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1 Introduction

Quantum electrodynamics (QED) has proved one of the most successful
theories in physics. One of its striking features was the explanation of the
so-called Lamb-shift, the splitting of the energy levels of the hydrogen atom.
Most of the results, however, are of perturbative nature, and very little is
known concerning rigorous results starting from a well-defined (Hamiltonian)
theory.

A few years ago, Bach, Frohlich and Sigal initiated a rigorous non-pertur-
bative study of non-relativistic QED. They made a detailed spectral analysis
of the Pauli-Fierz Hamiltonian, which is a model appropriate for studying the
low energy properties of QED, and which is the model we use in this paper.
Among other results, they proved in [BFS] the existence of a ground state
for small values of the coupling constant « and the ultraviolet (UV) cut-off
A, which has to be introduced in the interaction term between the electrons
and the photon field in order to obtain a well-defined Hamiltonian. Recently,
Griesemer, Lieb and Loss [GLL] succeeded in removing these restrictions on
the parameters. We refer to [GLL] for an extensive list of references on the
subject.

Our goal in this paper is to calculate the binding energy of one electron
in the field of a nucleus of charge Z. In contrast to the case of a Schrédinger
operator without coupling to the quantized photon field, the “bare mass”
appearing in the Hamiltonian is not equal to the physical mass. To obtain
the binding energy as a function of the physical mass, which can be measured
in experiments, and hence to compare the calculated binding energy with
the measured one, one has to substitute the physical mass for the bare mass.
To do this, one first has to calculate the physical mass as a function of the
bare mass, the coupling constant ¢, and the ultraviolet cut-off A. We do this
via the dispersion relation, i.e., the energy of a free electron as a function of
the total momentum (= electron momentum + field momentum).

There are three parameters in the problem: the coupling constant ¢, the
UV cut-off A, and the nuclear charge Z. We consider the case when « is
small, but Za not necessarily small. I.e., we first fix A and Za and consider
o as a small parameter.

Our calculations are to leading order in a. We give rigorous error esti-
mates, but do not focus on optimizing the error terms. In particular, we do
not have sufficient control on their behavior for large A to be able to prove
the finiteness of the result after removing the cut-off beyond leading order
in . This remains an interesting open problem. Steps in this direction were
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taken in [LL1], where the behavior of the self energy for large A was studied.
Bounds on mass renormalization and binding energies were recently given in
[LL2].

We shall rigorously show that after renormalizing the mass the UV cut-
off can be removed, at least to leading order in a. More precisely, the binding
energy, as function of the physical mass and the coupling parameter o, has,
to leading order in «, a finite limit as A — co. We thus obtain an expression
for the ground state energy shift due to the presence of the radiation field,
which holds to leading order in «, and for all values of Za. It agrees with
Bethe’s formula [Be] for small values of Za, but shows a different behavior
for bigger values. We emphasize again that in our formula for the binding
energy no UV cut-off appears, in contrast to Bethe’s formula, who used the
dipole approximation for it’s derivation and neglects the spin of the electron.
In Bethe’s formula a logarithmic dependence on A appears. Bethe argues
that a physically reasonable value for A is mc?, the energy needed for pair
production of electrons and positrons to take place. By inserting this value
for A in his formula he obtains excellent agreement with experiments, at
least for the case Z =1, i.e., the hydrogen atom.

Shortly after Bethe’s work, it was noted in [KL] that the Lamb shift
ought to be finite after removing the cut-off A if one does not use the dipole
approximation (see also [AF]). By means of perturbation theory the Lamb
shift was calculated, for both o and Za small, in [Gr].

Our proofs below essentially show that second order perturbation theory
is correct. l.e., to obtain results up to order « only the addition of one
photon is needed. We use and extend previous ideas in [H], where results on
the leading order of the self energy and the binding energy were obtained.
(Concerning the question of enhanced binding, see [HVV].)

The paper is organized as follows. In the next section, we describe the
precise setting and introduce some notation that will be used throughout
the paper. In Section 3 we calculate the dispersion relation and thus obtain
an expression for the physical mass in terms of the bare mass, i.e., for the
necessary mass renormalization. The binding energy is calculated in Sec-
tion 4. In Section § it is shown that after renormalization of the mass, the
UV cut-off can be removed, and a finite expression for the binding energy
to leading order in « is obtained. See Theorem 4 on page 867 below for
the precise statement. Finally we comment on the Lamb shift of metastable
excited states in Section 6.
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2 Setting and Notation

We now describe the precise setting and introduce useful notations. The
Hamiltonian under consideration is the Pauli-Fierz Hamiltonian

— [(p+ VaA(@)* + vao- B@)|+V(@)+H .  (21)
0

It acts on H = L?(R3, d3z; C?) ® Fy(L2(R3,d%k; C?)), where F, denotes the
bosonic Fock space. Self-adjointness of H on an appropriate domain has
recently been shown in [HiJ.

Units are chosen such that 2 = ¢ = 1. The electron charge is then given
by e = \/a, with « the fine structure constant. In nature a ~ 1/137, but we
consider it here as an arbitrary, small number. The positive parameter mg
is the bare mass of the electron.

The - product stands for the usual scalar product in R®, and o denotes
the vector of Pauli matrices, acting on the spin variable of the electron part
of the wave function. The operator p = —iV, is the electron momentum.
The vector potential in Coulomb gauge is

1

ik-z —tk-z| 3
A(z) = ,\2;2/1910. \/|79_€'\(k [a,\(k)e +a}(k)e ]d E. (22)
Here the integration is restricted to momenta |k| < A, i.e., we make a sharp
UV cut-off. We could allow for a more general, spherically symmetric cut-off,
but we restrict ourselves to this case for simplicity. The vectors ¢y (k) € R3
are any two possible orthonormal polarization vectors perpendicular to k.
The corresponding magnetic field B = curl A reads

1

o) = /\XI:Z /’“|<A VKl

kAex(k) [a,\( ) ’kz—af\(k)e‘ik'“’]dsk. (2.3)

The operators a} (k) and ay(k) are the usual creation and annihilation op-
erators for a photon of momentum & and polarization A\. They satisfy the
commutation relations

[0y (), a3(q)] = 6(k — q)dux (2.4)

and

[a;(k),a3(9)] =0, [av(k),ar(g)] =0. (2:5)
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The field energy is given by Hy = dI'(|k|), where we denote, in general, the
second quantized version of a function h(k) by

dr(h(k) = > /R . h(k)a (k)ax(k)d3E . (2.6)

A=1,2

A general wave function ¥ € H can be written as a sequence

= {0 Y1, 9, } (2.7)

with ¥, = ¥n(z,k1,...,k,) an n-photon wave function. We suppress the
dependence on the spin of the electron and the polarization of the photons
for simplicity of notation. The creation parts of the vector fields A and B
create a photon with wave function G(k)e™**® and H(k)e~*'®, respectively.
Here G (k) = (G'(k), G*(k)) and H(k) = (H'(k), H?(k)) are vectors of one-
photon states, given by

0(A — |k])
and
—10(A — |k
HMk) = Wk Aex(k) . (2.9)

Their vector components will be denoted by H; and G;, respectively (i =
1,2,3), and likewise generally for vectors in R3. The function # denotes the
Heaviside step function, taking the ultraviolet cutoff A into account.

3 Dispersion Relation

We first consider the case of a free electron, i.e., V = 0. The Hamiltonian
is then translation invariant, i.e., it commutes with the three components
of the total momentum P = p + dI'(k). It is therefore possible to write the
Hilbert space and the Hamiltonian as a direct integral

D
H= [ dPHp (3.1)
R3
and
&b
H= | d&PHp, (3.2)

R3
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with Hp acting on Hp. Each Hp is isomorphic to C? ® Fy. The Hamiltonian
Hp in this representation is given by

1
Hp = [(P dT (k) + vVaA(0))? + vao - B(0) ]+Hf. (3.3)
mo
For any fixed total momentum P, we define £p to be the ground state energy
of Hp. The existence of a corresponding ground state is of no concern to us.
In [C] it was shown, at least for the spinless case, that there does not exist a
ground state of Hp for P # 0 unless one imposes an infrared cut-off on Hp.

The function Ep is often referred to as the dispersion relation. For small
P, £p = & + |P|?/2m, where m is, by definition, the physical mass. It is
strictly bigger than the bare mass mg. For given A, mg has to be chosen
such that m is equal to the mass of the electron, which is determined by
experiment. The bare mass goes to zero as the UV cut-off A goes to infinity,
which is usually referred to as renormalization of my.

We now calculate this mass renormalization to leading order in a. We
restrict ourselves to the case P < my, since we are only interested in the
behavior of £p for small P. For large P the behavior is different due to
the different energy-momentum relations of the relativistic photon and the
non-relativistic electron.

THEOREM 1 (Dispersion Relation). For |P| < my, the energy Ep of
a free particle with total momentum P satisfies
2
'P' a / d3k 'kl X
2mo  2m2mg ki<zA- k> + ]kl —P-k/mo
mQo

P 9 .
X (I|k|2 +|P k:'2 (m 'k|4)) +O( 3/2) ) (34)

Strictly speaking, we do not claim that the error term is truly O(ca3/2),
but only that it is bounded by const.a?/? for small a. The same remark
applies to Theorems 2 and 3 below.

Ep—& =

Proof. Throughout the proof we will set my = % for simplicity. The correct
dependence on my is easily obtained by dimensional analysis. We will provide
appropriate upper and lower bounds on Ep.

We start with the upper bound: We choose as a trial state

U= { lkl2+lkl——\/2_P k+a[2P-G(k)+a-H(k)] T,o,o,...}, (3.5)
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where G(k) and H(k) are defined in (2.8) and (2.9), and where 1 is a short-
hand notation for the vector (1,0) in spin space. The additional factor «
in the denominator of the one-photon part serves as an infrared cut-off to
make the norm of ¥ finite.

We write A = A(0) = D+ D*, where D denotes the part of A containing
only annihilation operators. A straightforward calculation, using that

A2=(D+D*)2=—71FA2+2D*~D+D*-D*+D-D (3.6)

and k- D* 1=k - G(k) 1= 0, yields

(|Hp|®) = (PP + ZA2) (2]9)

1

— 2P -k+ al(
o?((T|¥) — 1) + const. o . (3.7)

—a<(2P-G+a-H)T'|kI2+Ik| 2P-G+a-H)T>

Using the fact the G is real and H is purely imaginary, and the anti-
commutation relations for o, namely

0i0j + 00; = 25@']@2 , (3.8)
we get

1
—2P - k+«

Z/CF’ AP C WP IR WE o o
k> + k| —2P - k+a = 777

<(2P.G+U.H)T‘lk|2+|k| |(2P'G+G~H)T>=

We now insert the expressions (2.8) and (2.9) for G and H and use that
S3_1 P -ex(k)|? = |P|2 — |P - k|2/|k|? by the orthogonality relations of k
and €). Moreover, since (¥|¥) = 1+ O(aln(l/a)), we arrive at the upper
bound

4 P2k2— 1.2 4
Ep < PP+ 22 - 0‘2/ o ( |3| |2 |P - E[?) + 2|k
m (2m)? Jikj<a |k]3(|k|2 + |k| — 2P - k)
+0(a?In(1/a)) . (3.10)

Lower Bound: We first show that, for suitable constants C; > 0,

Hp > ([P +|dT'(k)[*) (1 - C1a) + CoHy — Csar . (3.11)
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Together with the upper bound (3.10) this shows that, in an approximate
ground state o, (Uo|Hf|¥) < const.c and (¥o||dT(k)|* [¥o) < const. a.

The fact that €)(k) - & = 0 implies that dI'(k) - A = A-dI'(k). Using this
we can estimate by Schwarz’ inequality

+ Va(yl(P - dU(k)) - Al) = £2aR ($|(P — dT(k)) - DIy)
< co(y|P — d(R)Pl) + (91" Dly) (3.12)

for any positive constant a. This leads to the operator inequality

+/a(P — dl'(k)) - A < ac|P — dT(k)|® + ZIL_D*D . (3.13)
In the same manner, we obtain
1
+vao- B < ;E*E + aad' (3.14)

for a positive a’. Moreover, D*D < %AHf and E*E < -32;A3Hf (see, e.g.,
[GLL, Lemma A.4]; note the different prefactors due to the missing 51; in
their definition of A). Since A% > 0 we get

Hp > |P — dT(k)2(1 - 2a0) + Hy (1 - %A _ 2 A3) — ad

3a'n
> (PP + [dD(R)?) (1 - 2a0) + Hy (1— —A— 2 A%~ 2P| ) - ad’
= Y am 3a'm ’

(3.15)

where the last inequality holds for o < 1/(2a). Since |P| < by assumption,
we can choose the constants ¢ and o’ appropriately and therefore arrive at
(3.11).

Using the results obtained above, we can now estimate (¥o|Hp|¥y), for
an approximate ground state ¥y, from below. By Schwarz’ inequality

D?+ D*?> —aD*D — 1pps (3.16)
a
for any a > 0. Choosing a = 1/\/a > % we get, using DD* = D*D + 1A2,
1
D*+ D*? 4+ 2D*D > ——=D*D — —\/—a—A2 : (3.17)
Va T

Together with D*D < %AHf and the a priori estimate (Vo|Hy|¥o) <
const. a this allows us to conclude that

(Tolad?|Ty) > %M — const. a®/2 . (3.18)
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By similar arguments, using Schwarz’ inequality as in (3.12), witha = 1/1/«,
and (¥g| |dT (k)| |To) < const. a,

|(To|v/adT'(k) - A|¥o)| < const. a®/? . (3.19)
We therefore obtain
(To| Hp|To) > |P|? + —:—AZ — const. a®/2 +

(Wo||dT (k)2 = 2P - dT'(k) + 2y/aP - A+ +/ao - B+ Hf + a3/2|\11(()) , |
3.20

where we inserted the last term /2 because it will be convenient later. The
expression in the second line can be rewritten as

S [(Wal laC®)? + Hy = 2P - dT (k) + 0/2/i5n)
n>1

+2v/aR (Yn|2P - D* + o - E*|1pn_1)] . (3.21)

where 1, denotes the n-photon part of the wave function ¥y. We introduce
the operator

Q = |[dD'(k)|? + H; — 2P - dT(k) + /2 | (3.22)

which is positive for |P| < % By using Schwarz’ inequality, we can estimate
(3.21) by

EENEDY ——a<'¢n_1|(2P .D+0o-E)

n>1

(2P - D* +0 - E*)

'¢n—1> .

(3.23)

1
Q

We now investigate this term. The operator (2P-D*+o- E*) acting on 1,1
creates a photon. Explicitly, in momentum representation, suppressing the
polarization in the notation,

(E*n_1](k1, ... kn) = % > H(ki)pnoa(kr, . Mo ka), (3.24)
i=1

where &; means that k; is omitted from consideration. An analogous expres-
sion holds for D*. The right side of (3.23) can therefore be split into two
parts, one coming from the “diagonal terms”, where both on the left and
on the right side the photon is created at the 7’th position, and the mixed
terms. More precisely, denoting F'(k) = 2P - G(k)Ic2 + o - H(k) and using
permutation symmetry,

(323) = —a ) (I, +1I,), (3.25)
n>1
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where the two terms I, and I, are given by

o = (Fl)n-s (k1 o) G [ Fenna B ) (3:26)
and

I, = (n— 1)<F(kn)¢n_1(k1, .. ,kn_l)%'F(kl)gbn_l(kQ, .. ,kn)> .
(3.27)

To estimate I,, from above, we write Q = A+ b, with A = |k, |2 + |kn| —
2P - ky,, and use

L R

A+b A AA+D)

and the estimates b > —2|ky| 7 |kil, A > |kn|(1 — 2|P|) and A+ b >

=1

|kn|(1 — 2|P|) on the last term. Writing ¥p—1 = ¥p_1(k1,...,kn—1) and

_ 1 20kn| S50 |l
knl2 + |kn| = 2P ko |ka|2(1 — 2| P])2

(3.28)

W =W(ky,..., k)

(3.29)

for short, we get

In < (F(ka)pns [ WV | F (kb1 )
= 4<P : G(kn)"pn—l'WIP : G(kn)¢n—1>

+ i<Hz'(kn)¢n—1‘W|Hj(kn)¢n_1> , (3.30)
j=1

where we used again the anti-commutation relations of the Pauli matrices
and the fact that the mixed terms vanish, as explained in the upper bound.
Inserting the expressions (2.8) and (2.9) for G(k) and H(k) yields (compare
with (3.9)—(3.10))

In < |lgpn-1?

1 / Pt (IP1?|k% = |P - kI?) + 2|k|*
(2m)2 Jikj<a |EP3(|k|? + k| — 2P - k)

1 3, 4 PPk ~ |P- k) + 2]k
Wl [ e

(3.31)

To estimate the term 1], we use the crude estimate

,F(kn)¢n—1, < (2|P : G(kn)l + 3|H(kn)|) |¢n-1(k1, vee akn—l)l
= |F(kn)| [pn-1(k1, ..., kn-1)] , (3.32)



C. HAINZL, R. SEIRINGER 857

where the absolute values of ¢,_;, G and H contain the appropriate norms
in C2. On the n-photon space Q@ > (1 — 2|P|)(|k1| + |kn| + a®/2), so we get
the upper bound

n—1
< d®ky - - d3k
< g [ P
« [¥n—1(k1, - - s k)| F (k) || F (k1) ||tn—1 (K2, . . . , kn)| _
k1| + || + /2

Introducing the photon density

pn—l(k) = (’I’L - 1) /d3k2 Tt d3kn—1|¢n—l(ka koy ...y kn—1)|2 (334)

(3.33)

and using Schwarz’ inequality twice, we estimate

/dSkldSkn \/pn—l(kl)p'n-‘l(k’n)|F(k1)HF(k")|

k1| + |kon| + 03/

1
[ (k) PIF (k) P ).
" lerllen ([ + Thal + 07/2)2

II, <
”—1—mﬂ

e Hn) ( [ s,
(3.35)

Since |F(k)| < const. |k|~/2 for small k the last term diverges logarithmi-
cally as a — 0.

Putting together (3.31) and (3.35) and using the a priori knowledge that
(Yo|Hf|¥o) < const.a we get

1 4 (|P*k|? — |P - k|?) + 2|k|*
S Ut 1) S o [ R
+ O(aln(1/a@)) . (3.36)
We insert this into (3.20) and arrive at the lower bound
a a 4 (|P?[Kk|? — |P - k|?) + 2|k|*
&QHPP+¥AL"QMZAKAﬁk(EHQQJMVLL%J|
- 0(a*?) . (3.37)
Together with the upper bound (3.10) this proves (3.4), since

1 1
2|k —
"(|k|2+|k|—2P-k |k|2+|k|>

2|k| |2P - k|2
=——"___(9p. :
(Ikl2+|kl)2< o RPH—2pk) 0 O

and the first term on the right side vanishes after integration over k. a
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The coefficient of |P|? in an expansion of £p around P = 0 determines
the physical mass m as a function of mg, o and A. Since

Ko (1P] 2 1
k—] ( H PR (e - — ) ) =
/msz_,% AN N et

|P|2-1-§—” [m <1 + -—A—> - §£@—i§'m—")] ., (3.39)

2my 4 (A +2mg)?

Equation (3.4) leads to the following relation of m and my, to leading order

in o
16 A 3 A(A + §mo)
_ 16 A ) _2AART 3T ) 4
m=mg <1+a3ﬂ_ [In (1—}- 2m0) 1A 1 2mo)? (3.40)

This relation is decisive when renormalizing the bare mass in the expression
for the binding energy derived in the next section. Note that for any given
positive values of m, a and A there is a unique positive solution my to the
equation above. This is in contrast to the analogous expression in dipole
approximation, where the term in square brackets is replaced by a factor
linear in A/my, and consequently a positive solution only exists for aA small
enough. More precisely, in dipole approximation the physical mass can be
calculated explicitly, not only to leading order in ¢, and the result is
4o

m=mg + ﬂA . (3.41)
This was first shown by van Kampen in his thesis, as described in Kramers’
biography [D, Sect. 16.IIL.D].

4 Binding energy

In this section we shall calculate the binding energy of an electron in the
field of nucleus of charge Z > 0. As we explained in the Introduction, we
want to consider the case of small & with Za not necessarily small. To avoid
confusion, we denote the fine structure constant appearing in the external
potential by 5. Le., we add to the Hamiltonian the potential

BZ

Rl

V(z) = (4.1)

with 8 ~ 1/137. More general external potentials can be treated in the same
manner, but for the sake of simplicity we shall not do so here.
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Let eg = —%mo(ﬂZ)2 be the ground state energy of the hydrogen atom
without coupling to the photon field, and denote the corresponding ground
state wave function by ¢o. Let £(V) denote the ground state energy of (2.1).
The existence of a ground state for H has recently been shown in [GLL].

The following Theorem gives £(V) to leading order in c. To obtain the
binding energy, one has to subtract it from the self energy £(0), which will be
done in Theorem 3. We introduce the notation that A(z) = D(z) + D*(z)
and B(z) = E(z) + E*(z), where D and E denote the part of A and B,
respectively, containing only annihilation operators.

THEOREM 2 (Ground State Energy). With A denoting the operator
A= 52|p|> +V — ey + Hy, the ground state energy of (2.1) with external

2mo

potential (4.1) is given by

_ a 49 o
EV)=eo+ 2m07rA dm

1 1
4p.-D=p-D*+ E-—=FE*
g<¢°’ PP Y ey

#0) +0(a¥2).
(4.2)

Proof. We set again mg = % for simplicity, and start with the upper bound:
We use as a trial state

—Ja
!plz +V —ey+ Ik[

\P={¢0T, [2P'D*+U-E*]¢0T,0,~--}, (43)

with E*, D* and ¢, as explained above. Note that in contrast to (3.5) there
is no need for an infrared cut-off, since the norm of ¥ is finite. This can
be seen as follows. An infrared problem can only arise from the overlap of
p - D*¢g with ¢, since |p|?> + V — ey has a spectral gap above zero. Since
Py is orthogonal to ¢y, we can estimate the projection of p- D*¢y onto ¢
(for fixed k) by

[(olp - D*o)| = |G(k) - {pole™*pgo)|
= |G(k) - (¢ol (e = 1)pgo)| < |G(R)| k] lpgollllzdoll® ,  (4.4)

where we used that |e™%% — 1| < |k||z|. The thus obtained additional factor
|k| makes the integral over k finite.

Similarly to the calculation in the previous section, we obtain
(O H|T) = (e0 + 24%) (3]0)
T

~a{(2p- D"+ E')go 1 I%‘@p-D* +0-E)go 1) +0(e?) . (45)
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Using the anti-commutation relations for o, we see that the mixed terms
vanish, and we arrive at (4.2) as an upper bound. More precisely,

R(p Do 1| Z|o B0 1) =0 (4.6)

and

}% E;f¢0> -0, (4.7)

as can be seen by using the fact the G is real and H is purely imaginary,
and that the operator A commutes with the reflection z — —z.

S <Ef¢0

Lower bound: Proceeding as in the proof of the lower bound in Theorem 1
(c.f. also [H]), it is easy to see that, in the ground state Wg, (Vo|Hf|To) <
const. . Moreover,

(Uo|H|Po) > eo + %Az — const. /2
+ (ol [pf2 +V — eo + 2y/ap - A+ +vao - B+ Hy|Tg) (4.8)

(compare with (3.20)). The expression in the second line can be rewritten
as

(ol Ip* + V — eoltho) + D (tnl P> + V — €0 + Hylthn)

n>1

+2VaR(Pn|2p- D* + 0 - E*[¢hn-1) . (4.9)

With A as stated in the theorem and F* = 2p- D*+ 0 - E*, we get as a lower
bound for (4.9), using Schwarz’ inequality,

-
(Yol Alo) = (vu|F- 2 F

n>0

¢n> . (4.10)

To bound the terms with n > 1 from below, we need the following Lemma.

LEMMA 1. Let N =dI'(1) denote the number operator. Then
F. %F* < comst. (1+ N) . (4.11)
Proof. By Schwarz’ inequality

1
A

F. F*SQU'E%U'E*-I-SD'Z)%})'D*. (4.12)
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We first consider the last term. Let p;, 7 = 1,2, 3, denote the components of
p. We claim that

el
; <1+ — 4.13
pl|p|2+V—60+Hf Hf ( )

It suffices to prove this for Hy some positive number u. Since
ep; < elpl* < |pl* +V —eo/(1-¢) (4.14)
for 0 <e <1, we get

1 1
< = 4.15
pz|p|2+V—eo/l—sp*s (4.15)
With € = p/(p + |eo|) this gives
1
<140l (4.16)

b Ip|2+V —eo +ubt

Using that A > Hy and again Schwarz’ inequality for the terms with p; and
pj for i # j, we thus obtain

F-lr <. Blo B +2D. ( |e°|>D*. (4.17)

Consider now the operator D; (1 + J;%’fl) D restricted to the (n —1)-photon
sector. By use of Schwarz’ inequality we can estimate

(9| D ( ';") D} |tn)

< n<¢n—161kn'xGi(kn)

|60|

-1 oGl n), (418)

where 1,_; is short for ¢n—1($,k1,---,kn—1)~ Since Hf > |ky| in the
n-photon sector, the last expression is bounded above by

Tk Z / BE|G (k)2 (1+ ';"I') (4.19)

Proceeding analogously for the other terms in (4.17) we prove the desired
result. O

From [GLL, Thm. 6.1] we infer that in the ground state ¥, we have
(o] N|¥p) < const. e, where the constant depends only on A. Using this
we conclude from the Lemma above that

(4.10) 2 (ol Alo) — a{yn| P % F*[tho) ~ const. o (4.20)
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and also that ||3o||> > 1 — const.a. It therefore follows from first order
perturbation theory [K] that, for small enough «,

(420) > o401 ’F : %F*

oo T> — const. a? . (4.21)

The spin 1 is just one possible choice, any other spin will do. As already
noted in the upper bound (c.f. (4.6) and (4.7)),

(b0 [P 3P |so1 ) = (boftp- Dp- D+ B S0}, (422)

which finishes the proof of the lower bound. U

With the expression for the ground state energy (V) in hand, we can
subtract it from the self energy to obtain the binding energy. This generalizes
a result in [H], where a lower bound on the binding energy was obtained.
Moreover, the self energy was calculated, to leading order in ¢, in [H], and we
will use the result from there. Note that both the ground state energy and
the self energy are, to order a, linearly divergent in A (for fixed mg). The
binding energy only shown a logarithmic divergence, which will be removed
by mass renormalization in the next section.

THEOREM 3 (Binding Energy). With B denoting the operator B =
57711—0-|p — k|2 4+ V — e + ||, the binding energy of (2.1) with ezternal po-
tential (4.1) is given by

£(0) = E(V) = ~eo + = 23: (pio ® Gi%‘pjcbo ®G;)

04,j=1

3
-~ ' 5 p 1 k-p , 3/2

(4.23)

Proof. We set again mg = %— for simplicity. From [H, Thm. 1] we know that

a 1 %
£0) = 2a%- a<0|E(0) T E (0)|0> +0(a?)
= 270‘(1& —In(1+A)) +0(a?) (4.24)

where |0) denotes the vacuum in . We claim that the vacuum expectation
value in the first line of (4.24) can be written as

1
- E.
a<¢°| lp+kI2+V —eo+ |K]? + |5

E*[¢O> , (4.25)
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where E = E(z). To see this, consider the unitary transformation U on the
one-photon space L2(R?, d®z; C?) ® L2(R®, d3k; C?) given by

(UY)(z, k) = e*%(z, k) , (4.26)

suppressing the dependence on spin and polarization in the notation. We
have

(UE; ¢o)(x, k) = Hi(k)po(z) = do ® H; . (4.27)
Moreover,
U(Ip+ k2 + V(@) = eo + k2 + k) U™ = |pl? + V(<) = eo + [kl* + K]
= (Ipl2 +V - eo) ®1+1® (|k|2 + |k|) . (4.28)

which proves the claim.

Introducing the notation B' = |pj2 +V —eg + |k|2 + |k| = B+ 2p - k and
using this unitary transformation, we have

(sl 5= l) (ol PP +V—1€0+ 1%
“Z< ¢0®H>
:i<¢O®H|B,2p k;/ é; k1132p k— |¢O®H1,>. (4.29)

=1

The first term in the last expression is zero by symmetry with respect to
the reflection z — —z. Moreover, B '¢g ® H; = ¢o ® H;/(|k|* + |k|).
Hence, using Theorem 2 and (4.24), and the unitary transformation (4.26),
we obtain, up to an error not bigger that order a%/2

E(0) — E(V) = ~¢g + 4a Z (i

+az<

proving the Theorem. ]

¢0®G>

2k-p 1 2k-p
+ [k[ B [k[? + ||

[bo® ), (430
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5 Renormalization

In the previous section, we calculated the binding energy to leading order in
a. However, the bare mass enters this calculation, which is not a physical
quantity. We have to replace it by the physical mass, which was, to leading
order in «, calculated in Section 3. Note that both expressions show a
logarithmic dependence on A. It turns out the these divergences cancel and
a finite result will be obtained.

In the two.terms in (4.23) of order o we can simply replace mg by m
since we are only interested in a leading order calculation. This also affects
eo and ¢o; ie., from now on ey = —%—m(ﬂZ)2 and ¢g is the ground state
wave function of Lip2+V.

The my in the first term eg in (4.23) has to be replaced by the expression
(3.40), however. This leads to

m 16 A 3A(A+ $m)
E(0) =&V )=5(ﬂZ) (1—a3ﬂ [ln(1+%> —(A+2;&)

= Z (Pt ® Gy

1,j=1

Blpj¢0 ®G; >

1 k-p

3
«
o ; <¢0 &M l Ikl2 + 2m|kl B |k[% + 2m]|k| ’¢0 ® Hz> , (5.1)

with B = 5L-|p — k| + V — eo + |k|. We suppress higher order terms in a
from now on.

We shall show that (5.1) has a finite limit as A — oo, i.e., the cut-off can
be removed. Let B’ denote the operator B = 5L-|p|2+V —¢g + L1k|2+|k| =
B+ p-k/m. An easy calculation, using (2.8) and (2.9) and the fa,ct that

> GHk)G} (k) = (—2;)1%—3 (1k1%6;; — kik;) (5.2)

A
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gives
3
> (n
i,j=1

i 231-,’29]'% ® Gj>

+§<

k-p 1 k-p ‘
H,
o + 2mik] |70 ® i)

=mi<l’g¢ If <2mlpl22-+r-nv—eo 1;) ij¢0> . (5.3)
j=1

Here f is the function
4 A kS 1 1 )
— |t ] - 5.4
fleh) =5 dke+k2+k(k4+(k2+k)2 (5.4)

Note that > ;(pjdo|p;jdo) = 2m|eo|, and that

£(0,A) = 3% ( n(l+A) — 5%) . (5.5)

Therefore (5.1) can be written as

E(0)—&(V) = ( Z)?
23:<p]¢ |f <2m|P|22;V—eo,é%> —f (0, %) lpj¢0>

Z (v (B B’) pitr ©G)

+

SIQ

i,j=1
a k-p 1 1 k-p
+_2,Z=;< : (E‘E) |k|2+2m|k|‘¢0®Hi>'
(5.6)

By definition B = B’ — b with b = p- k/m. However, it is easy to see
that the expressions (5.1) and (5. 6) do not change if we replace B by B’ +b.
Therefore we can replace 1/B by 2(1/(B' — b) + 1/(B' + b)), and instead of
1/B—1/B' in (5.6) we can write

1/ 1 1 11 1 1
2 (B' T ES b) B BB B (57)
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For given operators & and p let Ci(h,p) denote the operator

1

Ci(h,p) = AP TR

p-kx

1 1
& .
Y Ry o Y X ey e R YRR T

(5.8)

We define the operator valued matrix 72 by its components
T (h,p) =
1 2)k|k;k;
2n? dzk (—]_ k|5 kik; ) Ck hap ) 5.9
272 lb|<A (|k|2+|k|) |k|3 (I | ij — Ki ) (h,p) (5.9)

being an operator on L?(R3, d3z;C?) ® C3. Using again (2.8), (2.9) and the
orthogonality relations of €) (k) and k, we can rewrite (5.6) as

E(0)-&(V) = ()
3

+%z<p] ‘f <2mlpl22;V—eo,2_Aﬁ> —f (0, %) ‘pj¢0>

7j=1
A/(2m)< —|p|> +V — e p) ‘pj¢0>. (5.10)

3
o
+RZ<‘D2 2m

1,5=1

Both terms on the right side have a nice limit as A — co. We define

S(e) = Alggo f(O, A) - f(e7 A)

4 (oo kS 1 1
“57?/0 Ry (k-4+(k2+k)2> (5.11)

and 7 (h,p) by

Tij(h,p) = T3 (h,p) - (5.12)

Note that this operator, for h = 2—175|P|2 +V —eg, is well defined. To see this,
we estimate

1 1

_— < 5.13
B —bB' b ~ k| (5.13)

and

1 2 1 2 2 2 2 2
m(zrk) S;z—z-lpl k| < |K| %(Eizlpl +V —e/(1-¢)) (5.14)
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for all 0 < € < 1. Since B' > |k|?>/(2m) + |k| we get

T(ﬁ|p|2+V~e0 P

2m "'m

2 16
< — 1|2 — — — .
) < g (L|pl> +V —eo/(1 —¢)) = (5.15)

as an operator on L2(R?, dz; C?)®C3. The last factor comes from the integral

1 k|4 1 1 ) 16
— d3k———— _t - = —. 5.16
372 Jos © FTRR + R (|k|4 T RETRE) " o (5-16)

We see that, for h = 5|p|>+V — e, both the operators TA(h/2m,p/m)
and f(0,A) — f(h/2m,A) are monotone increasing in A, and bounded by
const. (1 + h) independent of A. Passing to the limit A — oo, we have thus
proved:

THEOREM 4 (Renormalized Binding Energy). To leading order in
a, the renormalized binding energy, after removing the cut-off, is given by

0 - £V) = 2627 - 23" (pstn] 5 (2’" LA e") [psdo)

=1
% 23_: <pz¢o‘7b <2m|P|22-|T-nV—eo P) ‘ ]¢0> , (5.17)

with S and T the positive operators defined in (5.11), (5.12) and (5.9).

Note that, by scaling, the right side of (5.17) is m times a function of
BZ. This is of course clear from the viewpoint of physical dimensions, since,
after removing A, m is the only energy scale in the problem.

The function S is monotone increasing and concave, with

4
S(e) = g;eln(l/e) fore<1, (5.18)
and
4
S(e) = 3—7Tln( e) forex>1. (5.19)

Because of the logarithmic factor appearing in (5.18), the right side of (5.15)
is, for eg < m, much smaller than the second term in (5.17). ILe., for
Z < 1/B = 137, the term with 7 is negligible compared to the term with S.

Note that if we neglect 7 and approximate S(e) by —eln(l /e) we ob-
tain exactly Bethe’s result for the ground state energy shift [Be]. For this
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result it is not necessary to include the B field in the Hamiltonian, since
the logarithmic factor in S(e) for small e is entirely due to the term 1/|k|*

n (5.11), which comes from the p - A term in the Hamiltonian. The part
Wlth 1/(|k[* + |k[)2, which stems from the o - B term, is, when divided by e,
bounded as e — 0.

For BZ not too small, there is a significant difference between our ex-
pression (5.17) and Bethe’s formula. First of all, there is a different behavior
of S(e) for large e, and secondly the term 7 contributes, with a different
sign than S. It would be interesting to evaluate the terms in (5.17) numeri-
cally, given the physical values of « = 8 and Z. For small Z, the result will
essentially agree with Bethe’s expression, whereas for larger values of Z our
formula should be closer to the experimentally observed value.

Remark. The appearance of the second term 7 in Theorem 4 is essentially
due to the fact that the physical mass was obtained at total momentum
P = 0, whereas the ground state of an electron in the field of a nucleus
shows a definite momentum distribution. In fact, a definition of the physical
mass of the state ¢y by the relation

(dol&p — Eolgo) = 5—(dul ) . (520)

where p = —iV is the electron momentum operator, would account for a
subtraction of a term similar to 7. From a physical point of view, however,
this definition is not very satisfactory since one wants to compare the binding
energy with the rest mass of the electron and not with a mass defined in
dependence on the state of the system.

To see the order of magnitude of the shift of the binding energy due to
the presence of the quantized radiation field to leading order in o, we now
present a rough lower bound. The last term in (5.17) is positive and can be
neglected. For the first term, we use concavity of S and Jensen’s inequality
to get

£(0) —E(V) 2 —(82)?

1 Z?=1 <Pj¢o,#n‘lpl2 +V —eg ,Pj¢0>
2m Y21 (picolpido)

m
2

[0

3
— “(pidolpido) S
Jj=1

(5.21)
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Using that Zgzl(quﬁolpjcﬁo) = 2mlep| and

z <Pj¢0lﬁ;|ﬁl2 +V —eo \Pj¢o>

P
=53 (o o s+ =] o)
B = 2n(82)I¢o () = 2m*(B2)", (5.22)
we get
£(0) - £(vV) 2 T(82)? - ma(p2)* S((62)7) - (5.23)
In nature o = (3, and therefore
£0) - £(V) > Z(82)*[1 - 285((82)%)] - (5.24)

Inserting 3 = 1/137 and Z =1 for the hydrogen atom gives a lower bound
on the shift of the binding energy of —12.09 x 10° MHz, which is off the
experimental value by a factor of about 1.5 (see, e.g., the appendix of [Ki]
for a detailed discussion). This is of course only a rough lower bound, the
true value given by (5.17) is probably much closer. It should be noted,
however, that the shift considered here is only the one due to the quantized
radiation field, which is smaller than the shift due to relativistic effects.

6 Lamb Shift

Due to the presence of the quantized photon field, the ground state is the
only eigenstate of the Hamiltonian [BFS]. All the excited states that exist
without radiation field turn into resonances. These are metastable states
that decay after a characteristic lifetime.

A reasonable guess for the energies of these resonances to leading order
in the coupling a is to compute the expectation value of the Hamiltonian
in a state similar to the one we used for the ground state and that has
proved to give the right answer to leading order. I.e., we consider a state
containing only one photon, but replace ¢y and ey by some excited state of
the unperturbed hydrogen atom with corresponding energy. We denote by
¢n, an eigenfunction of ﬁ |p|2+V with principal quantum number n, angular
momentum /, and corresponding energy e, (which is, of course, independent
of 1). Doing this calculation and also the mass renormalization to leading
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order in «, it is therefore natural to expect an energy of the metastable
excited states, to leading order in «, as

m(BZ)? | o~/ 2P+ V—en)|
T T Ej:l <pj¢”’l S 2m 'p]¢"’l>
3 1 2
o mlPl"+V —en p
- 'Z1 <pi¢n,l Tij (2 7 n,a ij¢n,l> . (6.1)
)=

Note that the operator 5=|p|> + V — en + 5=|k|* + |k| is not positive, but
nevertheless invertible for almost every k. The expression (6.1) makes perfect
sense if the integrals over & in (5.11) and (5.9) are interpreted as the Cauchy
principal value.

The same discussion as for the ground state energy shift in the pre-
vious section also applies here. Neglecting 7 and approximating S(e) by
seln(1/e) gives the result of Bethe [Be]. This approximation is valid for
Z & 1/a. For larger Z, our formula presumably provides a better descrip-
tion of the energy level shift due to the presence of the quantized radiation
field than Bethe’s formula.

The correctness of the formula for the shift of the energy levels can best
be tested on the classical Lamb shift, namely the splitting of the 2s;,, and
2p1 /7 states, since this is an effect entirely due to the quantized radiation
field, and there is no splitting due to relativistic effects.
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