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A complete effective Hamiltonian for relativistic corrections at orders ma® and ma®(m/M) in a
one-electron molecular system is derived from the NRQED Lagrangian. It includes spin-independent
corrections to the energy levels and spin-spin scalar interactions contributing to the hyperfine split-
ting, both of which had been studied previously. In addition, corrections to electron spin-orbit and
spin-spin tensor interactions are newly obtained. This allows improving the hyperfine structure
theory in the hydrogen molecular ions. Improved values of the spin-orbit hyperfine coefficient are
calculated for a few transitions of current experimental interest.

I. INTRODUCTION

High-resolution spectroscopy of the hydrogen molecular ions Hf and HDT may contribute significantly
to the determination of fundamental constants such as the proton-electron mass ratio m,/m. [1]. A pure
rotational transition in HDT has recently been measured with a relative uncertainty of 1.3 x 10711 [2]. The
experimental accuracy of ro-vibrational transition frequencies is expected to reach a few parts per trillion in
the near future using spectroscopy in the Lamb-Dicke regime [2—4] or in a Doppler-free geometry [5, 6]. While
information on fundamental constants is obtained from comparison of spin-averaged transition frequencies
with theoretical predictions, the hyperfine splitting of ro-vibrational lines also allows for precise tests of
theory.

So far, the hyperfine structure of H;r and HD™ has been calculated within the Breit-Pauli approximation [7,
8], taking into account the anomalous magnetic moment of the electron. All terms at orders ma* and ma®
are included, so that the theoretical accuracy of the hyperfine coefficients is of order a? ~ 5 x 10~°. Higher-
order corrections to the largest coefficients, i.e. the spin-spin Fermi contact interaction, were later calculated
in [9, 10], which allowed to get excellent agreement with available RF spectroscopy data in H [11] at the
level of ~ 1 ppm. The following step to improve the hyperfine structure theory is to evaluate higher-order
corrections to the next largest coefficients, i.e. the electron spin-orbit and spin-spin tensor interaction,
starting with relativistic corrections at the ma® order.

With this aim, we derive in the present work the complete effective Hamiltonian for the hydrogen molecular
ions at the ma® and ma®(m /M) orders, following the NRQED approach [12-14]. Then, we use it to calculate
numerically the corrections to the electron spin-orbit interaction for a few transitions studied in ongoing
experiments. The paper is organized as follows: in Secs. II and III, we recall the expression of the NRQED
Lagrangian and associated interaction vertices. We then systematically derive the effective potentials, which
are organized in three categories: tree-level interactions involving the exchange of a Coulomb or transverse
photon (Sec. IV), terms due to retardation in the transverse photon exchange (Sec. V), and finally those
coming from a seagull diagram with simultaneous exchange of two photons (Sec. VI). In Sec. VII, we collect
our results to write the total effective Hamiltonian, separating the different types of interactions: spin-
independent, electronic spin-orbit, spin-spin scalar and tensor interactions. Finally, in Sec. VIII we present
numerical calculations of the spin-orbit interaction coefficient.

II. NRQED LAGRANGIAN

Natural (Lorenz-Heaviside) units (i = ¢ = 1) are used throughout. We assume that e is the electron’s
charge and thus is negative, the elementary charge is then denoted by |e].



We use the Coulomb gauge for photons, and electrons are described by two-component Pauli spinors. We
take the NRQED Lagrangian for the electron in the gauge-invariant form [12-15], including all the terms
involved in bound-state energy corrections up to the ma® order:
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where D = V —ieA. The contact terms required in the NRQED theory [12, 13, 15] are not considered here,
because they do not play any role in the spin-orbit and spin-spin tensor interactions which are our main
focus in the following.

As shown in more detail in [14], the effective Hamiltonian H.g, which stems from the Lagrangian, is
equivalent to the Foldy-Wouthuysen Hamiltonian HFW derived in [16] (see Eq.(23)). It may be obtained
from Hpw through the canonical transformation e’ (H — id;)e™", where
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Heavy particles of masses M, and charges Z,, with a = 1, 2, are treated within the leading-order interaction
Hamiltonian:
P, P, Z2%e?
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The magnetic moments of particles are expressed as follows:
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te and pu, are dimensionless quantities measured in Bohr and nuclear magnetons, respectively.
We will consider corrections to the bound states of a one-electron molecular system such as Hy or HD*.
The zero-order approximation is the nonrelativistic Schrodinger equation with the Hamiltonian

P% P% p Zloz ZQOé Z1Z2(Jé
c 4y, v=-212_ 202 . 3
on, o Tom T n R (3)

Hy =

Here r, = r.—R, with a = (1,2) is the electron’s position with respect to the nucleus a, and R = Ra—R;
the internuclear vector. It is assumed that M, > m.
The potentials Ag and A are related to electric and magnetic field strengths as follows

A
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We define Ej = -VAgand E; = — % +» while B is always transverse. It is worth noting that E;| corresponds

to an instantaneous interaction, while A propagates in time with the velocity of light.
In order to determine which terms are needed at a given order, it is useful to know the nominal order of
expectation values of various operators for a wavefunction of the nonrelativistic bound system. One gets [13]:

(p) ~m(v/c), (D) ~m(v/e)®,  (edo) ~m(v/c)?,
(eA) ~m(v/c)3, <eEH> ~m?2(v/c)3, (eB) ~ m?(v/c)*

where v is the typical velocity of the bound electron.



III. NRQED VERTICES

It is convenient to translate the NRQED Lagrangian [Eq. (1)] in terms of NRQED vertices and “Feynman”
rules, as done in Fig. 3 of Ref. [13]. Here, we list the vertices contributing to the ma® and ma®(m/M) orders,
and give their expressions both in momentum and coordinate space.

We first give the tree-level vertices related to the electron line:
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The last one appears only in the retardation contribution, see Sec V B. For nuclei, the following tree-level
vertices come into play:
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The seagull-type vertices for the electron are:
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Note that two transverse photon vertex 10. only contributes at the (m/M)? order and thus will not be used
in the following. However, the corresponding vertex for nuclei should be included:
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In the following, we obtain from these vertices the effective potentials at orders ma® and ma®(m/M) by
systematic application of the nonrelativistic Rayleigh-Schrédinger perturbation theory. For each term, we
will mention which vertices are involved by referring to the numbering given above. It is understood that
all terms should be summed over the nuclear index a (a = 1,2, and b =3 — a).

IV. TREE-LEVEL INTERACTIONS

We first consider the tree-level diagrams involving the exchange of one photon between the electron and
a nucleus. The derivation of effective potentials is straightforward in this case (one such example is given



in [14]). For the transformation from momentum to coordinate space, useful integrals can be found in
Appendix A. Two terms come from a Coulomb photon exchange (vertices 1-1N and 2-1N):
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The transverse photon exchange produces four terms (3-2N, 3-3N, 4-2N and 4-3N):
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V. RETARDATION IN THE SINGLE TRANSVERSE PHOTON EXCHANGE

The derivation of terms involving retardation is more complicated and requires a more detailed description.
A general formula for the energy correction due to a single transverse photon exchange is
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where V(1) and V(2) are some NRQED vertices for the electron (Eq. (4)) and nucleus (Eq. (5)).

A. Dipole and Fermi vertices

Let us consider first the contribution from the leading-order vertices (5 and 6 for the electron, 2N and 3N
for the nucleus):
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where (®F) means orders ma® and higher. We use the expansion
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Here, the first term corresponds to a contribution of order ma® [17], and the second term contributes to
order ma®. Then
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From the relationship (with ¢ = 1,2 and b=3 —a)
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where M = M; + M5 + m, and F means a minus sign for a = 1 and plus for a = 2, one gets:
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As a result,
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In the second line, we have kept only the leading-order term in (m/M).

Using this relationship, one immediately sees that the terms of Eq. (13) involving the nuclear magnetic
moment give a zero contribution when applied to the zero-order state |¢)g). These terms thus contribute
only at higher orders in m/M (ma®(m/M)? and above) and will not be considered here. The remaining
terms can be separated into a spin-independent term and a term contributing to the spin-orbit interaction.

For the spin-independent part we have
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and after integration we finally obtain (using the third line of Eq. (A2)):
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Contributions from the R/R? terms can be assumed to be small, since at small R the wave function is
exponentially small due to the strong Coulomb barrier. Then the interaction may be simplified to

U 043 |:Z13 1 Z23 1 Z12Z2 (I‘lI‘Q) leg (I‘lrg):|
3a = 5 FVEE)

4m EE Ms 13 M, rir3 M, ri’r% (16)
Z12O‘2 i + p ip . 3(per1)(r1pe) Z 1 + p 1 —Ppe — 3(per2)(r2pe)
8Sm2M, 2t ri 8m2M, r3ve s '

The electron spin-orbit term is
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After Fourier transform:
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Similarly to the Us, term, one can neglect the last two lines in the above expression.

B. Time derivative vertex

Now we consider a retardation term where the electron interacts via the time derivative vertex (number 7
in Eq. (4)) while the nucleus interacts via the lowest-order vertices (dipole (2N) or Fermi (3N)).
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The time derivative vertex is of nominal order (v/c)® ~ a3. The first term in the expansion of 1/(Eq— Hop—q)
(i.e. —1/q, see Eq. (37)) would produce a contribution of order ma®, but this contribution is found to vanish.
The maS-order term corresponds to the next term, (Ho— Fp)/q?. Using the relation e’@e (Hy— Ep) e ""9Ra ~
€' (Hy—Ep), similar to Eq. (14), one gets that the term involving the nuclear magnetic moment only
contributes at the (m/M)? order and mat thus be ignored. The remaining term is
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After Fourier transform:
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Once more, the last two lines in the above expression may be neglected. Comparing Eq. (17) with Eq. (21),
we see that the leading terms cancel out, so that Us, 4+ Us. is negligibly small. We will thus ignore these two
terms when writing the total effective Hamiltonian in Sec. VII.

VI. SEAGULL-TYPE INTERACTIONS

It remains to consider the contributions arising from seagull-type vertices, Eqs. (6) and (7). All the
interactions in momentum space are the convolution of two functions, which represent either the electric
field strength E or magnetic field potential A. In the coordinate space, they are directly given by a product
(scalar or vector) of the same functions converted to the coordinate space.

The corresponding expressions for the electric field strength of a point-like Coulomb source, and for the
magnetic field potential produced by the moving charge and magnetic moment of a nucleus, are
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and the potential produced by the electron at the location of a nucleus is
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The first seagull-type contribution is a double Coulomb photon exchange diagram (vertices 7-1N-1N):
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The next terms stem from the seagull vertex with one Coulomb and one transverse photon (vertices
8-1N-2N and 8-1N-3N):
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or finally
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The last contribution to consider is a double transverse photon exchange with the top on a nucleus and
two legs on an electron (vertices 4N-5-5, 4N-5-6, and 4N-6-6):
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VII. EFFECTIVE HAMILTONIAN

In this Section, we collect the results obtained in Secs. IV-VI to build the complete effective Hamiltonian at
orders maS and ma®(m/M), including as well the second-order terms contributing to these orders. In doing
so, we separate the different types of interactions: spin-independent, spin-orbit, spin-spin scalar and tensor
interactions. Before that, we recall the expression of the effective Hamiltonian for leading-order relativistic
corrections, i.e. the Breit-Pauli Hamiltonian, which comes into play in the second-order terms.

Spin-orbit interactions require a specific discussion. Formally, the leading electronic spin-orbit interaction
Hy, (see Eq. (26) below) contains terms of order ma?* (electronic spin-orbit) and ma*(m/M) (electronic
spin-nuclear orbit). However, assuming one considers a o electronic state, the electronic spin-orbit coupling
gives a zero contribution in the Born-Oppenheimer approach. The nonzero value of this term is due to
nonadiabatic effects, so that it is actually smaller by a factor ~ (m/M) with respect to its nominal order,
and thus of the same order as the electronic spin-nuclear orbit coupling. The same thing occurs in the
relativistic corrections, i.e. spin-orbit terms that are nominally of order ma® are of comparable magnitude
to the “recoil” (ma®(m/M) terms. We will thus make no distinction between nonrecoil or recoil contributions
whenever the spin-orbit interaction is involved.

For the same reasons, the nuclear spin-orbit interaction Hy,, (last line in Eq. (26)), in which the first term
is of nominal order ma®*(m/M), has an actual contribution of order ma®*(m/M)?2. Relativistic corrections
to this interaction (e.g. the effective potential Us., Eq. (9)), are of order ma®(m/M)?. That is why we will
not consider the nuclear spin-orbit interaction in the following.

A. Leading-order (ma®) relativistic corrections

We include here all terms of the Breit-Pauli Hamiltonian at orders ma?* and ma*(m/M) (the electron’s
anomalous magnetic moment is not taken into account here).

H(4) :HB+HTet+HSO+HSS+HSON) (25)
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B. Spin-independent interaction: leading term and recoil

The nonrecoil effective Hamiltonian is
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The above expressions coincide with previous results [18, 19]. These corrections have been evaluated
numerically for the hydrogen molecular ions in [20, 21]. It should be noted that both the first-order and
second-order contributions contain divergences, which need to be cancelled out [19].

The recoil effective Hamiltonian is

HS) = Upy + Usy + Usa + Use ,

Uy = 2 {pp e (D i) P 2o f e (80 rbrs ) B2 L
8m?2 m\ m 3 My 8m?2 m \ ro 5 My
Us — 1 Z13 1 Z2 1 Z12Z2 (I‘lI‘Q) leg (I‘lrg)
Ba = 4dm | M T% M, T% My T%TS’ Mo ri’r% (29)
Z12 1 1 (perl)(rlpe) Z22 1 1 (perQ)(rQPe)
S _oar | 4 e o5 Pe — 3 — e o9 Pe — 0 )
8Sm2M, [r‘f tp r%p ri + 8m2My |15 P r%p s
i (Per1)(r1Pe) Z3 1 (Per2)(r2pe)
uazil e —=Pe + 3 ¢ ¢ 2 . —Pe 3¥7
6 8m2M; [p T%p + rs + 8m?2 M- P T%p + rs
VA 1 Z3 1
Use = —~+ 5+ -
Am2My ri 4m2My 15
The second-order contribution is
AE&::*OTdeT = AETet + AEéSZSO,
AEet =2 (Hp Q(Eo — Ho)™'Q Hyet) (30)

AEY, = (H.Q(Eo — Ho)'QH,,)"" .

where A denotes the scalar part of an operator A (Hs, being a vector operator, the second-order term has
contributions of rank 0, 1, and 2), see Appendix B, Eq. (B3) for details.

It should be noted that AESSESO was considered together with nonrecoil terms in Refs. [19, 20]. For the
reasons explained above, we prefer to include it in the recoil part.
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The effective Hamiltonian (29) is actually incomplete, because it does not include contributions from
the contact terms of the NRQED Lagrangian [12, 13, 16]. A complete consideration of the recoil effective
Hamiltonian for the hydrogen molecular ions, including contact terms and explicit cancellation of divergences,
can be found in [22]. Our results coincide with those of that reference: the potentials Usq, Use, and Us,
respectively appear in the terms denoted dHy (Eq. (42)), 6Hg (Eq. (50)), and dHs (Eq. (45)). In the case
of Us,, this is best seen by comparing the first line of Eq. (15) with Eq. (50) of [22], where a prefactor z,z.
should be added.

C. Spin-spin scalar interaction

The effective Hamiltonian for this interaction is

(0) (0) (0)
Hss(6) u2d +u5b ’
0) _ 1 2 8_” 3
u2d - 4m2 {pea |: 3 5 (ra):|}”‘e/1’a (31)
1 Zo(rir Z1(rir
U — L[y et g bty o( 132)3ueu1 N 1( 132)56;@)
3am T T iy IS

and the second-order contribution is
ABQ2"order — 2 (Hy Q(By — Ho)'QHY)) (32)

Again, the first-order and second-order terms contain divergences which have to be cancelled out. This was
done in [9, 10] for hydrogen molecular ions, and the resulting corrections to the spin-spin contact interaction
were evaluated numerically.

D. Electron spin-orbit interaction

As explained above, for this interaction we make no distinction between nonrecoil and recoil contributions.
The effective Hamiltonian is

Hsf) = Uy + Uzp + Usa + Usy,

3Z 1 3Z 1
Uy = — : {pev [rlxpe]} Se 2 {pe7 [erPe]} Se

16m? © 16m?
Zl 1 Z2 1
UQb:4m3Ml {pe, 1[1‘1><P]} I {pe, 2[1‘2><P}} Se
zZ? 1 z3 1
Usy = —— — P P
g 4m2M; ri [rexPi]se 4m2M2 rs 7 [r2xPalse (33)
ZvZy 1 Z1Z2 1
P — P
4m?2M, rlrg [r2xPa] se + 4m2Msy rire B, T Palse
21Z2 1 Z1Z2
Ty g P Pt g g o] (eaPa)se
U z: 1 1 Is z3 1 1 Is
= T 5 _9arsr 1 XPelSe — 5 I'2 X Pel Se
o 2m2M; rd ! P 2m2M, ri P

The second-order contributions is
AEZ" =M% = AByy + ABsomres + AL,
AEs, =2 (HQ(Eo — Ho)™'QHp),
ABso-ret = 2 (HsoQ(Eo — Ho) ™' QHyer)

AED, = (HoWQ(Ey — Ho) 'QH.,)" .
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It is worth noting that both first and second-order terms are finite and do not require regularization. The
spin-orbit interaction at this order was partially considered in [23] for the antiprotonic helium atom, but all
terms were not included in that work.

E. Spin-spin tensor interaction

The effective Hamiltonian for spin-spin tensor interaction is

2) (2
HSS(6 u2(d + u5b)’
2
@ _ 1 2 | Tabela—3(HeTa)(HoTa)
Uoa = 4m? {pe’ {_ rd
L 2 (35)
@ _ 1 [, ripepy —3(per1)(pir1) T3 Mty — 3(per2)(Bor2)
u5b - 6 Zl 6 +Z2 6
m &1 s
1 (rir2)peps — 3(per1)(pr2) (rir2)pcps — 3(per2)(Hor1)
6 Z2 3.3 + Z1 3 3 .
m Ty r3rs
The second-order contribution is
2)2"4 _order _ 2 (2)
AEgs) - AEgs) + AESO'SS + AESO SON?
AE2 =2 <H§§)Q(E0 - HO)ilQHB> ;
(36)
) 2) 1 )
AEso-ss =2 <Hss Q(EO - HO) QHSO> )
_ 2
AEiizsoN =2 <HSOQ(EO - HO) 1QH50N>( ) .

Here also, all terms are finite and do not require regularization.

VIII. NUMERICAL RESULTS AND CONCLUSION

The results of Secs. VIID and VIIE can be used to calculate relativistic corrections to the electron spin-
orbit and spin-spin tensor interaction coefficients of the hyperfine Hamiltonian in a one-electron molecular
system. Here, we present corrections to the spin-orbit coefficient in both H [8] and HDT [7] for a few
transitions studied in recent or ongoing experiments [2, 4, 6, 24].

Our calculations rely on the “exponential” variational expansion [25], where the wave function for a state
of total orbital angular momentum L and parity IT = (—1) is expanded in the following way:

\IILM R I‘1 Z yl1l2 R I‘l Gl lo (R 7’1,7"2)

ll+l§v (37)
GH (Rorayra) = 32 {CuRefemen-5um 0] 4 D, I [eenR-orsrors] |
n=1

with complex exponents «,, B,, v, generated in a pseudorandom way. Matrix elements of all operators are
calculated analytically.

The calculation of first-order terms (Usp, Uap, and Us,,) is straightforward; we used N = 2000 — 3000 which
was more than sufficient to get 4 significant digits.

Second-order contributions pose more difficult numerical problems [23], especially the singular term AFj,

and the (less singular) term AEY In the case of AE,,, the intermediate wavefunction 1! defined by

S0—Sso0°

(Eo — Ho)p™" = (Hp — (Hp)) o (38)

behaves like 1/r1 (1/72) at small electron-nucleus distances. The regular trial functions (37) would thus
result in very slow convergence. In order to reduce this singularity, we use the transformation described
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in [23]:
Hjy = Hg — (Eo — Ho)U — U(Ey — Hy), (39)
where
1 C2 i (215 — me)
ol + ry’ ¢ 4m3 (40)

Here, 1/p; = 1/me + 1/M;. The second-order term may then be rewritten as follows:
<HSOQ(EO - HO)_lQHB> - <HSOQ(EO - HO)_lQH/B> + <UHSO> - <U><Hso> (41)

With Hp being replaced by Hp in Eq. (38), the first-order wavefunction is now less singular and behaves
like In(r1) (In(r2)) at small distances. In the numerical evaluation, we use a “multilayer” basis set, where the
first subsets (between 2 and 4) approximate the regular part of the intermediate wavefunction, and 8 others
subsets contain growing exponents o, (3,) up to 10 in order to reproduce the In(r;) (In(ry)) behavior at
small distances. The total size of the intermediate basis set is typically around N ~ 10000. The convergence
will be analyzed in more detail in a future publication focusing on numerical results.

The AESZSO contribution is obtained from Eq. (B3) of the Appendix. The spin operator U! appearing
in that equation is given in Sec. B2. For the orbital operator T!, the calculation is separated into three
terms ag, a_, as corresponding to the possible values of the angular momentum L’ of intermediate states,
L' = L, L+1, see Eq. (B5) for definitions. The total contribution is given by Eq. (B6) (with ky = ko = k = 1).
Since the first-order wavefunction (38) with Hs, on the right-hand side is also singular at small electron-
nucleus distances, we use a similar multilayer basis set as for the AF, contribution. An intermediate basis
size up to N ~ 20000 was used for the (L = 3,v = 9) state of HD™T.

Our numerical results are given in Tables I (for Hf) and II (for HD*). From a study of convergence
as a function of N, we estimate the numerical uncertainty of AF,, and AF,,_s, to about 1 Hz. For the
other contributions, all digits are significant. The total uncertainty of the spin-orbit interaction coefficient
(denoted ¢, in Hy and E; in HDT) is dominated by the yet unevaluated radiative correction of order
ma” In(a) [26, 27]. A tentative order of magnitude is o In(a)c, ~ 100 Hz, but our preliminary calculations
indicate that this correction is actually as large as 300-400 Hz. The calculation of this contribution is thus
essential for further improvement of theoretical predictions of the hyperfine structure, and will be addressed
in a forthcoming publication.

(L,v)| P | U | Us | Usa |AEso| AEso—rer | AEY | A | ce(this work)

(2,0) |42162.530|1.542|-3.601 [0.027|2.736 | 0.348 0.412 |1.463| 42163.99
(2,1) |39571.598 | 1.451|-3.440 | 0.036 | 2.579 | 0.327 0.388 |1.341| 39572.94

TABLE I: Relativistic corrections to the spin-orbit interaction coefficient c. for rovibrational states of Hf (in kHz).
The leading-order (Breit-Pauli) value of c. (Ref. [8]) is given in column 2. Columns 3-8 are the first-order and
second-order contributions listed in Egs. (33) and (34), respectively. The total correction is given in column 9. The
last column is our new value of ce.

(L,v)| EPP | Uy | U | Usa |AEs|AEs_rer | AE | AE® | Ey(this work)

S0—50

(1,0) | 31984.645|1.170|-2.736 | 0.021 | 2.087 | 0.263 0.313 |1.118 31985.76

(1,6) |22643.474|0.834|-2.097 [ 0.044 | 1.509 | 0.181 0.219 |0.689 22644.16
(3,0) |31627.353 |1.156 |-2.694 | 0.019 | 2.043 | 0.260 0.308 |1.093 31628.45
(3,9) |18270.577|0.680|-1.732|0.043 | 1.161 | 0.146 0.182 |0.481 18271.06

TABLE II: Same as Table I, for the spin-orbit coefficient 1 in HD'. The Breit-Pauli value in column 2 was obtained
in Ref. [7].

In conclusion, we have derived the complete effective Hamiltonian at the ma® and ma8(m/M) for hydrogen
molecular ions. The spin-independent and spin-spin scalar interaction terms were found to agree with
previous calculations [9, 20, 22]. We then exploited this effective Hamiltonian to calculate corrections to
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the electronic spin-orbit hyperfine coefficient for a few states involved in experimentally studied transitions
in H;r and HD*. The theoretical uncertainty has been reduced by more than a factor of 3, from about
a?c. ~ 1.5 kHz to about 300-400 Hz. Next steps are the calculation of radiative corrections at the next order,
and of corrections to the spin-spin tensor interaction coefficients. It will then become possible to perform
precise comparison with present and upcoming experimental data. Finally, the effective Hamiltonian we have

derived may also be used to improve the hyperfine structure calculations in antiprotonic helium [23, 28].
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Appendix A: Fourier integrals

In this Appendix, we summarize the three-dimensional integrals that were used in our derivations for the
Fourier transformation from momentum to coordinate space. The master integral is

4 d>q 1
__t,r _
(277)3/ @ ° r’ (A1)

and other useful integrals are

47 dq (... ¢'¢ ) 184 pipd
LN Mo B B < VRN S S IR 1 S e
(2m)3 / q? ( q2 € 2 r + r3 |’

4 dq iqr __r

(2@3/ @ Y=g (A2)
dr [dq (i @@\ 32600

S 2oL,

s [ Baxallbra e - - [ s OO Sy )

Appendix B: Algebra of angular momenta for the second-order contributions

A second-order contribution to the hyperfine splitting of a rovibrational state (v, L) may be written in the
general form

AE = <vLSJM ‘ (SE - OF)Q(Ey — Ho)~'Q(OF - 8F?)

vLS’JM> (B1)

where S,, Sy, O, Oy are some irreducible orbital tensor operators, with S,, S acting in the spin space and
O,, Oy in the orbital space. |[vLSJM) is a pure hyperfine state, with S the total spin, and J = L + S the
total angular momentum.

The goal of this Appendix is to show how such quantities can be decomposed into irreducible tensor
components, which are expressed as the scalar product of an irreducible orbital tensor operator with an
irreducible spin operator of the same rank. Then, we will give the expressions of the spin operators and of
the orbital reduced matrix elements.

1. Decomposition into irreducible tensor components

Let us introduce the irreducible tensor operators

TY = {08 @ Q(Ey — Ho)7'QOpYens, Uk = {S5 @ 57}
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Then, using the relationship (see Ref. [29], Chapter 3, Sec. 3.3.2, Eq. (11))
i
g, &y

{{Ar, ® By, }o ® {Ck, ® Dy, Yotoo =
k

{{Ak, ® Cr, b ® {Bg, ® Dy, }}oo,

where I, p,.. = \/(2n1 +1)(2na +1) ..., one gets
(Skr . OF)Q(Ey — Ho)'Q(05? - 8)2) = (—1)F1 TF Iy, {{SZI ® OM}o @ {Q(Eo — Ho)'QO;? - SIZQ}O}

— (_1)k1+k2 an{Tk ® Uk}OO — Z(_l)k1+k2+k(Tk . Uk)

00

k k
(B2)
As a result,
AE — Z AE®)
k
AE®) = (—1ythatk (yLS M |(T* - U*)|vLS"JM) (B3)

_ k1 +ko+k <ULHTk||”L>
(_1) k
(L[|LK||IL)

= (vLSJM |(L¥ - U*)|vLS"JM) |
where L0 = I, L! = L, L? = {L ® L}2p, etc.

2. Irreducible spin operators

a) With the electron spin-orbit Hamiltonian Hy, on both sides:

1 V3
Up = {sc ®sc}oo = 5 so = 0
1
Ul = {Se ® Se}l,u = *E Se,
U2 =0.
b) With the electron spin-orbit Hamilotnian H,, and the nuclear spin-orbit Hamiltonian Hg,, :
1
UO = {Se ®Ia}00 = 7% (Se 'Ia)a
i
Ul = {Se &® Ia}l;,a - ﬁ [Se X Ia]a

BIL v gy 97
U2 = {Se ® Ia}2# = 5 E(SeIa + SeIa) - 3 (Se : IU«)
2p

¢) With the electron spin-orbit Hamiltonian H, and the tensor spin-spin Hamiltonian H. §§>;

Let us define:
Sgi) = {sc @ La}op.

We then get
U, = {Se & Sss}l,u = {Se ® {Se ® Ia}Q}l#
) 15 15 15
= g{{se & Se}O ® Ia}lu + %{{Se & Se}l & Ia}lu = _%Ia - il—\/;[seXIa];

1 /3
U2 = {Se ® Sss}2,u = 5\/jsg§)7

UgEO.
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3. Orbital reduced matrix elements

For the operator T* acting on spatial degrees of freedom, one separates the calculation into different terms
corresponding to the possible vales of the angular momentum L’ of intermediate states, L' = L, L 1 (since
min(ky, k2) = 1 in all the cases under consideration here). The reduced matrix element of a given component
L’ may then be expressed (see Ref. [29], Chapter 13, Sec. 13.1.3, Eq. (10))

k2
, b ko (vL||OM [Jvn L") (v L'||O52 v L
<vL|Tk<L>|vL><1>ka{ L L,}Z o _<E ) (B4)

n#0

Let us define

(vLI|Ok [unL = 1) (v — 1 Of?|loL )

1
a_ = —— ,
H% oy Ey— FE,
| (vL| Ok |lv, L) <an||0’§2 ||UL> )
w2 e :
) <vL||0’;1|\an+1><an+1||0’gZ|\vL>
a4y = ——5 .
7 2 Eo— E,

The prefactor of the spin operator L* - U* in Eq. (B3) is given by

211, ki ko K N ki ke b ki ko k
L L L—1( """ Yo oo 1L L L+1

vL||T*||vL)
(L)L)

(71)k1+kz+k< <LHL]¢||L> _ (71)k1+k2
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