———V|p > 2.27
E—HQ + ie 1> (2.27)
where ]
M=1+My,+ M2 +M +...= ———— (2.28)
pp pp 1 — Mpp
with )
M,=P—— [P, (2.29)

PP E—HQ + e

M, is suggestive of the Bloch-Horowitz effective Hamiltonian, eq. (2.22), and it allows a
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useful rewrite:

1
M, =P——HP
P E—HQ + i€
1
=PH————P
E—QH + i€
1
=Fl———P+PV———P
E_QH i VE_QHtic
=PT ! + ! QV ! P+ PV ! P
a E—-QT +ie FE—-QT +ie  FE—QH +ie E —QH + ie
1 1 1
=Pl——P+P|(T——+—— 1|/ Ve—r=——P
E_OT +ic (E—QT+%Q+) F—QH +ic
1 E 1
=PT P+ P V P
F—QTtic 'E—-TQ+ic E—QH+tic
1 E 1 1
=PT P+ P V4+V V P
E—QT + i€ + E—-TQ + e ( + E—QH+Z'6Q ) E—QT + e
(2.30)
Rewriting the last part of the scattered wave,
1 1 1 1
V= %4 1% 1%
E—HQ + e E—-TQ + e +E—TQ+ie QE—HQ+ie
1
= (V4+V—m—QV ). 2.31
E—TQ+k< + E—QH+kQ> (2:31)
Putting these ingredients together, we get the master equation,
1 1
P =P PMP——— | V4+V—————QV : 2.32
[v>=Plé>+ E—TQ+k< * E—QH+%Q:w¢> (2.32)

2.5 Tilde State

In order to evaluate the matrix elements in the master equation, we need an expression

for the tilde state,
E

E — QT +ie
For non-edge states (states that are not at the boundary between the P-space and the Q-
space), QT'|a >= 0, and so

o > . (2.33)

& >=

& >=|a > . (2.34)
For an edge state, the tilde state can be expanded in HO basis as
S RIS Y (2.35)
E — QT + ic I o '

=0
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In [17], an iterative scheme to find the coefficients g; was given for E < 0 (k* < 0). However,
this scheme is not useful in the ' > 0 case, because g; does not vanish quickly as ¢ — oc.

Instead of the iteration method, we should adapt the Green’s function method, which is
also given in [17], to the E > 0 case. Key observation is that

FE
F-NMa>=P|FE-T———|P
(E-T)la> { E—QTic| 17
1 1
=|P——P > 2.36
Prrr] e (2:36)
so the tilde state can be written
@ > L PR S R (2.37)
a >= a > . )
E—T + e E—T + e

It is easier to evaluate 1/(F —T +i¢) in momentum space than in coordinate space, since
T is diagonal in momentum space. First, the momentum space expression for this operator
is (detailed derivations are given in the appendix B.2)

1 2 1
S, [ . — ) ¥ ACP ST S A 2.
F T i’ " e e ) w-p) (2:38)

i

<Pp

As is well known, HO wavefunctions are Fourier transforms of themselves, but up to a
constant that depends on the normalization convention:

< p|nlm >:/d3r < p|r ><r|nlm >

—ipF 2(n—1 ! l —r2
:/ e \/F(n(Jrl+ i/z)Ln*f{Q(r?)rle PYin ()

=<27r>3/2<—z'>l<—1>”‘1\/ o e LY ). (239)

Expanding the Laguerre polynomials,

2 = (—pymEmn /A = D) — DID(n + 1+ 1/2)0(n/ + 1+ 1/2)
Z Zo mim/l(n — 1 —m)l(n’ = 1 —m)IT(+m+3/2)I' (1 +m' + 3/2)

’ 2
) dp p21+2m+2m +26 D
X .
0

——— (2.40)
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The last integral can be turned into a principal value integral, then evaluated:

00 dp p2N67p2
/0 k? — p? 4 ie

1 00 uN—1/2€—u )
- _ du—s—° o p2N-1—k
5 {P/o U p— + i e
—k2

=S (N = 1/2) (=) VPT(N = 1/2)7(1/2 = N, —k?) — imkN ], (2.41)

where y(a, z) = I'(a) —I'(a, 2) is the lower incomplete gamma function. The matrix elements
of 1/(E — T +ie) in the HO basis are

< n,lm‘E_;—kie’nlm > (2.42)
! n—1n/-1 (=1)mFmntn+l San — DI/ — DID(n + 1+ 1/2)T(n' + 1+ 1/2)
" hw mz:on; mim/l(n — 1 —m)l(n’ — 1 —m/)I0([ +m + 3/2)L' (1 +m' + 3/2) (2:49)
x e F (N = 1/2)(=k*)N "V T(N = 1/2)7(1/2 = N, k) — ink*N 1] | (2.44)

where N =1+m+m' + 1.
Now that the matrix elements of 1/(EF — T + i¢) in the HO basis are known,

1 -1

can be calculated by matrix inversion. In practice, we expand the answers as power series in
k and keep only up to O(k®), as that is the highest order we consider for the effective range
expansion. Here, define a ket |, > and its radial wavefunction RS, (r) as follows:

1 -1
i (1)Yim(Q) = < rlagim > (2.46)

This function acts as the driving term for the Green’s function equation (2.37). The action
of the operator 1/(E — T + i¢) is given by the integration kernel

gl(o)(rl, re) = —ik:jl(kr<)h§1)(k:r>), (2.47)
where hl(l) is the spherical Hankel function of the first kind. This was constructed from 2
solutions to the equation (F — T')|¢ >= 0 (the Helmholtz equation, in coordinate space),

which satisfy the boundary conditions. j;(kr) is regular at the origin, and hl(l) (kr) asymptotes
to an outgoing wave as r — 00.
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Eq. (2.37) turns into the following equation to find the tilde state:
< r|@ >=RyYm(Q)

= — kY (Q) { / r2dr'j, (k'Y (kr) RS, (1)
0
+ / r2dr'j, (kr)h{" (k)RS (1) | . (2.48)

For negative k2, the integral in eq. (2.40) can be done without taking the principal part,
and it is

> dp p*Ne? eV _
/0 g g CF)TITIN /202 - N, k). (2.49)

Numerical tests have confirmed that using this expression reproduces the tilde state obtained
from the recursion method. The difference between eq. (2.41) and (2.49) is 0 if N is an integer
(which is satisfied) and k is in the upper half of the complex plane. Thus, the tilde state we
have for £ > 0 is the correct analytic continuation from the bound state expression.

For the toy model, the solution to the full Schrodinger equation is known analytically,
and the Green’s function 1/(E — H + i€) can be evaluated in coordinate space. This allows
a direct test of the master equation and the evaluation of matrix elements, as follows.

Consider
1 1
E—HQ+ie E—TQ+ie
S T oy p— C—C R 7o)
E—-TQ +ie E—HQ+ie E—-TQ +ie E— HQ + ie
1 1
_ Vv . 2.50
E—-TQ +ie QE—HQ—i—ie (2.50)

Using this relation, the operator M, can be rewritten as

1

M, =P————P
P E— QT + e
+p L V4V Qv L p
E—-TQ + e E—QH + e E—QT + e
1
=PI—P
E— QT +ie
E 1 1
P———(V+V % P
+ E—TQ+k< Ve E T RO e )E—QT+%
1 E 1
_PT P+P v P (2.51)

E— QT + ic E—HQ+ic E—QT +ic
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Writing this in terms of 1/(E — T +ie) and 1/(E — H + ie),

1 1 !
M,, =PT P P
P E—T~|—i€[ E—T +ie }

-1 E 1 ] _1
E—H+iep} E—H+ievE—T+@'6 [PE_T_|_Z'€P] : (252)

ak

Similarly, the master equation is rewritten as

1
P =P PMP————V
[ >=Pl|¢ > + F_HO T i ¢ >
=P|¢p > +PM P;P - ;Vkﬁ > (2.53)
a E — H + ie E — H +ie ' '

The expression for the free Green’s function 1/(F — T + i€) has been given earlier. To
evaluate the Green’s function for the full Hamiltonian, consider two radial wavefunctions
that solve the square well problem; one solution, R.(r), is regular at the origin, and the
other, R~ (r), is asymptotically an outgoing wave as r — oo. Then the Green’s function is

given by the kernel
2

Gi(r1,7re) = hoWIR-, R-](r) Ro(r<)Rx(r>), (2.54)

where W|[R., R-|(r) is the Wronskian of the two wavefunctions. Numerical calculation using
Mathematica showed that P|i) > obtained from the master equation matches the P-space
projection of the analytical solution to the Lippmann-Schwinger equation. This is a useful
check on the derivation of eq. (2.32) and its numerical implementation.

2.6 Contact-Gradient Expansion

The starting point for contact-gradient expansion for HOBET is the contact-gradient
expansion used in the plane wave basis. All contact-gradient operators up to N3LO are
given in Table 2.1. In the plane wave basis, the contact-gradient expansion amounts to a
power series in k? around momentum 0, since

626“2"? = 2T (2.55)

as k — 0. In HOBET, the series expansion should be around momentum k ~ 1/b. In [17],
it was demonstrated that replacing contact-gradient operators by

0 —0=e 20" (2.56)

results in a series expansion around this intermediate scale. The matrix elements of O
between HO eigenstates and tilde states are given in appendix B.3.
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Transitions LO NLO NNLO N3LO
351 038 | 6(r) | (V25(r) + 6(r)V2) T25(r) V2 (V45(r) V2 + ¥25(r)V4)
or 18 ¢! So (T45(r) + 6(r)V4) (V65(r) + 8(r)V6)
851 ¢33 Dy (D% (r) + 6(r)DO) | (V26(r)DO + DO5(r)V2) (V45(r) DO + DO5(r)V4)
(6(r)V2D + DOT25(r)) | (V26(r)¥2 D0 + DOT25(r)¥2)
(5(r) V4D + DOT45(r))
1Dy 31 Dy D25(r) D2 (D2Y25(r) B2 + D26(r) V2 D2
or3Dy <3 Dy
8Dy 3 Gy (D25(r) T2 + G25(r)D2)
1P &l py Vo) v (V925(0)V + Vo(r)V2V) T925(r) V2V
or 3Py 3 Py (TT45(0)¥ + Vs(r)V4V)
8p, 3 By (Vo Fl + Fls@)V) (Y V26(r)F! + Flo(r)V2 V)
(Vo(r)V2F1 + F1925(r) V)
1p, ol Ry ?36(1")?3
or 3F; <3 Fy

Table 2.1: The bare contact-gradient operators. Operator definitions are D%, = (V& V),
D§ = [(e(1) ® 0(2))2 @ D?Joo, Fiy = (V@ D?)anr, Fiy = [(0(1) @ 0(2))2 @ Fliy, Gy =
(D*® D?)4pr, and G2, = [(0(1) @ 0(2))2 @ GYapr. (From [17])

This replacement has the virtue of eliminating operator mixing. The LO coefficient,
a33y is determined solely from the (n’,n) = (1,1) matrix element, as higher-order contact-
gradient operators do not contribute to this matrix element. Similarly, the NLO coefficient
is determined from the (1,2) matrix element, and NNLO and N®*LO results do not affect this
value, and so on for each operator.

As in [17], the contact-gradient expansion replaces the expression

1

There are 2 replacements. The first is in the operator M,

1
M, —PT———— P
P E— QT +ie
E 1
P— = (v+v v
+ E—TQ—l—ie( Ve om e )E—QT—H’e
1
Pl— P
T ETOT +ie

B N 1
p— & il p 2
TR T TO e (V“L 2 O)E—QT—I—z‘e (2:58)
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The second replacement acts directly on the free state |¢ >,

1
1 oY)
i=LO.NLO,...

2.7 Square-Well Results

Since the square well allows all the matrix elements in the master equation to be written
down as a power series in k, we can find the contact-gradient coefficients by matching to the

matrix elements of .

E—QH + e
The (n’,n) = (1,1) matrix element is compared with the (1,1) matrix element of the LO
operator (delta function) to determine aro, then the (1,2) matrix element is compared to
that of the NLO operator, etc. One way to see what kind of physics is being captured by
the contact-gradient expansion is to examine how the coefficients respond to changes in the
square well parameters.

Such a test was performed for the LO coefficient, arp, by adjusting the radius and
strength of the core. For our original potential that reproduces deuteron binding energy
(ap = 0.25fm, ay = 1.7fm, V; = 40 x 54.531MeV, V5 = 54.531MeV), the LO coefficient has
the value

<n|V QV|n > . (2.60)

apo = —7.58182MeV. (2.61)

Repeating an argument in [17], it is reasonable to assume that rescattering in Q-space
effectively results in a potential of the form

Voe 1, (2.62)

having some strength V) and range a. Comparing the matrix elements of this potential and of
the contact-gradient operators, this ansatz gives the behavior of contact-gradient coefficients

as
a2 n+3/2

no ~ Vol 55— : 2.63

annLo 0 (a2 T 62) ( )

For the square well with a highly repulsive core, V should be roughly proportional to the
height of the core Vi, and a should approximately be the core radius a;. From this argument,
the prediction for aro is that it is determined by Vla:f when a; is small compared to b.

The results of redefining the radius of the core a; to a) = a;/2, a;/4, and a;/8 are shown
in Figure 2.1. One sees that the LO coefficient a; o depends roughly linearly on the new
potential height V. Also, it is interesting to look at the height of the core, V;, that is
required to keep apo constant. The Figure 2.2 shows the result of this test. As all is taken
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to values that are less than 1/100 of the scattering length b, the LO coefficient is almost
entirely determined by the combination a/f’Vl/. This exercise shows that, as predicted, the
LO term in the HOBET contact-gradient expansion captures the overall strength of the core,
as measured by a3V}.

Returning to the original square well potential, contact-gradient coefficients for all terms
up to N3*LO can be determined by matching the numerically evaluated matrix elements

1

<AV
Y om T

QVin > . (2.64)
Truncating the contact-gradient expansion at each order, the master equation can be solved
for Pl >, and this P-space wavefunction can in turn be used to calculate kcotdy. The
ET is working if there is a systematic convergence to the full solution as more terms in the
contact-gradient expansion are added.

One problem that we encounter when k cot d is extracted from the approximate solution
for Pl > is that kcotdy is seen to contain odd powers of k with small imaginary coef-
ficients. For example, the effective range expansion calculated using the contact-gradient
series truncated at LO is

k cot 8 &~ — 0.479119 + 3.43056 x 10~ik + 0.315273k* + 6.91152 x 10~ *ik?
4+ 0.0105398%* 4 7.57313 x 107°ik” 4 0.000338711%°. (2.65)

Since local, real potentials lead to k cot dy that is real and contains only even powers of k, it
would be an indication of a serious mistake if replacing V'(r) by a delta function introduced
such imaginary parts. But that is not what was done in our calculation. What was replaced
by the contact-gradient expansion was not V'(r), but the non-local interaction

1
E—QH + i€

<n'|lV QV|n > . (2.66)
The imaginary parts appear to be a consequence of approximating this in a way that does
not ensure that the resulting wavefunction is real. In tests with smaller P-spaces, it was
shown that approximating (2.66) by a contact-gradient expansion continues to introduce
odd powers of k in the final answer, until all matrix elements have been matched and the
contact-gradient expansion is identical to (2.66).

What may be a more serious problem is that there are 2 places in the master equation
where the contact gradient expansion is inserted (see egs. (2.58) and (2.59)), and matrix
elements that are being replaced by the contact-gradient operators are not identical in the
2 cases. Matching to the matrix elements of (2.66) was motivated by the replacement in eq.
(2.58), and the contact-gradient expansion would reproduce these matrix elements exactly
if we used enough operators to account for all independent matrix elements. However, the
matrix elements that are being replaced in eq. (2.59) have the form

1

<AV
Y om T

QV|o >, (2.67)



37

Figure 2.1: aro plotted against V, /Va, for 3 different values of the core radius a;. The
dashed line is the value of aro for the original potential.
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Figure 2.2: Potential height of the core, Vl/, that is required to maintain the same LO
contact-gradient coefficient as the core radius a; was halved repeatedly from its original
value of 0.25 fm. The potential height is plotted as a?V] in units of b*/ww, which is expected
to be invariant for small a;.
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015
010

0.05
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I I I I I
0.005 0.010 0.020 0.050 0.100

which is not the same as (2.66). Since our procedure preferentially treats (2.66) as the matrix
elements to be reproduced, we encounter errors in approximating (2.67). In the future, this
error must either be eliminated by adjusting the procedure, or its value must be quantified
so that reliable error bars to the results of our calculations can be given.

2.8 Conclusions

This work was motivated by the conventional method of generating effective NN inter-
actions. First, a phenomenological potential is created from experimental data. Then the
high-momentum part of the potential is integrated out to produce a soft potential for use
in the HO basis. HOBET is an attempt to bypass the intermediate step, arriving at the
effective interaction immediately from experimental data.

In [17], it was shown that analytical treatment of the repeated summation of 7" and
representation of the short-range interaction by contact-gradient operators can produce an
effective interaction with high accuracy, with errors of order 1keV. This showed that an
effective interaction in HO basis can be constructed without referencing high-momentum
components to the potential, and suggested the possibility of going directly from data to
ET. In this dissertation, it was demonstrated using a toy model that HOBET can reproduce
the phase shift with increasing accuracy as higher order contact-gradient operators are added.

The next step in this project is to solve the reverse problem of finding the low-energy
coefficients, given phase shift information. Despite the promising result of order-by-order
improvement, the approach taken here has two problems: there are two sets of contact-
gradient series in the master equation, and the contact gradient series from ET contains odd
powers of k. Possibilities for evading these problems will be explored in the future. This may
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Figure 2.3: kcot dy at different orders in the HOBET contact-gradient expansion. The plots
show only the real parts of the effective range expansion. HOBET results contain small
imaginary parts (see text for discussion). In (a), solid line is the exact solution, dashed line
comes from eliminating the contact-gradient expansion, dotted line comes from truncating
at LO, dot-dashed line from truncating at NLO. In (b), the solid line is NLO, dashed line
NNLO, and dotted line N3LO.

(a) k cot &g obtained using contact-gradient series trun-
cated at no terms, LO, and NLO, plotted with the(b) The difference between the NLO, NNLO, and
exact answer. N3LO solutions to k cot &y from the exact solution.

k cot 5¢ k cot 5
[ 0.010 -
01

-0.005 -

-0.010-

be in the framework of the current approach, or it may involve solving the BH equation, as
in [17], or another similar equation.
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Appendix A
Atomic Electric Dipole Moment

A.1 Multipole Analysis

We expand the Breit interaction

VN+VN——a//d3xd3 {pef (| 9
|7 —
RN AC l®jf(y> 4 1@ O T~ 5) ‘”ng) OF-9 )| (A1)
2 7 — 7] |7 — 4]
in terms of electronic and nuclear multipoles
A.1.1 Charge-Charge Interaction
First, consider the charge-charge term. The spherical expansion of 1/|¥ — 7| is
_4 Z2l+1 l_t,_l Z:;’L Q )mm<Qy)
=i Z2l+1 i Vi) O 1)
I
(A.2)

ilfl Yy
Fol = ain S gy (o - ) YO @ Yi@,)
l




Simply substituting,
/ / Prd® Pe|(:)/)Nq(|Z7)
Yy
=—sme Y gy [ ity ([ e © Won @iy
+o - o) { [ i) o [ylilp]v@)m )
- @i © o)) }).

Here, it is convenient to define charge multipoles

o= [ (1) Yot

et = [ () e =3 (-

=1

+1
i“) Vi (22)

for the first term in eq. (A.3), and

60000 = (1) v o [dvow—a () e

e o i = ( ) i) o [ @yoy - (RiN) Yi(2)on (7)

)

for the penetration terms. Using these, eq. (A.3) can be written as

‘/charge = — // d3£€d3 pE(;,) _,(| )
47ra

- 2l+1( )OIA@OZN

47&22 CA+ @CN_() CZA_(Z')QCleL(Z‘)}
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(A.5)
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A.1.2 Current-Current Interaction

Next, consider the current-current part of the interaction. First, expand as in the charge-
charge case:

LI SR E ]
x (70(8) © () (i(2) © Yi(2,)) (A7)

We want to separate the electronic and nuclear coordinates so that we can define multipoles
for each. This can be achieved using 9-j symbols (coordinates are suppressed).

(7 @ ) (i) © Yi(2,))

=D 7@ Tv], @ i) @ i, )

00

—

—(-0 Y [ e i) @ vevie,)] | oPi

d 00 U
=DM P [ Y], @ v e vi@y)] | < (m[;] m)
~n [ e vien), @ |

—(—1) Z(_l)l’ [j_'e ® YZ(Q:”)]I' © [jN ® Yi(Qy)]l,

nov@),|

B [‘;e © YI(QI)} -1 © [‘;N ® Yl(Qy)] -1

- e Yl(Qx)]l o |ive Yz(Qy)L

+Revien] o lvenw) . (A3)

+1

Finally, consider the last term in eq. (A.1). Note that
1 r
Vo=t A9
: (A9)

This gives us the relation

(A.10)
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To separate the x- and y-dependent parts, use the following relations:
e e — 1 e i N
|:je ® gm}o © [jN ® y]o :g (.]e © €x> (]N O] y)
0% 0 e, -—va[[Lo 9, ¢ [fod] ],
1 e — e 1 e e —
= (od) (Veoiv) -5 (o) (V.09)

e V. olived), :\2/3[[3‘6@?4 ® [EN®172 ]
=3 (Je®y> (? ®JN> 3 <]e®JN> <€x®§)
2 (G0¥.) (ved). (A1)
Fq. (A.10) can now be written
.o @ - ive @)
7 —g?
~(sfred e frevl, s Thev) o fhed,) iy @

where L runs from 0 to 2.

Consider the first term in eq. (A.12), and expand the denominator as before.

3[jed oliveV } = (jooi) (ivo¥,) Z 21447: - fjly(Qx) © Yi(9,)
(A13)

First, assume x > y, and the expression for the z < y case follows from symmetry.

(7o) (vo¥,) > AT Yy 0 vie,)

o+ 11"
- [+1 -
:%;(— Je - x l(_ 2l+1yll+11( )+ 2l+1yll 11(82 ))

X jN . ( 120 + 1)yl_15jﬁ71,1<9y))
-1

:;214:1%<_ I(1+1) [}ﬁ+l(§zm)®je]l+l[Ylfl(m)cﬁe]l)

>y

® |[¥ia() @ x| . (A.14)
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Consider the second term in eq. (A.12). For this, rewrite the tensor part first as follows:

> ([mﬁ | o [ived] ) mievie)

_z = [[[foe Vi) @ [3N®g} ]0®m<ﬂx>®n<ﬂyﬂo}m
- Z LH lz [ x} ]l/ © HJN ®© g] L @ E(Qy)} l'} 00
{ L L O }
x [0 I 10
v o
=Y e Lo V] o) o[lived evie)] . (A.15)
L1,
Now, including the factors of x and v,
[Z [;e ®€x]L © [‘;N ®g]L \fi’tj\ -

=Sy AT e 9] o] o [[ved ovia)], L )
Ll

We will look at the x- and y-dependent parts separately, then combine the results. The
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x-dependent part is

.07, i), o

U'm/
= Y < LMim|I'm' >< 1my1mo| LM > jem, Vm, (277 Vi ()

M,m,mi,m2

= Y < LMim|I'm' >< Imilmy|LM >

M,m,mi,m2

X eamms - (VITF DR D2 20, (2))
= ) (=)™ < LMIm[l'm’ >< Imilma|LM ><1+1,q,1,—mo|lm >

M,m,m1,m2,q

% ey (VI DR F D™ Yi14(2%))

/
— S <l+1,q,1,m1|l'm'>{ L }
mi,q
X e (VI DR D 2Y,4(0))
U 1+1 1 I -
——wpvarneEn{ | e e i, o e
Evaluating the y-dependent part,
ived] evie,)]
= Z < LMIm|l'm' >< 1mq1mg|LM >
M,m,m1,ma
. . I+1 =, I =
X INm1Y€ms - [— 2l—+1yl,l+1,1<Qy) + %—Hyz,zfm(ﬁy)

1 L I

U'm/

+\/7{ 11' 121 } }y [Sﬁ_l(Qy)@@}N}ym,). (A.18)

(T Y oo
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Combining egs. (A.17) and (A.18),

l

Z<_1)L+l+l/2l+ eV, e @) o ||ived], e %) 7

I+1
"
Ll !

— Z(_l)L+l+l’+1 Ar y'!
=~ 20 + 1 xt+2

<oV n{ § ] i) i)
oo (virr{ {1 @) ey

1
a1 e

_ [)EHEHL( 2Y ri+1 1 -
N e A B MCRET

L,

@Oun{glzli}hmmw®hb
wo{] L 1 neaei)

l+l’+1 y =
IZ (4m) W [Ylﬂ(ﬂx) ®]e]

o(+n{ ] 11 ra@)ed],
m+n{1;§;1}h4mw®QL) (A.19)

I'=1,14 1,1+ 2 are possible for the first term, and only I’ = [ is allowed for the second

’

l/

l/

l/
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Syt Lo V] evien] o[y ®m%ﬂﬁ%;

L

1
(+ D)2+ 1)(2l +3)

1+ 1)(121 + 3)] [YZH(QI) © je} I+1 © [YZH(Qy) © ‘;N} I+1
1

— (l + 1)m |:Y2+1(Qm) ®je] 142 @ [YE—H(Qy) ®]Ni| 142

x{—U+U

+a+n{—

Wﬂmg®ﬂthﬂmﬁ®hL

T ) 07 o i@ 02

-y dr_y™! 1 [Y (Q)@ﬁ‘] @[Y (Q)@ﬁ']
= l 2l—|—1$l+2 2l+3 1+1\tx ]el I+1\3 4y ]Nl

20+ 1 - -
T 913 [YZH(Qz) ®]e]l+1 © [YZH(Qy) ®]N} 11
I+ 1)(204+1)

_ Y1 (9, 2} [Y O 4’}
43 |:l+1( ) ® j l+2@ 1+1(2y) ® jn Lo

+IU(1+1) [Yl+1(Qz) ®j€]l © [Ylfl(Qy) ®§N]l}
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(A.20)

To get the full expression for the current-current interaction in the point-nucleus limit,
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use eqs. (A.8), (A.14), and (A.20).

+§:“T%7@®mmmﬂ®%®m%m4
=0

204+1 =z

B i 4 ylfll = [YZH(Qw) ® jei|l © [Yl—1<Qy) ® jNL

e E b s i) o o

_i iyt 1 i) @ 1] © Vi () @ ]
l:02l+1xl+221+3 4138z ]el 134y ]Nl

I+1

Y R Tan) | > -
— o0 0], 0 o 034
221+1xl+22l+3 [ +1(8) @ l+1® 1+1(8y) ® jn

dr yHL I+ 1)(204 1)
20 4+ 1 zt+2 20+ 3

[YJH(Qm) ® je] Lo © [YZH(Qy) ® jN]

I+2

f: e I+ )[Ym(ﬂm)@fe]l@[n_lmy)@jN]l}
Yt
) 4m

1
{ o [Yn( @) © 7] @ [V (@) @],
- g ool o e o3
22(5 i_ 1) % |:Y271(Qa:) & jeL O] |:Y271(Qy) ® jNL

~ Vil + 1)% (1 - i—i) Vi) @] © Y@, ®5NL}. (A.21)



By symmetry (exchanging & < 7 and j, < jn),

[ﬂ(f) ©In() | 1@ © (7~ 5) jv(i) © (7 - g)]

|7 — 4] 7= gl®

ad e ~ .
Z 21 +1 {21 + 3yl 2 [Yl“(gw) ®jeL © [Yl“(gy) ®jNL

4 5 !
20+ 1 gyttt
21+ 1) 2!t

20—-1 7 [%—1(90 ®j€]l © [Y2_1(Qy) ®5N:|l

pICREFARCHMTCRETA )

_|_

Il + 1)% (1 - z—z) [Yl—l(Qm) ®je]l ©) [Yl+1(9y) ®5N]l} .

In order to organize the terms, define transverse electric multipoles

Tejl\fl ERILNI/ [? X (y ym ﬂ jN(Zj)

e [y (i) [Yia(2) © ()]
i = [ [¥ ¢ (~ g )| v

/—/H

2l+3\/; 1 ( )H[ml(ﬂy)@fN@)]l

ol

(A.22)

(A.23)
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and transverse magnetic multipoles

1 - : -
Ther =g [ @sF@) iv@ = [ ¢ () i @ iv@),

z I+1
1 2 Ra -
Th =k [ @ The) A@Y (2) meea@). (a2
=1 ¢
With these, the interaction in the point-nucleus limit is
dra [~ 1 (Ry
Vpomt C O
eN RA ;2[+1(RA) C O

+Z{2l+1 <R ) TmagZQTmagl

1 [Ry , 1 (Ry\""' .
| =t T TN T TN
+ N1 (RA> ol O Ly +—2l+1 (_RA> el © 1y

For the penetration terms, make the following definitions:

(A.25)

Tiok (1) © Tivog () = (gjv)l [Yi(€%) ® ai,
® /d3y O(y — ;) (%)Hl [Yl(Qy> ®jN(g)L

TA- () © TVE (i) = (
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T;{l()QT{i— ) =i/ (1 4+ 1)( 25+1)<R>[Y;1(Q) ail,

@z{——\/;/d3y9y 7 (5 [ratn) @500,

b o [ e (B2 e @jN@]l}
rl ) o 740 =~ D () @) e )

o {Mg\/;/ o) (L) [Fa@ 2 5v0)]

o o (L) [n_1<ﬂy>®fN<y*>L}

T ) © T () = - {2113\/E(R—N) Yia(@) @4

Ny (R—N) Vi) @ dz-]l}

O (I T 1) / 0y Oy — 12) (%)m Vi (@) @ (@)
T O O T @) = {N%(@) Yin () ©al

rar e () e mh}

oW [ dyow—e) (L) [ra@)eie),
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The penetration correction is then

00 Z
n Ao _ . .
VR =— @jlgw”Qﬂchme}

Ra =0
00 Z
3 { LS (0,0 © Ty — T () T 0]
=1
Z
2:[ TN (0) = T () o T 6)]
7
sy 30 [T 0 9 T 0 - T 0 T ) }) e
Ven + V_5 can be written .
Ven + Vo = VII™ + VR (A.28)

A.2 Penetration Correction

We can put the penetration terms in a more convenient form, when it is directly sand-
wiched between atomic states. Expanding the electronic wavefunctions in Taylor series

V(@) ~ 0(0) + 7 V(@) (A.29)
Evaluating the charge multipoles first, C5'" and C4'~ become

2\ y
/d?’flfZ (—l> }/lm(Qz)pe(fz>9(y - J}Z) l—:0—>510\/4’ﬂ'/ JTZQdZEZ@ZJ;(O)wz(O)
RN 0
Vamy?
3

=010 ¥3(0)2:(0) (A.30)

and

I+1
[ () Vin@00 @00t - 2) Db [ stin Pui0)00)
0 (3

IR 00, (A3



5%5)
Similarly for CAT and C4~,
[ (2 )ZY (Q)peE)0ly - )
SN / e / e LY ()7 [0 F0:0) + 450 T w:0)]

:5l1\/§5?jﬁv [%f( )gzmd)z(o) +¢}(O)€i,m¢i(0)] (A.32)

and

Ehsn / dQ; / ya:?da:,(RN) Vi ()] [¢f (0T .(0) + @Z’f‘(oﬁiwi(m}

:511\/¥RNy [¢f( )gzmwz( )+¢}5(0)€z,mwz(0)] (A'33)

Next, consider the magnetic multipoles:

[t (2 oo @5.2], 002

_ y ‘
l_—1>6l1 Z < Imylms|lm > /dQZ/ xfdxin—ijlml(Qi)ai,m
0

mi,m2

X Tj - [1@ (0 %ﬂ/h‘(o) + 1/’}(0)31‘%(0)]
_@1\/? w0 [Fooa) wo+uo) [Fea) wo] s

[ (B) oo @3], 0w

i Im

—>511 Z < Imylmg|lm > /dQ / del(

mi,mso

@ [0300 ‘mi(m +05(0) Vi (0)]
i [T [0 [F.0a] w0+ 00 [Fiea] wo)] 4

Finally, consider the transverse electric terms. For [ = 1, the contribution from multipoles
of the form [Y; ® @], can be calculated easily using the Cj results in egs. (A.30) and

Z;



(A.31). The | = 2 case requires a new calculation:

/d3x,~ (gjv)ll [Yz—l(ﬂz‘) ® fe(fi)]lm 0y — ;)

=250 Z < Imylms|2m > /dQ / 2d:zc,R Yim, (§) G m,
N

mi,m2

x - [0 V0i(0) + ¥ (0) Vit (0)
:(»2\/?% w0 [Viw &) 00 +v;0) [Vioa] uo)],

+1
Ly 2o
/dgxl- (RN> [Y},l(Q-) ®je(:1:i)]lm6(y —x;)
=250 Z < Imylms|2m > /dQ / vidx; <;§Z ) Yim, (€24) iy

N
mi1,m2

x - [UH(0) Vi (0) + 1 (0) Vit (0)
47 y”
g L (0310 [F.0. 6] o) + 500 [Fr 0] 0]

and

/dSI- (RN)Z [Y—l(Q') ®je(fi):|l 0y — )

xX; m

—>512 Z < Imylmg|2m > /dQ / Qd%(

mi,m2

< i [47(0 %wi(m +UH0) Vil0)]

5 5 5 [1500) [F.0.] w0+ 50 [Fr 0] o]

o6

(A.36)

(A.37)

(A.38)

Noting that the final results in these calculations can be reproduced by matrix elements
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of delta functions between atomic states, we can rewrite the penetration terms as follows:

_ A};T_O‘ [C3 () © CF (i) — Cg (i) © Cy  (3)]
A
A5 () ] f oo ) o
Ao & + N-— —(i N+(;
_Eg[m ()@ O (i) = ¢ () © O ()]

R4A i (%Zm(s?’ ) + 0%(& )?@]

_)47'('04 1 /4r
R4 10 3 —

o [ @y (RiN)spN@)wﬂy),

Z
4o . _ .
__Z[Trlr?a:{l()@Tnjjagl<) Trﬁagl()QTn]Yagl( )}
1

Z

BN iy 3 ([Fim o] 25+ 1 wlm@az])]

i=1




o8

-2 [F 0 o T80 - T ) 0 T )
o | [ (%N)Z[my)@mm} o ] (%N)Q[WWN(@/)L]’
- o [T456) 0 T () - Ty () © TU5+ ()

Jx];r_:v % 4;(%)3 R;é([%i,mm}zé?’(@)m(@) Wi,m@@@}z)]
. /d3 <RyN>3[Y1(Q Vo7 \[/cﬁ (RN) Y(©y) © (7 )]2],
) ;‘I%O“Z [T;ﬁ;( ) O T () — T () o TN )]

/d3 (é/N)Z[%(Qy)@;N(g)}l \1/0_ a3y (RN)Q[E(Qy)®;N(ﬁ)}1],

dra g [T;f“;m@TéY;() T () © T )]

3Ra
jZ([ Zm®a1:| +53 )[?i,m®&i:|2>]

R drae 1 /47
Ry 10V 3 i1

/d3y(RiN)3[m<ﬂ>®m |- [ ( )] <Q>®3N<y>}2].

(A.39)

These effective operators apply only to cases where the bare V2" is evaluated between
atomic states. For [A, VI{"], a different set of effective operators need to be derived.
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A.3 Perturbation theory

Here, we give the standard results for perturbation theory in non-relativistic quantum
mechanics. First, write the Hamiltonian, H, as

H=Hy+ V. (A.40)

We have two eigenvalue problems, one for the total Hamiltonian, H, and one for the
unperturbed Hamiltonian, H.
Hl|a >=F,|a >
Hola >=E,|a > (A.41)
Typically, Hy is a Hamiltonian that has been solved, and H is to be solved in successive
approximations using the eigenvalues and eigenstates of Hy.

First, expand the energy eigenvalue, E,, and the eigenfunction, |a >, as

E,=EQ +EYD + E® 4
la >=]a® > +]aV > +|a® > + ..., (A.42)
where the superscripts indicate the number of insertions of the perturbation, V', in the

term. Substituting these into eq. (A.41) and then matching the terms that are of the same
order in the perturbation, one can show the leading order results

EY =F,
1a© >=|a >, (A.43)
and the recursion relations
EM" = < a|V'|a Y >
x [(BM = V") |a" ™ > +E@ |0 > +ED 0™ > + ... 4 EM]a® >]

(A.44)

where @, is the projection operator out of |a >.
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Carrying out the recursion, the results up to 3rd order in the perturbation are

EWY = < a|V'|a >

1) Q !
la'™) >= I HOV la >
EY =< a|V’LV’|a >
“ Ea - HO
(2) Qa / Qa / Q / /
a\ >= \%4 Va>——Va><aVa>
| Ea - HO Ea - HO | (E H()) | | |
E® = < a|V’ Qo Qa Vie> — < a|lV/—2— o SV'la >< alV'|a >

Ea - HO Ea - HO (Ea - H[))

(3) — Qa / Qa / Qa /
la'?) >= o HOV B HOV Ea_H0V|a>
@y B pascaies
Ea - HO (Ea — Ho)
_ Qa V/ Qa
(E, — Hy)> E.—Hy
F— % yies (<aVe >)
(Ea— Hp)’
Qa

Qa
(E. — Ho) E,— Hy

V'la >< a|V'la >

— —V’|a ><a|lV'—"=V'la > . (A.45)

A.4 Projection Theorem

For an atomic state with total angular momentum F', the energy shift due to external field
Ee g

AE = E®. < FM;|d|FM; > (A.46)
=Y (-1)"EPY,, < FMj|dy,|FM; > (A.47)
Sy s ( _ﬁ}f : ]Z ) < Fd||F >, (A.48)

where d = cZe + JN.



Compare this with the expression involving the angular momentum operator ﬁ,

< FM¢|Fi|FM; >

=0 () <FIFIE >

= (-1 ( —];4f T; ]\Z ) ( _FF (1) ? )_1 < FF|Fy|FF >
=0T < —];4f 7}% ]‘5 ) (\/F(F +];)(2F+1)> r

= (—1)FMr ( _Zf ! ]\Z ) VEF T D)EF 1),

we get the following alternative expression for the energy shift

AE =Y (-1)"Epe, < PMy| P FM; > F||d||F >
’ VF(F+1)(2F +1)

< FMy|E®t- F|FM; >
VF(F+1)2F +1)

m

< F||d||F > .
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(A.49)

(A.50)

(A.51)

(A.52)

(A.53)

(A.54)

(A.55)

This shows that the reduced matrix elements of d are what we need to calculate the atomic

EDM response.
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Appendix B

Harmonic-Oscillator-Based Effective
Theory

B.1 Harmonic Oscillator Eigenstates
Harmonic oscillator (HO) Hamiltonian is
hew
Hio =T+ Viio = = (—?2 +), (B.1)

where w = h/mb?. The coordinates are Jacobi relative coordinates for the 2 nucleons,
ri— T
V2 o

and lengths are measured in units of b; 7" and V are dimensionless.

(B.2)

7=

A HO eigenstate is identified with nodal quantum number n and angular momentum /[,
and its coordinate wavefunction is

< rlnlm >= Ry (r)Y;m(Q), (B.3)

with the definition

2(n — 1)!
Rnl(’l“) E\/l"( (TL ) rle_r2/2Lil'f‘_11/2(r2)

n41+1/2)
B n—1 (_1)mr2m+le—r2/2
—/2(n = 1)T(n+1+1/2) mzo TR e (B.4)

L2(r) is the associated Laguerre polynomial.
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Taking the Fourier transform, the HO wavefunction in momentum space is

< plnlm >:/d3r < plr >< r|nlm >

. 2(n —1)! .
/ et \/F(n(Jrl+i/2)Liz+—11/2(7”2)Tl€ 2Yin()

(n—1)! 9
\/ n+l+1/2 /d@/ P2dr A (=) (1) Yim () Vi ()
x LE2(p2)rte 2y, (

, 2(n —1)!
—Ag(—3)! Y (T
2 m
X /dr rit2er /2L£:11/2(p2), / 2p7jl+1/2(pr)

:<2w>3/2<—z'>l<—1>"1\/ mﬁf ﬁ!/mplep2/2L2t1{2<p2>nm<rp>. (B.5)

The last integral was done using 7.421.4 of [20]. Up to a constant, the functional forms of
(B.4) and (B.5) are identical.

. 1 . .
B.2 Evaluation of = In HO Basis

Using the coordinate space representation of the kinetic energy
hw
—7?2, (B.6)

the momentum space representation of 1/(F — T + i€) is

1

_— > >
E—T+ic r><rlp

1
E—-T +e

o 1 .
:/d?’?" e W' T T
E+ %?2 + i€

<7 |p>:/d37“ <pr><r|
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Using the momentum space HO wavefunction from the last section,

|nlm >

< n’lm];
E-T+

&Bp 1
= —< l > < lm >
hw/ 2)3 wimp k2 — p? + ic pinim

dpp /2~l 1 2(n' —1)! lo—p?/2 12 (2
—1)" P2 YV* (T
i | e ) [ e L Vi)

x <2w>3/2<—i>l<—1>”‘1\/ mf(f[ ﬁ/z)ple‘p2/2L2t1{2<p2>nm<rp>

(—1)m 4(n — 1)}’ 1)! /°° dp p Ve LI (0) Ly ()
C(n+1+1/2)T(n +1+1/2) k% — p? + e '

2
 hw
(B.8)

Expanding the Laguerre polynomials,

|nlm >

1
E—T +ie

_i(_l)n-i-n’ 4(71,—1) (n/_ 1) >
Chw D(n+1+1/2)T(n +11/2)
5 "i"zl (=)™ T(n 414+ 1/2)T(n' +1+1/2)
m!m/'lln —1—m)!(n — 1 —m)IT(+m+3/2)T(+m +3/2)
21+2m+2m'+2 ,—
x/ dp p 'ep
0 k? — p? + e
"Z”Zl 1ymtm' ' i = D)/ — DID(n+ 1+ 1/2)T (0 + [+ 1/2)
= L= mlm/l(n — 1 —m)l(n’ =1 —m/)IT(l +m+3/2)L'(l +m' +3/2)
dp p2l+2m+2m +2€_p2
X/O K2 —p?tie

< n'lm)|

m=0m’/=0

(B.9)
Now, evaluate this last integral.
/oo dp pQNe—p2 B /oo du uNe—u
o K2—pr4ie  Jy 2yuk?—u+ic
— 1/00 du—UNilﬂei%
2 /o u— k% —ie

0
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The principal value integral was done using Mathematica, then simplified
uN-1/2¢—u ,
P/ du——" i = —(N —1/2)e " (=E2)NY2D(N — 1/2)y(1/2 = N, —k?). (B.11)
u J—
Substituting this back into eq. (B.10),

oo dp p2Nefp2
/0 k% —p? +ie

12
ek

= [(N = 1/2)(=k*)N2T(N — 1/2)7(1/2 = N, —k?) — ink*N 7] . (B.12)
Finally, the Green’s function in HO basis is

< n'lm)| |nlm >

1

E—T +ie
e (—)ymEmnnL  — D (0 — DT (n+ L+ 1/2)T(0 + 1 + 1)2)

hwn;)'m’zo m!m/l(ln — 1 —m)l(n’ =1 —m)IT({+m+3/2)T(1+m' + 3/2)

x e [(N = 1/2)(=k)NTV2D(N = 1/2)7(1/2 — N, —k?) — ink*V 1] (B.13)

where N =1+m+m/ + 1.

B.2.1 Comparison with E <0

For k? real and less than 0, the integral also can be done on Mathematica, this time
without using principal value:

k2

dp p*Ne P e _
/0 - g CE)TTIN +1/20(1/2 - N, k). (B.14)

The difference between this result and eq. (B.12), after using FullSimplify on Mathematica,
is

ek 1\?
ol = 5 — ik (k)N V2 sec N — (ﬁ) tan N | . (B.15)
For integer N, sec N7 = (—1)" and tan Nm = 0. So this simplifies to
me *
o= —; [—ik*N ! ()N (KN (B.16)

which is 0 when £ is in the upper complex plane. This shows that eq. (B.12) is the correct
analytic continuation of eq. (B.14).
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B.3 Matrix Elements of Contact-Gradient Operators

This section gives the matrix elements of the contact-gradient operators between HO
eigenstates and tilde states. It follows the appendix of [17], with slight modifications to
treat the £ > 0 case.

The effect of the replacement B , ,
O—=0=e"?0e"/? (B.17)

is to make the contact-gradient operators (as listed on Table 2.1) act on the wavefunction
e 2R Yim and ¢"/2R,;Y;, rather than the usual HO wavefunctions and tilde states.
What we need are expressions that describe what happens when gradients and then a
delta function act on these wavefunctions.

From

?267’2/2}%,”(7‘)}6,”(9) = —4\/(n —1(n+1- 1/2)@72/2Rn_17l(r)§/lm(§2), (B.18)
a more general expression

(F2) 2 Rua(r) i ()

(n—I'(n+1+1/2)
m—1-pTn+l+1/2—p

1/2
=(—4)" [ )} 2Ry (1) Yim (Q) (B.19)

can be derived.

Defining (ﬁq)qo as maximally coupled ¢ gradients,

(?Q) 12 R (1) Yio(Q)

Il }1/2 1 {2F(n+l+1/2
m

_ l
T:0_51q2 [(2z+1>u (n—1)!

Using eq. (B.19) then eq. (B.20),

)} " (B.20)

(n—1)!

(?) (?q) 2R (r)Yio () ey
| 1/2 n 1/2
et e
(B.21)

Eq. (B.21) is sufficient for determining the matrix elements for HO basis states. In princi-
ple, matrix elements of contact-gradient operators between tilde states can also be deter-
mined, after expanding the tilde state in HO basis. However, an easier method is to start
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by recalling that

1
E—-T +e

Q) [ [ i e
0

~${lY2m(Q) |anlm >
+ / r2dr’ j(kr) R (k') g,(r')l, (B.22)

and letting the gradients act on this expression.

Repeated application of Laplacian on the tilde state results in
(F2) 2 Rey(r)Yim(9) = €/2Yi () %
{—z’k [ FRR2, )R (k) + f2.(K2, rz)QT%hl(l)(kr)} /O ey (k)R
i |02 ilh) + £ 22| [ e )

+ (K2, 1) e PR (1) Y () + f’;’,(l{:2,7’2)27‘di (eTQ/ZRa (r)Yim (Q))

+ 1% (k ?2( PR (1) Vi (9)) + 7 (2, 2r—€2( PR (1) Vi (@)

+ (2 ?4( I2RA (1) Yy (2 )>+fp5, 2r—€4( /2 ga Ym(Q))
b (B.23)

Since a delta function acts on the expression at the end, only the behavior of this expression
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at r = 0 is relevant. This is given by

erQ/QYIm(Q)
20+ 1)l

(it [0+ 21720,0] 7 r2arn?

0

(€2)p6’2/ 2R3 (1) Yim () —

g [ZF(n—i— I+ 1/2)] 1/2

7(n—1)!

{ [fg(kQ, 0) +<25f§, ()/8, 0)] (—k2 30 +1—3/2+ G (K n, D)/l + 1+ 1/2))
—d(n = 1) [ 7 (k2,0) + 20/, (K2,0)|

X (—k;2 304+ 1—5/2+ gi(k%n, )yv/n(n + 1+ 1/2))

+16(n — 1)(n = 2) | /7, (K, 0) + 207, (K2, 0)|

X (—k2 43041 —7/2+ G2 n, D/ + 1+ 1/2)) }) . (B.24)

Nonzero coefficients in eq. (B.24) are

1 p=20
3—k? p=1
D (1.2 —_
£ (k°,0) = 15+ 41(14+ 1) — 10k? + k* p=2
105+ 520(1 + 1) — 105k — 141(1 + 1)k2 + 21k* — kS p=3
1 p=1
FL(k2,0) = fo(k%,0) = { 6— k2 p=2

45 +41(1 +1) — 30k> + 3k* p=3
MR, 0) = fIRARR,0) = 72K, 0) = f20 (K, 0) = f7°0 (K, 0) = 1
22 (k,0) =7 — K
f3(k%,0) =57 + 41(1 + 1) — 18> + k*
112" (K, 0) =11 — k*

These are identical to the result shown in [17], with the replacement x* — —k?, which is
as expected, as they are simply different ways of showing the dependence on F.
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The equivalent of eq. (B.21) is
— G —
A\ ar(2l +

(V) (F) 0t ¥int@)|

{=in [ a0 [ rean o me)

4 21 {QF(;;L(;: Z_J;;!/z)] 1/2

{20620+ 2072, (82, 0)| (=K% + 30+ 1= 8/2+ (K20, )v/n(n + T+ 1/2))

=~ d(n = 1) [ 7 (k2,0) + 2017, (K2,0)|

X (—k;2 +3n+1—-5/24+ a (k% n,)y/n(n+1+ 1/2))

+16(n — 1)(n = 2) | /7, (K, 0) + 207, (K2, 0)|

x (—k2 30+ 1—T/2+ G20, Dy/n(n + 1+ 1/2)) } . (B.25)






