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We study the role of retardation in the energy shift of Rydberg states induced by thermal radiation, focusing on
the case of temperatures higher than those for which the electric dipole approximation is expected to apply. As
anticipated by Farley and Wing [J. W. Farley and W. H. Wing, Phys. Rev. A 23, 2397 (1981)], retardation needs
to be taken into account in calculations of this energy shift around and above the temperature o mc?/(3kg n?),
where 7 is the principal quantum number of the state considered, m is the mass of the electron, and kg is the
Boltzmann constant, e.g., around and above 1440 K for n = 100. The corresponding nondipole shift dominates
the electric dipole shift at about 2.5 times that characteristic temperature. Thermal shifts arising from retardation
and from the electric quadrupole interaction are of the same order of magnitude as the diamagnetic thermal shift
and would thus need to be taken into account in the circumstances where the latter is relevant.
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I. INTRODUCTION

Quantifying the ac Stark shift induced by the blackbody
radiation (BBR) is often important in high-precision spec-
troscopy and related areas. In particular, the requirements of
modern atomic clocks may make it necessary to calculate the
BBR shift beyond the electric dipole approximation [1-4].
The current requirements of Rydberg states spectroscopy are
less stringent. An estimate of the BBR shift based on the
dipole approximation, thus neglecting retardation, normally
suffices in this area. How the BBR shift of Rydberg states
varies within this approximation has been known for some
time, in particular since the publication of a detailed study
of the issue by Farley and Wing [5] (some of the numerical
results of Ref. [5] have recently been revisited [6]). In the
present work, we focus on how this shift varies when this
approximation breaks down, a question which does not seem
to have been investigated in much detail so far.

The validity of neglecting retardation and multipole cou-
plings when calculating the BBR shift of Rydberg states
depends on the temperature and on the states. Farley and Wing
[5] noted that the dipole approximation should be expected to
break down at temperatures such that the BBR field largely
consists of spectral components varying significantly on the
length scale of the state considered. This length scale can be
taken to be the Bohr radius of the atom, i.e., r, = nfl for a
state of principal quantum number n, (we use Hartree atomic
units here and throughout this article, except where specified
otherwise). Farley and Wing reckoned that retardation and
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multipole interactions may be expected to be significant at
temperatures approaching or exceeding the state-dependent
temperature 7, at which k7, = 1, where kpy,x is the wave
number at which the BBR spectral density is a maximum:

Cc
31’12](]3’

a= ey
where kg denotes the Boltzmann constant. E.g., T, = 5770 K
for n, =50, T, = 301K for n, =219, and T, = 160K for
n, = 300. This argument suggests that retardation signifi-
cantly affects the BBR shift only at temperatures at which
population redistribution by the BBR field [5] and (possibly)
BBR-induced ionization [7,8] are important.

All high Rydberg states have approximately the same BBR
energy shift of 7 (kgT)?/(3 ¢*) within the dipole approxima-
tion [5,9]. Namely, denoting the electric dipole shift of state a
by SEED,

SE[FD ~

kg T)?
%(BS) @)

Cc

for n, — oco. This asymptotic energy shift amounts to a
frequency shift of 2417 Hz at T = 300 K. However, it has
recently been pointed out that the BBR shift of Rydberg states
also includes a contribution from the diamagnetic part of the
interaction Hamiltonian and that this contribution may be
significant for high enough principal quantum numbers and
high enough temperatures [10,11]. Ignoring retardation and
relativistic corrections, the diamagnetic energy shift of a state
|a) of a single active electron species is

73 (kgT)*
45 5

where r denotes the distance of the active electron to the nu-
cleus. For a state of hydrogen with principal quantum number
n, and orbital angular momentum quantum number [, [10,12],

(alr?la) = 3 n2[5n; — 3L (l. + 1) + 1]. @)

SEPP = (alr*|a), 3)
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This energy shift translates into a frequency shift §v® equal
to SEP)/h, where h is the Planck constant. It amounts to about
1 Hz for the 50s state of hydrogen at room temperature. While
small for that state compared to the 2.4-kHz electric dipole
shift at the same temperature, SEP) increases rapidly with
n, and may therefore contribute significantly to the energy
difference between high Rydberg states, at least at sufficiently
high temperatures [10].

However, SE® is not the only contribution of order
(ksT)*/c> to the BBR shift. We show that in good approxima-
tion, the BBR shift takes up the following form for a Rydberg
state |a) (this equation does not apply for low-lying states):

873 (kgT)*

135 &
44735 (kgT)®

42525 (7

8E, ~ SE[*V + (alr?|a)

(alr*la) + . ... (5)

The right-hand side is an asymptotic series which rapidly
diverges when T' 2 T, but can nonetheless be summed. Its first
term is the shift calculated within the dipole approximation.
The next term is contributed by the diamagnetic shift SE>),
by the electric quadrupole term in the multipole expansion of
the BBR shift, and by a retardation correction. The higher-
order terms are contributed by higher electric multipole shifts
and other retardation corrections, including corrections to the
diamagnetic shift. Highly precise calculations of the BBR
shift would require adding relativistic corrections of relative
order l/c2 to each of its terms as well as further corrections,
also of relative order 1/c?, arising from the paramagnetic part
of the interaction Hamiltonian. As explained below, the error
introduced by neglecting the relativistic corrections and the
paramagnetic shift is negligible in the present context.

Equation (5) is obtained within a further approximation,
which is to assume that the sum over intermediate states
involved in the calculation of the electric multipole shift of
state |a) is dominated by the contributions of states close in
energy to |a). We show, in Sec. II, that this approximation is
sound for the states and temperatures of interest here. Equa-
tion (5) can thus be used for characterizing the behavior of the
BBR shift for Rydberg states and temperatures for which the
dipole approximation is questionable. It can also be used for
estimating the error incurred by approximating the BBR shift
by the electric dipole shift SEED.

Calculating the BBR shift with full allowance for retar-
dation, as we do below, makes it possible to address the
high-temperature regime where 7' approaches or exceeds the
characteristic temperature 7, of Eq. (1). We show that the
BBR shift becomes dominated by nondipole corrections at
T ~25T,.

The rest of this article is organized in two main sections:
we discuss the calculation of the electric multipole shift with-
out retardation in Sec. II, and move to the formulation and
calculation of the nonrelativistic BBR shift with retardation
in Sec. III. The main body of the paper ends with brief
conclusions, in Sec. IV. We only consider the case of an
isotropic BBR field. As already mentioned, we generally use
Hartree atomic units, except where specified otherwise. We
thus equate ¢ with the inverse of the fine-structure constant,

measure lengths in units of the Bohr radius, set 4 ¢ to 1, and
express all energies in hartrees.

II. BBR SHIFT WITHOUT RETARDATION
A. Nonrelativistic theory

We consider a particular Rydberg state of the atom of
interest, state |a) say, and the BBR energy shift of this state,
8E,. Ignoring retardation for the time being, we write 6E, as
a sum of electric multipole shifts $EEX), magnetic multipole
shifts SEMMK) | and the diamagnetic shift defined by Eq. (3):

o0 o0
SE, = Z SEEO 4 Z SEME) 1 sED), (6)
K=1 K=1

Following Ref. [1],

kT Jc)?K+] E,—E,
spEo _ _ keT/0)7™ 3 2 ((Er ,
a 2.+ 1 o [{allQkllp)|° Fx kT

)

where {|p)} is a complete set of eigenstates of the field-free
Hamiltonian, E, is the energy of state |a), E, is the energy
of state |p), T is the temperature, Qg is the electric multipole
operator of order K, and

1 K+1
7 KQK + DNQRK — D

oo 1 1 x2K+l
X P.V./ ( + ) dx. (8)
o \y+x y—x/expx)—1

The symbol P.V. indicates that the principal value of the
integral is to be used in the calculation. We will assume
that each of the intermediate states |p) is characterized by a
principal quantum number n, (or by a wave number k, for
the continuum states), an orbital angular momentum quantum
number /,, and a total angular momentum quantum num-
ber j,. Likewise, state |a) is characterized by the principal
quantum number n,, the orbital angular momentum quantum
number /,, and the total angular momentum quantum number
ja- Then, in terms of the radial matrix elements (a|rX|p),

(allQkIP)I? = (2ju + DQ2jp + D2l + 1)(2L, + 1)

b K1’ K LY
Jp Ja 120 \0 0 0

x [{alr®p)]*. ©)

Fx(y) =

We also assume that a single-active-electron model of the
atom is sufficiently accurate for the states of interest, in which
case

(alr¥|p) = fooRj(r) r® R, (r)r* dr, (10)
0

where R,(r) and R,(r) are the radial wave functions of the
respective states.

The summation over j, implied by Eq. (7) is straightfor-
ward in the approximation where E,, and R,(r) are the same
for all the components of a same fine-structure manifold,
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since [13]

2
tp K} =1. (11)

o
27 DRI, + 1)1 . .
Z( Jp+ DL+ >{JP Y
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In this nonrelativistic approximation,

T 2K+1
SEFR — _<B_> Z(Zl,, +1)

C
nplp

L. K L\ p , (E,—E,
X <O 0 O) |(nala|r |nplp>| FK kBT .

(12)

The electric dipole shift E(EV has been studied by Farley
and Wing [5]. We discuss the electric quadrupole shift in
Secs. II B 3 and II B 4 and the higher electric multipole shifts
in Sec. IIB 5. We revisit these results in Sec. III, then with
retardation taken into account.

The function Fk(y) takes on a much simpler form when
Iyl < 1: for [y| — 0,

2y (K+DEK = 1)

Fe O~ = ek + ek = Hi

¢(2K) 13)

where ¢ (-) is the Riemann zeta function [14]. Of particular
interest in the following are the energy shifts SEEX), which
are defined in the same way as the shifts SEEX) but with the
function Fx (y) replaced by its small-|y| form:

1 (K + DK = D!£Q2K) (keT)¥

CSE(EK)/ —
a 7 KQK + DINQRK — DI c2K+1
2 2
X T ?E,,—Ea)uanQKupn SRR

In the nonrelativistic approximation of Eq. (12),

2 (K+1DQRK —1)!¢Q2K) (kgT)*
= C2K+1

8E(EK)/ —
a 7 KQK + DK — D!

x Z(zzp+1)(lg Ig

npl,

X (nala|r nply) 2. 5)

! 2
5) (Ep - Ea)

The relevance of the shifts SEEX) stems from the fact that for
Rydberg states the shifts SEFX) are dominated by the contri-
bution of intermediate states for which [(E, — E,;)/kgT| < 1.
This fact is noted in Ref. [5] in regard to the electric dipole
shift and is established for the higher electric multipole shifts
in Sec. I B. Thus §E(FX) ~ §E(EX) for Rydberg states.

Evaluating the shifts $E(EX) is particularly simple as the
summation over intermediate states can be done analytically.
Indeed, as shown in Appendix A,

l. K
> @i+ 1)(0 0

npl,

i 2
5’) (Ep = Eo)l{nalalr Inply)

= %K(ZK—i— D) (a|r*X72|a) (16)

for hydrogenic species. Thus
SEEKY _ 1 (K+ DEK +1D!EQ2K) (kgT)*k
. 7 2KQ2K + DINQRK — D! 2K+
2K=2)4) a17)

x (a|r

for hydrogen and one-electron ions. In particular,

ksT)?
SEED = % e T BC3) (18)
for the electric dipole shift and
3(kgT)*
sE®Y - T VB 4(5Bc 5) (alr|a) (19)

for the electric quadrupole shift. The numerical results pre-
sented in Sec. IIB4 indicate that Eq. (17) also holds for
Rydberg states of other systems, at least approximately. Equa-
tion (18) applies generally [5].

It can be noted, by comparing Eq. (19) to Eq. (3),
that SE(E?" = SE®. However, it is shown in Sec. IIIB
that SE?" is largely canceled by a term proportional to
(kgT)*(a|r*|a)/c> contributed by retardation.

The magnetic multipole shifts SEMK) are smaller by a
factor 1/c? compared to their electric multipole counterparts.
They are considered in Sec. III C.

B. Numerical illustration
1. Methods

In the case of hydrogen, we calculate the electric dipole
shift SE(ED and electric quadrupole shift §EF» without retar-
dation using the method outlined in Appendix D of Ref. [15].
That is, we construct the matrix H representing the nonrel-
ativistic Hamiltonian in a basis of Sturmian functions and
spherical harmonics and solve the corresponding generalized
eigenvalues problem, Hc, = w;Scy, where S is the overlap
matrix of the basis. The eigenvalues w; effectively form a
discrete representation of the whole spectrum of the atom,
including its continuum part. We use 300 to 600 radial Sturmi-
ans for each value of /, which ensures an excellent agreement
of all the 70 lowest values w; with the corresponding eigenen-
ergies of the exact Hamiltonian, —1 /2n,§ with n, =1+1,
[ +2,.... Doing so makes it possible to replace the sum-
mation over the intermediate states |p), which involves an
integration over continuum states, by a simpler summation
over the generalized eigenvectors of the matrix H. The basis
used in the calculation is large enough to ensure an excellent
agreement between the resulting values of the matrix elements
(a|r|p) and {(a|r?|p) and their exact values [16] for all bound
states of interest, an excellent agreement of the static dipole
and quadrupole polarizabilities of these states with their an-
alytical values [17], and an excellent agreement between the
values of EV" and §E®?” calculated as per Eq. (15) and
those calculated as per Eqgs. (18) and (19). The method will be
described in greater detail elsewhere [18].

This approach does not easily generalize to other atoms.
We used the ARC program [19,20] to compute the state
energies and quadrupole matrix elements required by the cal-
culation of the BBR quadrupole shift in cesium reported in
Sec. [IB4.
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FIG. 1. (a) The electric dipole frequency shifts §vED (markers)
and 8vEY’ (dash-dotted line) of s states of hydrogen at 300 K vs the
principal quantum number of the state. (b) The corresponding rela-
tivistic correction to the electric dipole shift as defined by Eq. (23).

Computing the shifts SEED and SEE also involves the
calculation of the Fx function for K = 1 and 2. Asin Ref. [15],
we do this by contour integration in the complex plane.

For convenience, we state the resulting energy shifts in
terms of the corresponding frequency shifts, and similarly for
the energy shifts considered later in this paper:

v =8EQ /h, sV =8E /h, (20)

where £ is the Planck constant.

2. Electric dipole shift in hydrogen

For completeness, the variation of the electric dipole en-
ergy shifts SEEV with the principal quantum number of the
state is illustrated by Fig. 1(a) for the case of s states of
hydrogen at room temperature. [Figure 1(b) is discussed in
Sec. IIC.] As noted above and in Ref. [5], SE{ED is well
approximated by the n,-independent shift of Eq. (18) for
sufficiently high Rydberg states.

3. Electric quadrupole shift in hydrogen

How the BBR frequency shifts §v®% and §v{¥? vary with
principal quantum number in the case of hydrogen is shown
in Figs. 2(a) and 2(b) (T = 300K, as in Fig. 1). Only results
for the s series are presented in Fig. 2, for clarity. The results
for the p and d series are almost identical [18].

While very small for the low lying states, §v(E? increases
rapidly with n,, roughly like n?, to reach values of the order
of 1 Hz for n, ~ 50 at the temperature considered [21]. More-
over, 812 and §v{F?" are almost equal for large values of n,:
these two shifts differ by less than 1% for n, > 20 and the
difference decreases as n, increases. The rapid convergence
of v to §v{E2 for high Rydberg states can be noted from
Fig. 2(b). This figure also shows that §v{E» converges to
8v(E2 faster than §vED converges to sv(EV".

The similarity between the values of §v(E? and of §v{E?’
indicates that replacing F>(y) by its small-|y| limit is a good
approximation for the intermediate states contributing most to
SvéEz), at least at 300 K. That this is indeed the case for high
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FIG. 2. (a) The electric quadrupole BBR shifts §vE? (crosses)
and SvE?" (filled circles) of s states of hydrogen and cesium at
300 K vs the principal quantum number of the state. (b) The ratios
SvED/ §vED" (black markers) and §vED / SvEV (green markers) for
the s states of hydrogen at 300 K. (c) The temperature below which
SvE differs from §vE? by more than 10%.

Rydberg states is shown by the five-figure agreement between
the values of §v{F? and §vF?" given in the penultimate row
of Table I. These two results were obtained by summing
over all intermediate states, including those representing the
discretized continuum, and are converged with respect to this
summation to the number of digits given in the table. The
converged value of §v{E? is itself in full agreement with the
result predicted by Eq. (19).

TABLE 1. Electric quadrupole BBR shift of the 50s state of
hydrogen at a temperature of 300 K as calculated in various ap-
proximations. Retardation is neglected. §vE?: results obtained when
the F,(y) function is calculated according to its definition, Eq. (8).
SvEY": results obtained when the F»(y) function is approximated
by its small-|y| limit, Eq. (13). The first five rows give the results
obtained when the summation over the principal quantum number
of the intermediate state is restricted to the range indicated. The
penultimate row are the results obtained by summing over a complete
set of intermediate states.

Range svED (Hz) SvEY (Hz)
48 < np <52 1.13113 1.13112
46 < n, < 54 1.17300 1.17299
44 < np <56 1.18321 1.18320
42 < n, <58 1.18732 1.18731
40 < n, <60 1.18941 1.18939
Limit 1.19428 1.19425
Eq. (19) 1.19425
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TABLE II. The same as Table I but here for the electric
quadrupole BBR shift of the (n = 50, [ = 49) circular state.

Range SvED (Hz) SvEY (Hz)
48 < np <52 0.26698 0.26699
48 <n, <54 0.48887 0.48884
48 < n, < 56 0.49197 0.49194
48 <np <58 0.49210 0.49208
48 < n, < 60 0.49211 0.49209
Eq. (19) 0.49209

How these converged values build up when summing over
the intermediate states is illustrated by the first five rows
of the table, which give the shifts as calculated when this
summation is restricted to the range of principal quantum
numbers indicated. The energy shift of these large-n, states
is largely contributed by intermediate states with n, ~ n,.
The argument of the F>(y) function is close to zero for such
intermediate states. E.g., at 300 K, [(E, — E,)/kgT| is at
most 0.12 for 40 < n, < 60 when n, = 50. The agreement
between §vE? and 5§12 shows that the intermediate states
with a higher energy difference do not contribute enough for
invalidating the replacement of F;(y) by its small-|y| form.
The sum over intermediate state converges rapidly for lower
states, too: when n, < 10, and for T = 300K, the value of
81)5152) calculated with n, limited to the range [n, — 10, n, +
10] never differs from the converged value by more than 0.5%.
Convergence is also found for states of high orbital angular
momentum quantum numbers such as circular Rydberg states
(Table II).

Since the argument of the F, function is inversely propor-
tional to kg7, the approximation made by replacing F>(y)
by its small-y form deteriorates when T decreases. As can
be seen from Fig. 2(c), it remains nonetheless good down to
temperatures close to 3 K for n, 2 50.

4. Electric quadrupole shift in cesium

The small importance of the intermediate states outside the
[n, — 10, n, + 10] range noted above for the quadrupole shift
of hydrogen suggests that these states may also be neglected,
in good approximation, when calculating the quadrupole BBR
shift of the Rydberg states of alkali metals. Doing so for
cesium yields the other set of results shown in Fig. 2(a), for
which the §vF2” shifts are now represented by orange markers
rather than by blue markers.

The results are qualitatively the same as for hydrogen, al-
though the conditions of applicability of the proof of Eq. (16)
given in Appendix A are not strictly met here (we take the
fine-structure splitting into account and ARC uses different
model potentials for different series when calculating the ra-
dial wave functions, while the proof assumes no fine-structure
splitting and the same potential for all relevant series).

5. Higher multipole shifts

We have also evaluated the higher-order multipole con-
tributions to the BBR shift of hydrogen up to K = 8, here
by summing the contributions of bound intermediate states
energetically close to the state of interest rather than by

TABLE III. K = 8§ electric multipole BBR shift of the 50s state
of hydrogen at a temperature of 300 K as calculated in various ap-
proximations. Retardation is neglected. §vF¥: results obtained when
the F3(y) function is calculated according to its definition, Eq. (8).
SvE": results obtained when the Fg(y) function is approximated by
its small-|y| limit, Eq. (13). As in Table I, the first five rows give
the results obtained when the summation over the principal quantum
number of the intermediate state is restricted to the range indicated.

Range 5vES (10718 Hz) SuE (10718 Hz)
48 < n, < 52 2.25360 2.25360
46 < n, < 54 2.25424 2.25424
44 < n, < 56 2.25433 2.25432
42<n, <58 2.25433 2.25433
40 < n, < 60 2.25433 2.25433
Eq. (17) 2.25433

summing the contributions of a large number of Sturmian
basis functions [16]. We found that the higher multipole BBR
shifts of Rydberg states are also dominated by the contri-
butions of neighboring intermediate states for which |E, —
E,|/ksT « 1.For instance, including only intermediate states
with n, — 10 < n, < n, + 10 in the sum is sufficient for ob-
taining values of the shifts EEX) verifying Eq. (17) to six
significant digits for n, =~ 50. In fact, the higher X is, the more
dominant the neighboring states are, e.g., compare the results
given in Table I for the quadrupole shift with those given in
Table III for the K = 8 shift. As a result, the multipole shifts
SE®K) are increasingly well approximated by §E EX)_ thus by
the right-hand side of Eq. (17): for all practical purposes,

122K 1K — DI(K +1)!
o (2K)!

(ke T)* ko
kg alr

SEEK) = c(2K)

la), K >2,n,>10. 21)

This approximation improves not only when K increases for
a fixed temperature but also when T increases for a fixed K
(these high multipole shifts increase rapidly with 7 and are
numerically significant for T = T,).

C. Relativistic corrections

We estimate the importance of the relativistic corrections
to SEED and SE(E? in hydrogen by repeating the above cal-
culations with the nonrelativistic Hamiltonian, H, replaced by
the Breit-Pauli Hamiltonian, Hgp:

Hgp—p- P LS T 22)
= _— —_— ——=o(r),
B 8%  2¢% 13 2¢2
where p, L, and S are the momentum operator, orbital angular
momentum operator, and spin operator of the electron. The
Breit-Pauli Hamiltonian is consistent with the Dirac Hamil-
tonian to order 1/c?. Diagonalizing it on the Sturmian basis
and using the resulting wave functions and energies in Eq. (7)

yields electric dipole shifts SEQ(FBIQ and electric quadrupole

shifts SELEE];}),. These shifts differ from their nonrelativistic
counterparts by terms of order 1/c* as well as by terms of
higher order in 1/c?. The latter are not consistent with a
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formulation based on the Breit-Pauli Hamiltonian. However,
they are negligible for the states considered. We can there-
fore quantify the importance of the relativistic corrections to
the electric dipole shift by the difference $E. 5p — SEXED, or

equivalently by the corresponding frequency shift §vED :

a,corr*

s, = [8ESss — SEEV] /i, (23)

a,corr

where SEED is the shift calculated nonrelativistically. The
small importance of the relativistic corrections for the Ryd-
berg states and temperatures considered in the present work
is borne out by Fig. 1(b). E.g., at 300 K, sv:). ~ 3 mHz for
the 50s state. By contrast, §vF?) and the leading retardation
correction to §v{E? are both of the order of 1 Hz for that
state at this temperature. We will thus neglect these rela-
tivistic corrections in the following. However, we note that
these corrections may exceed the quadrupole and diamagnetic
BBR shifts for much lower excited states and/or for cryogenic
temperatures.

The relativistic corrections to the electric quadrubpole shift
SE(E? are also negligible for our purposes, e.g., SE;BZQ differs
from §EE? by not more than 0.003% for any s state with
n, = 10 at room temperature.

III. BBR SHIFT WITH RETARDATION

A. Nonrelativistic theory

We start by considering the ac Stark shift of a state
|a) induced by an electromagnetic field with wave vector
k and polarization vector € (k| =k =w/c, k-€ =0, and

A

¢ - & =1). Following Ref. [10], we define its electric-field
and magnetic-field components by the equations

Ex(r,t) = g {eexpli(k - r — wt)] + c.c.}, (24a)
By (r,t) = 2£ {,?3 expli(k - r — wt)] +c.c.}, (24b)
c

with B = kxé /k. The Hamiltonian of a one-electron system
in the presence of this field takes up the following form in the
Power-Zienau-Woolley gauge [22-25]:

1 ! ’
H = 5[_N - / rxBy(Ar, t)/\dk} +V(r)
0

1
+/ r-Ex(ir,t)da. (25)
0

To second order in &, the electric and magnetic fields Ex(r, t)
and By (r, 1) shift the energy of state |a) by §E, (&, K, €). This
Stark shift can be written as the sum of an electric multipole
shift 8E,(E, k, €), a paramagnetic shift SE (€, k, &), and a
diamagnetic shift SE{P)(€, k, &):

SE.(E,k, &) = SEP(E,k, &) +SEP (£, k, &)
+SEP(E,k, &) (26)
with [10]
SE®(E Kk, &)
;
Py ((Cl|UE|P (plvgla)
p

)
Wap — @

<a|v;§|p><p|vg|a>>

Wap+ @

(27a)

SEP(E, K, &)

e Y <<a|vM|p><p|v§4|a> N <a|v;4|p><p|vM|a>)’
Wap — @ Wap+ @
p
(27b)
and
SEP/(E,k, &) = (£/2¢)*(alvpla). (27¢)
In these equations,
1
VE = / r- éexp(irk - r)da, (28a)
0
i ! .
VM = 5/ {V - [rxBexp(irk - 1)]
0
+[rxBexp(irk - r)] - V} A da, (28b)

vp = (rxB)- (rxB’)
1 pl
x/ / expli(A —A)Kk-r]ar"drdr’, (28c)
o Jo

and
wap = E, — Ep. 29)

The interaction vy can also be written in the following form:

1
v % / [L - B exp(irkz) + exp(irkz) B - L1AdA, (30)
0

where L is the orbital angular momentum operator.

Let us assume that state |a) has a well-defined magnetic
quantum number Y in a system of axes, the L system, which
is fixed with respect to the laboratory. As shown by Egs. (26)—
(29),

2
SE.(E,k, &) = (%) (nalam|V (K, )|nalmy),  (31)

where V(K, €) is a certain operator. Let us also consider an-
other system of axes, the S system, whose z axis is along the
wave vector k and whose xy plane is subtended by the vectors
¢ and B. The L system can be brought to the S system by a
rotation with Euler angles «, 8, and y. This rotation would
transform |nalamaL) into a linear combination of eigenvectors
|ngl,my) of the z component of L in the S system. In terms of
Wigner rotation matrices,

|nalamly) = Y DN (@, B, y) nalama).  (32)

my

Therefore,

(&Y )
SEL(E.k, &) = <5> Y Dyim(@. B.y)Dy) (@ B.y)

X (nalamy| V(K, &)|nalamy). (33)

Assuming that the BBR field is both unpolarized and
isotropic, the BBR shift of state |a), 6E,, can then be obtained
by averaging 8E, (€, k, €) over the three Euler angles and over
the frequency spectrum of the BBR field. To this end, we
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equate the power density (£/2)%/27 to u(w, T)dw [10], with

@ T) = — o (34)
ww,T) = ,

m2c3 exp(w/ksT) — 1
and write

2 o w’dw 2

(SEa:—/ / / dBsin g8

73 Jo  explw/ksT) — 1 872

2
x / dy SEL(E, K, ). (35)
0

Integrating over «, 8, and y collapses the sum over m/, into a
single term due to the orthogonality of the rotation matrices.
The result is

2 o o do 1
SE, = —
7cd Jo explw/ksgT)—121,+1
X Y (Malama VK, €)|nglama), (36)

mg

where € is an arbitrary unit vector in the xy plane and it is
understood that the vector k is in the positive z direction. As
expected since the BBR field is isotropic, § E, does not depend
L
onm,.
As above, the BBR shift § E, is the sum of an electric multi-
pole shift SE®), a paramagnetic shift SE(P), and a diamagnetic

shift SE®:
8E, = SE® + 8E® + SEP. (37)

We consider each of these three terms in the next sections and
in Appendixes B-D. The details of the calculation depend on
the choice of polarization vector € but the final results do not.

B. Electric multipole shift

The calculation of SE(®) is outlined in Appendix B. In
view of the results of Sec. II, it can be expected that for
a Rydberg state |a), SE{F) is dominated by the contribution
of intermediate states |p) close in energy to this state and
such that |E, — E,|/(kgT) < 1. Retaining only the term of
leading order in |E, — E,|/(kgT) in the calculation amounts
to approximating SE®) by SE®, where SE(¥” is given by
Egs. (B15) and (B16) The right-hand side of this last equa-
tion can be recast as a simpler series of powers in kgT'/c,
namely,

SE® = (Mol | P 2 ngly). (38)

(E) (kB T )
Z 2n+1

The coefficients of this series do not depend on T, n,, or [,
and have the following general form:
1
B = —(a® /bP) ¢t 2n), (39)
T
where a® and b'F) are integers [26].

The BBR shift SEE thus depends on the temperature in a
remarkably simple way. The leading term in its expansion in
powers of (kgT)/c is the asymptotic BBR shift SE{F! found
in the dipole approximation [5,9] (c(E) = 1 /3). The next term
is the sum of the partial shifts §E (Ez)/ SEEY and SE, (El)/ of

a,00 » %Fa10 »
Eq. (B15), i.e., the electric quadrupole shift EE? of Eq (19)

and the leading-order retardation corrections to the electric
dipole shift. These three terms contribute, respectively, 73 /45,
—n3/135, and —n3/135 to the coefficient C(ZE), which gives

cgE) = 773/135. The latter two terms thus largely cancel the
electric quadrupole shift §EE?).

Calculating EE” by direct summation of the right-hand
side of Eq. (38) may be problematic because the matrix el-
ements (n,l,|r*"~2|n,l,) increase exponentially when n, —
oo while the factors multiplying these matrix elements de-
crease only slowly. These two expansions are divergent and
asymptotic. The difficulty can be traced to Eq. (B11), which
formulates SEF as a sum of integrals of u(w, T') multiplied
by a power of w rather than as the integral of u(w, T') multi-
plied by a function of w. It can be avoided by using the fact
that

0 2n 1da) 5

——————— = (2n—1)!¢2n) (kgT)™" 40

| sy = = DI G T (40)

and writing Eq. (38) in the following form, which does not
involve an exponentially divergent series:

SEE = / v de
a o explw/kgT)—1

oo E E —
13 a® [bE) ot

2n—2
% 2 on =) Inala). (41)
n=1

<n(llll |r

C. Paramagnetic shift

The paramagnetic shift without retardation is normally
negligible for Rydberg states [10]. The paramagnetic shift
with retardation, (SE;P), can be calculated in the same way
as the electric shift SE(®). Like the latter, we can approx-
imate SE by a shift SE(EP)’, assuming that the states and
temperatures considered are such that SEP) is dominated by
the contribution of intermediate states for which |E, — E,| <«
kT . Proceeding as above yields SEF” as a power series of
the following form:

o0
(kg T)*"
S =Y OO ) @)
n=2

where the coefficients C,(lP )(ng, l,) vary from state to state
but do not depend on T'. Each term in this series is a factor
1/c* smaller than the term of the same order in kg7 in the
expansion of §E®”. The paramagnetic shift can therefore be
expected to be very small compared to the electric multipole
shift even when retardation is taken into account. Moreover,
as each of the terms in the expansion of SEP is of the same
order in 1/c as the relativistic corrections neglected in the
present calculations, these corrections would also need to be
taken into account in a consistent treatment of the BBR shift
to that order in 1/c.

The coefficients C®(n,,, 1,) are worked out in Appendix C
for the specific case of s states (I, = 0). The calculation results
in a power series similar to that of Eq. (38):

SE® = Z @ ks T)*"

2n—2
ey (nalal P Pl (43)
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with

1

= (a? /) ¢t 2n), (44)

P) _
cn - T

where ) and b are integers [26]. However, the calculation
does not straightforwardly generalize to non-s states.

D. Diamagnetic shift

The calculation of E( is outlined in Appendix D. This
shift takes on a form similar as that found for the electric
multipole shift SEP”, i.e.,

o0 2n

D D (kBT)
OESD =3 a c2n+l
n=2

(ala| "2 nala).  (45)

The coefficients ¢ are easily calculated. Like the coeffi-
cients ¢3 of the expansion of the shift SE®”, they do not

depend on T, n,, or I,. They also have the same general form,

o =+ (@ 6 e “5)

where a{P and bP) are integers [26]. The first term in this
series is of order (kgT)* and has ¢\’ = 73/45, in complete
agreement with Eq. (3). The higher-order terms originate from
retardation.

The right-hand side of Eq. (45) is an asymptotic series,
like the right-hand side of Eq. (38). Calculations of the dia-
magnetic shift requiring a summation of this series to a large
number of terms may thus be best based on the following
equation, which avoids the exponential divergence affecting
Eq. (45):

SE® = / T e
4 o exp(w/kgT)—1
1 S ale)/bng) w2n—l

T = (2n—1D! c2ntl

(Lo P2 |naly).  (47)

This shift is always positive, as can be seen from the structure
of Eq. (D7).

E. Total BBR shift

It follows from the above that the BBR shift of a Rydberg
state |a) is closely approximated by the sum of the electric
multipole shift SE®” and the diamagnetic shift SE{™:

SE, ~ SE® + sE®. (48)
Thus, from Egs. (18), (41), and (47),
8E, ~ SES + SEM (49)
where (SE;i is the asymptotic electric dipole shift [5,9],

kg T )>
sES = sp®Y = & M, (50)
a a 3

3

— =
o o
[V} w

—
(==}

BBR shift (Hz)

50 100 150 200 250 300

Ng

FIG. 3. (a) The BBR shift of s states of hydrogen at 300 K vs
the principal quantum number of the state. Solid black curve: the
total nondipole shift, 6v3d. Dotted black curve: the contribution of
the electric multipole shift to the total nondipole shift. Solid blue
curve: the nondipole shifts §v{». Dashed blue curve: the nondipole
shift §v®. Dash-dotted line: the dipole shift, §v¢. (b) The ratio of
either the §v(® shift (upper curve) or the §v® shift (lower curve) to
the total nondipole shift for the same states and temperature as in (a).

and SE™ is a nondipole contribution to the BBR shift: as an
integral,

SE“d—/oo o dw
“  Jy explw/kgT) —1

o0 — —
l <a§lE) aELD))wZ" 2 (gl |77 2 ngly)
7 =\ gD " P ) T 20— )

619

or as an asymptotic series,

(o]

(kT )"
d _ (E) D)

SED —n;(c,, +?) o

(Ml P |naly).  (52)

Taking into account only the first term in this last series
gives an approximation of order (kgT)* to the nondipole shift,
namely,

(alr|a). (53)

Keeping the first two terms gives an approximation of order
(ksT)":

4475 (kpT)°

873 (kgT)*
42525 (7

3) — 2
SE; = 35 o5 (alr-la)

alr*la).

(54)

Numerical values of the nondipole BBR shift SE(‘;d of
s states of hydrogen are presented in Figs. 3-5. We used
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1071 (8) 50s 1041 (b) 3005 '
S
Z
=2 10507 1103} 7
= :
o
an}
an}

10° 1102}

1 2 3 1 2 3

T/T, T/T,

FIG. 4. Asin Fig. 3(a), but here for the variation of the BBR shift
with temperature for either the 50s or 300s state. The temperature is
normalized to the characteristic temperature for the onset of retarda-
tion effect, T, (T, = 5770K for the 50s state and 160 K for the 300s
state).

the recursion relation [27]

2k 4+ 1) n?
alalr naly) = 2+ D
k+1

2

4+ 1)

(nala| " ngl,)

(2L + 1)* — K2V (nala|r* 2 nal,)
(55)

to calculate the required radial matrix elements, starting with
(nalyIngl,) = 1 and

(nalalringla) = [3n; — Ll + D] /2. (56)

We used both Egs. (51) and (52) to calculate SEC‘}d. In the
case of Eq. (51), we used Padé approximants for summing
up the series [28]. Obtaining all the results presented in the
figures required including up to the first 44 terms of the series
in the summation. Numerically integrating the result over w
presented no difficulty.

Figures 3 and 4 illustrate the growing importance of the
higher-order terms in the expansion of the full nondipole shift
for increasing temperatures and increasing principal quantum
numbers. The temperature T, appearing in these figures is the
characteristic temperature for the onset of retardation defined

104 L

—~

é103'
&~

102 L
50 100 150 200 250 300

Ng

FIG. 5. Solid curve: the characteristic temperature for the onset
of retardation effects, 7,. Shaded area: the temperature region in
which the total nondipole shift §E™ differs from §E by more than
10%.

by Eq. (1). Figure 3 shows how the nondipole BBR shift at
T =300K varies with n,, whereas Fig. 4 shows how the
nondipole BBR shift of the 50s and 300s states varies with
T. As in Fig. 2, we report the energy shifts of interest in
terms of the corresponding frequency shifts—thus in terms
of the frequency shifts §v29, §v(2, §v3) and §v¢ rather than
in terms of the energy shifts SE™, SE®, SE®), and SEJ.
The nondipole shifts §v™, §v(?, and §v(¥ are represented,
respectively, by the solid black curves, solid blue curves, and
dashed blue curves. The dipole shift §v9 is represented by the
dash-dotted green curves and the contribution of the electric
multipole shift to §v™ by the dotted black curves. We note
that the electric multipole shift contributes only to between a
quarter and a third of the full nondipole shift, at least at the
temperatures considered. The latter is thus dominated by the
diamagnetic shift.

As shown by these results, the ratio of the temperature to
the state-dependent characteristic temperature 7, is a good
indicator of the importance of the higher nondipole correc-
tions: $v™ ~ §v» when T/T, < 1, whereas §v departs
significantly from §v{>) when T/T, 3> 1. The temperature T,
is practically identical to the temperature above which §v"¢
differs from §v{* by more than 10% (Fig. 5).

Including the next-to-leading term in the calculation, as in
Eq. (54), gives a value of the nondipole shift differing from
the full nondipole shift by more than 10% only above T /T, ~
1.5, e.g., compare the dashed blue curves to the black solid
curves in Figs. 3(a) and 4, and see Fig. 3(b). The difference
increases rapidly with 7', particularly above 2 T,. The series
(52) strongly diverges at these high temperatures. The full
nondipole shift can still be calculated from Eq. (51), though.
As shown by Fig. 4, it remains positive and continues to
increase monotonically above 27, at least up to T =37,.
The nondipole shift becomes larger than the dipole shift §v¢
at T ~ 2.5T,. The BBR shift is thus dominated by nondipole
couplings at still higher temperatures.

IV. CONCLUSIONS

In summary, we have shown that the electric field of the
thermal radiation contributes a shift identical in structure and
of the same order in kg7 /c as the diamagnetic BBR shift
of Eq. (3). Albeit smaller in magnitude, this contribution
may need to be taken into account in circumstances where
the diamagnetic shift is relevant. More generally, we have
studied how the familiar electric dipole formulation of the
BBR shift can be extended to encompass retardation so as
to make it possible to explore higher-temperature regimes.
The calculations are largely based on the observation that the
electric multipole shifts are dominated by the contribution of
intermediate states close in energy to the state of interest.
This makes it possible to replace the functions Fx(y) and
Fxqq(y) of Egs. (8) and (B13) by their small-|y| forms. In
turn, this makes it possible to reduce the electric multipole
shifts with retardation to a remarkably simple form. The dia-
magnetic shift with retardation can be similarly simplified.
The approximation improves when the temperature increases,
which is also when corrections to the electric dipole BBR shift
become relevant. Altogether, and as anticipated in Ref. [5], the
BBR shift needs to be calculated beyond the electric dipole
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approximation at temperatures close to or exceeding the char-
acteristic temperature of Eq. (1). For atomic hydrogen, the
total BBR shift is dominated by nondipole contributions at
temperatures above 2.5 T,,.

It would be of interest to extend these numerical calcula-
tions to other species, in particular to alkali metals. We have
shown that the sum rules used in the present work are exact
in the case of single active electron systems described by an
[- and j-dependent model potential. The results for cesium
presented in Sec. II B 4 indicate that these sum rules and the
dominance of neighboring intermediate states also hold for the
electric quadrupole shift of alkali metals. The above results
for the full BBR shift of hydrogen are thus likely to extend to
these more complex systems, at least qualitatively. However, a
calculation of the higher-order BBR shifts would be necessary
for reaching a definitive conclusion on this issue.

DATA AVAILABILITY

The data that support the findings of this article are openly
available [26]; embargo periods may apply.

APPENDIX A: SUM RULES USED IN THIS WORK

The following sum rules underpin many of the calculations
outlined in the body of the text and in Appendixes B and C:

Y (E, — E)alr |p)(plr**|a)

n,,

1
= 5 Uk + 10, + 1) = Lalla + DNalrf™=2|a) (A1)

and
K lP 2 ky ko
Z(zl ol K ) @, - Epatip)iplra)
= % [kik, + K(K + D{alr* ™7 a). (A2)
More generally,
> (E, — E){alf(")Ip)(plg(r)la)
1/ |dfdg S (r)g(r)
—§< ‘d + [+ 1) — l(la+1)]r—2‘a>
(A3)
and
K L\
Z(zz ol B ) @, - Epalsolp plea)
_ dfdg J(r)g(r)
—< ‘Ed—'FK(K-Fl) 2 (1>, (A4)

where f(r) and g(r) are any differentiable functions of . Our
proof of these results is based on the fact that the functions
R,(r) and R,,(r) are eigenfunctions of the corresponding radial
Hamiltonians, h, and &, [29]:

haRa(r) = E.R,(r), hpRp(r) =

E,R,(r), (AS)

with
1d ,d L,+1)
ha=—5|5—r——-"5—|+V A6
[Zd dr 2 }“L (r).  (A6a)
d ,d L, +1)
h,=—= P—— 2P 2LV, (A6b
P 2|:r2 dr dr r2 ]+ (), )

where V (r) is a one-electron potential. Thus,

(Ep — Eo)(plg(r)la) = /0 [hpR}(r)]g(r)R,(r)r?dr

- / N R(r)g(r)[haRa(r)1r* dr.
' (A7)

In view of the Hermiticity of the Hamiltonian £,

(E, — Eo)(plg(r)|a) = /0 R (r)[hy g(r)Ra(r)]rdr

- /0 N R3(r)g(r)[haRa(r)1r* dr.
(A8)

Using the completeness of the radial functions R,(r) then
yields Egs. (A1) and (A3) after a short calculation. We carry
out the summation over /,, by making use of the sum rules [30]

. . .\ 2
Z(2j+1)j<j+1>(,{;l - ’)

- my m
j,m

=jiGi + 1)+ (o + 1)+ 2mmy (A9)

and [13]
i qY
. | 2 _

Sein(i EoJ) =1 o
J,m

here with m; = m, = 0. Equations (A2) and (A4) follow.

APPENDIX B: CALCULATION OF §E®

For simplicity, we assume here that the wave vector K is in
the positive z direction and that

e=¢ =—R&+i§)/V2, (B1)

with X and § being unit vectors in the x and y directions. Then,
from Eqs. (27a), (28a), and (36),

SE® — 2 /"o o dw
“ T aed Jy exp(w/kgT) —1
o Z P_(nglanply, k) . Pr(nglanpl,, k):| (B2)
nplp a)ap - wap + @
with

1 1
o1
P_(nalanyly, k) = fo da /0 dx T

X Z (nalamg|r - &€ exp(irkz)|npl,mp)

eXP(—i)L/kZ) [nalamy)
(B3a)

X (npl,mplr - &
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and vector, and that
R 32A + 12K + 1)
Lo 1 mmmw=2/
danyly k)= | dr | adx
Pe(talanply. k) fo /0 2, + 1 i 4
x> (nglymg|r - € exp(—irkz)|n,l,m,) LA K\(1 A K\, o
r;np 1 ©Xp ptpMp {1 0 2o o o Y, (B).

. L (B5)
x (npl,m,|r - € exp(iX'kz)|n.l,myg).

(B3b) Combining these results and using the recursion relation sat-
isfied by the spherical Bessel functions leads to the following

We note that partial wave expansion for the product Y} (f) exp(iAkz):
Y11 (F) exp(irkz)
[e.¢]
exp(irkz) = VAr Y i*V2A + 1 ja(Akr)Yao(F) (B4 3 o . ix (Akr R
p(irkz) = v/ Z v Jn(kr) Yao(®)  (B4) __ Py rmEeRT A ) Y.
A=0 2 — Akr
(B6)

where the j (-)’s are spherical Bessel functions. We also note
that r - &, = (47 /3)"/? r ¥, (%) for our choice of polarization and similarly for the product Y7 () exp(—iA'kz). Therefore,

J

27 (! ! VKKK FDE FDCK F DK F1
P alanyly k) = =25 | /0 an i YRR 1 - +><1 FORK 1)
a

KK’

1 . o
X = (talal i Gklply) (nply | i k) ala) 3 (i,

Yt | Y, Yim, | Yer—1| Yium,)- (B7)

mgm,

The angular part of the right-hand side reduces to a single term since [13]

2
L K L\( L K L\(l. K L\(L K LY_ 1 (I, K I
Z(-m 1 m,,><—m,, 1 mJ)lo o o/lo o 0o)Tk+ilo o o) B8)

mgmy,

P (nalanyly, k) can be calculated in the same way, with the same result,

1 1 1 , o
Pitalatyly k) = P-alanyly, k) = 55 /O i /0 a3 K+ DKK + 1)

K=1

2
I, K 1 1 . .
x (21, + 1) M) (nalal jk k) npl,) (npl| jx (M ki) ngla), (B9)
0 0 0)

where (n4l,|jx (Akr)|nylp) and (nplp| jx (Akr)|nal,) are the following radial matrix elements:
o0
(nala| jx (Akr)|nply) = /0 R: () jk(Akr)Ry, (r) r* dr, (B10a)

(nplyljk O k) nal) = / R ) (7)jk (KPR, (r) P dr. (B10b)
0

Expanding the spherical Bessel functions in powers of their argument yields

o0 o0
E) _ (EK)
SE® = Z Z SELY (B11)
K=1¢4,4'=0
with
(—1)7+d (kT \ K220+ LK L\’ E,—E, ,
Enias = i \ o D@L+ o §) Frae( T ) Ol gl a1 bl

nplp

(B12)
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The function Fg,y (y) is a generalization of the function Fk (y) used in Sec. II: Fg(y) = Fgoo(y) and

1 KK+ 12K +1) * /] 1\ x2KH2a+24 +1
Fxgq ) = — - P.V. / ( +— ) —
7w 297K +2q)(2K + 2q + DK + 2¢")(2K + 2¢" + D! 0o \W+x y—x/ expx)—1
(B13)
v KEA+DEK+DEK+29+29 — D! tQK +29+2¢) whenly| < 1.  (Bl4)
w 29T (K 4+ 2q)(2K + 2 + DK +2¢")(2K + 2¢' + 1)!!
Replacing Fi,q (y) by its small-[y| form in Eq. (B12) and using Eq. (A2) then leads to the approximate partial shifts,
SEEKY 1 (=D" KK + DQK + DK +29 +2¢' = DK +29)(K +2¢) + K> + K]
waqd g glg' 24+4 (K 4+ 2q)(2K + 2 + D!IN(K +2¢")(2K + 2q' + 1)!!
(kpT K +2a+24 2K+2q+24'~2
x (2K +2q +24) KA (nalalr™ " ngly), (B15)
and to the following approximate expression of the full electric multipole shift:
o0 oo
SEP) ~ SE® = Z Z SELS). (B16)

K=14,4=0
Comparing Eq. (12) to Eq. (B12) and Eq. (17) to Eq. (B15) shows that 8E_ ) = SE{FX) and SE\” = SEEK). The present
results thus reproduce the electric multipole shifts of Sec. I when retardatlon is neglected as should be the case.

APPENDIX C: CALCULATION OF SE® FOR S STATES

Rather than taking the z axis of the system of coordinates along K, it is more convenient here to take the x axis along k and
set B = Z, where Z is a unit vector in the z direction. Then, for s states (I, = 0),

(@lvm|p)(plvigla) = / dM/ dA'A" m], (al exp(irkx)|p) (pl exp(—iX'kx)|a). (CD)
Using the expansion
o) A
exp(irkx) =4m Y > it ja(kr) Y, R)Ya,(F) (C2)
A=0 p=—A

and integrating over the angles reduces Eq. (C1) to the following form:
1 1
/ an|2 . .
(alvm|p)(plvysla) = 4n° / Ak f XA m2[Y; 0, RO (1l i, Ckr)mply) (il jt, VK Lana) (C3)
0 0
and similarly for (a|vlt,l| p){plvmla). The summation over intermediate states appearing in Eq. (27b) involves a summation over

np, a summation over /,, and a summation over m,,. The latter reduces to summing m12,|Y1pmp (%))? over the possible values of m,,.
From general results [31],

) 1 21 1
S Yy, @) = 2t )( +D (C4)

mp

Expanding the spherical Bessel functions in power series, folding SEF) (£, k, &) with the spectral and angular distributions of
the BBR radiation, making the small |E, — E,|/(kgT ) approximation, and summing over n,, by using Eq. (A1) gives

SE® ~ 5E(P)/=i i (=D 1+ D@L+ DI+ )24 + 1) + LUy + DIQRq + 24 + 21, + 1)
a a T

= q'q"! Ql, +2q+ DL, +2¢' + D'Q2q + 1, +2)2q + 1, +2)

(kB T )21P+2q+2q’+2

X £l +29+24 +2) (Rala| P20 205202 n 1) (C5)

2y +2q+24+5

We stress that this result only applies to the /, = O case.

APPENDIX D: CALCULATION OF SE»

We take k to be in the positive z direction and set
B = —iey = (iX—§)/V2. (D1)
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Thus k - r = kz = kr cos 0, where 6 is the angle between the vector r and the positive z axis, and

(rxB)- (rxB) =

Hence, from Eqgs. (27¢), (28c), and (36),
®® dw

1 ° Y
s / exp(w/kBT) -1 / /

cos? 6 expli(A — A )krcos0] =

SEP =

Since

dAkr
expanding the exponentials in partial waves yields

Z(a| 2 (1 + cos? 0) expli(x — ') krcos b ||a)

mq

)»)J

d
exp(irlkrcosf) q

172 (1 +cos?0). (D2)

Z(a| 2 (1 + cos® @) expli(r — A') krcos @ ]|a). (D3)

a

— exp(—ir'kr cos ), (D4)
.

o0
=d4r Y "NV QA+ DRA + Dinala| 7 jaGkr)jar V) + 1 jy k) j W) nala) Y (Yim, | Yao¥ao | Yim,)-

A,AN'=0

mq

(D5)

where j (-) denotes the derivative of the spherical Bessel function j,(-) with respect to its argument. We calculate the angular

matrix element by writing Y,

> (Yim,

my me Kp K'p/

XlaAKla
-m; 0 w)\O

Combining Egs. (D3), (D5), and (D6) then gives

®?dw

sE® = L [oo -
a 7cd o explw/kgT) — 1

- (F)Ypo(F) and Yao(F)Y;,m, (F) as linear combinations of spherical harmonics, with the result that

)= 3 =yl + |, YEAF DK+ DA+ 2K+ 1)

4

A K\(N L K\(AN L K
0 0)(0 m w)(o 0 o)‘SKK"SMM" (D6)

/ dA/ dr AN Z(ZA—F 1){(n,l, |r Ja(Akr)ja(A kr)+r2];\(kkr)jA(A kr)|ngl,).
A=0

(D7)

Expanding the Bessel functions in power series, replacing k by w/c, and integrating the result over w, A, and A’ reduces the

diamagnetic shift to the form of Eq. (45).
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