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On the Adiabatic Limit for Dirac Particles
in External Fields

G. Nenciu*

Institut fiir Theoretische Physik der Universitdt Zurich, CH-8001 Ziirich, Switzerland

Abstract. An adiabatic switching formalism is proposed to bypass the difficul-
ties in defining the spontaneous pair creation in static electromagnetic fields.

1. Introduction

The interest in the basic theoretical problems of Q.E.D. (Quantum Electro-
Dynamics) in strong external electromagnetic fields has been stimulated in the last
years by the experimental facilities of the heavy ion physics. During the collision of
two heavy nuclei a very strong electromagnetic field is created and new phenomena,
absent in weak fields, are expected to arrise.

From the experimental point of view, the most striking phenomenon which is
expected to set in is the “spontaneous” creation of electron-positron pairs.

A rich literature exists [ 1-4] concerning Q.E.D. in strong fields, but most of the
results are based on nonrigorous treatments, analogies and speculations. In
particular, the mechanism of spontaneous pair creation is explained usually [3] by
a “gedanken” experiment as an adiabatic increase of the external charge, via the
analogy with selfionization of helium. In our opinion, it is very hard to put these
calculations on firm basis without relying on scattering theory. In fact the pair
creation, spontaneously or not, is a scattering phenomenon and must be treated as
such.

The main difficulty in the subject is the fact that one cannot use perturbation
theory with respect to the external field. On the other hand, if one neglects the
electromagnetic field created by the electron-positron field, the problem can be
treated by nonperturbative methods. This approximation is known as the external
field problem in Q.E.D. and there exist a lot of rigorous result about it (see [5, 6]
and references therein, also [7-10] for recent results; for a review of rigorous
results, relevant to strong field phenomena see [11]).

Unfortunately, the discussion of the problem of spontaneous pair creation, in
the framework of the external field problem in Q.E.D., meets some difficulties
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because of the result of Bongaarts [12] that static fields are unable to create pairs.
(This fact has been noted earlier in the literature, see for example [13].)

The aim of this paper is to propose a new way of dealing with this problem, in
the framework of the adiabatic switching formalism. In Sect. 2, the problem is
described, the notions of “undercritical” and “overcritical” static fields are made
precise, and some conjectures are put forward. In Sect. 3, one of the conjectures,
concerning undercritical fields is proved.

2. Description of the Problem

Since all results of the external field problem in Q.E.D. can be obtained from
results about the classical Dirac equation via the machinery of second quanti-
zation, we shall start by fixing some notation for the Dirac equation.

The Dirac equation with time dependent potentials reads

.d :

la%(x) =(—ioV + pm+V (x))yp,(x) 2.1)
the underlying Hilbert space being .#*(IR%) = (L?(R?®))* and

V,(x)=—ep(t,x)+exA(t,X). (2.2)

¢ and A are the electric and magnetic potentials, respectively. By H, we shall
denote the free Dirac operator which is the selfadjoint extension of (—ialV'+ fm) in
#?(R?). In what follows, we shall assume that for all teIR, V, is Hy-bounded with
relative bound less than one so that H,=H,+V, is self-adjoint on Z(H,) by the
Rellich-Kato theorem [14]. For a given potential V (not necessarily time
independent) S(V) is the scattering operator associated to the pair H,,
H,=H,+V.

Finally let P?, 6= 4 be the spectral projections of H, corresponding to [m, o0)
and (— oo, —m] respectively.

The following results will be relevant for our discussion.

Theorem 1. Suppose that V is time independent, Hy-bounded with relative bound less
than one and that S(V) exists and is unitary. Then

1) for od’
POS(V)P2.=0. (2.3)

ii) Let V, (t)=exp(—¢®t>)V. Then S(V,) exists is unitary and for all
f.9e (R

lim (£, S(V,))=(£. 5(V)g). (24)

Remark 1. The results stated in Theorem 1 are usually proved in the Schrodinger
case, but it is easy to see that the proofs are the same in the Dirac case. The first
one is based on the well-known fact that the scattering operator commutes with
the free evolution. The second one is due to Dollard [15] and says that the
adiabatic theorem for the scattering operator is true in the weak topology.
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Let now &, be the Cook-Fock space for the free electron-positron field. One of
the basic results of the quantized theory is [5, 6, 16]

Theorem 2. Suppose that S(V) exists and is unitary. Then
1) the scattering theory of the quantized Dirac field in the external field V is
described by a unitary operator # (V) in F if and only if P°S(V)P? is Hilbert-
Schmidt for o +a'. ¥ (V) is uniquely determined by S(V) up to a phase factor.
i1) The phase in (V) can be chosen such that, if Q is the vacuum state in ¥,
then
0 if AA* has 1 as one of its eigenvalues

(Q,7(V)Q)= (2.5)

det(14+BAA*B*)~ Y2 otherwise,
where

A=P9S(V)P% ; B=(P% S(V)P%)" 1.

The formula (2.5) is the staring point of our discussion. Since 1—(Q, £ (V)Q)? is
the total probability of pair creation, (2.5) combined with Theorem 1 i) shows that
there is no pair creation in a static field of arbitrary strength. The inability of a
static field to create pairs has been noted early [13], and proved rigorously by
Bongaarts [12] in the C*-algebra framework. However, this result does not forbid
the “spontaneous” pair creation (as one could think at the first sight). The question
is whether the static field result is stable in the following sense. Suppose V is not
strictly time independent but varies very slowly in time. Is it then true that
(Q,#(V)Q)~1? If the answer is negative, one shall say that a spontaneous pair
creation sets in.

The above idea can be formulated precisely in the framework of the adiabatic
limit. Let V be a time independent field, and H, =H, +exp(—¢*t*) V with S(V,) the
corresponding scattering operator.

Definition 1. a) A time independent external field V is said to be undercritical if

lim (2, (V) Q)=1. (2.6)

b) A time independent external field V is said to be overcritical if

lim (2, #(V,)Q)<1. (2.7

In the rest of this section V will be considered {H,|* compact for some o <1.

Let V(x)=V(x)1, V(x)<0, i.e. V is the external field created by a static
distribution of positive charges, V,=4V,1=0and H, =H+V,. Itis believed [11]
that when 4 increases from 0 to co eigenvalues appear at + m, moves continuously
to the left and dive in the negative continuum at —m. Let 4, be the value of A when
the first eigenvalue reaches —m. The common belief among physicists amounts for
the following:

Conjecture 1. 'V, is undercritical for L<A, and overcritical for 1>2A. More
precisely :
1 for A<,

0 for Ai>24,. @8)

i (2.9(V,,)0)=]
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The restriction to purely electrical fields is not essential and we shall always
consider general electromagnetic fields in the following.

Conjecture 2. Let V be time independent, and H,=H,+exp(—s?) V. Suppose that
there exist a continuous function f(s), sljglw f(s)=0 and a constant d >0, such that
the spectrum X(s) of H, has the property?

L()=2,()uZ _(s);

2.(5)CLf(s)+d/2,0), 2 _(s)C(— o0, —d/2+f(s)].
Then V is undercritical.

Roughly speaking, Conjecture 2 says that a static external field is undercritical
if during the switching on and off, the spectrum emerging from the upper
continuum does not mix with the spectrum emerging from the lower continuum.
The above conjecture says nothing about the case when during the switching some
eigenvalues emerging from the lower continuum cross some eigenvalues emerging
from upper continuum. The most general conjecture is the following.

Conjecture 3. A static field is undercritical if and only if during the switching the
eigenvalues emerging from the upper continuum does not touch the lower continuum
and the eigenvalues emerging from the lower continuum does not touch the upper
continuum.

In the following section, we shall prove Conjecture 2. In fact our method
combined with the adiabatic theorem for intersecting eigenvalues [17, 18] can be
used to prove the “if” part of the Conjecture 3. But the important problem which is
left open is the existence of overcritical fields.

3. The Results
Definition 2. ¢(s), seR is said to be a switching factor if
) 0=p()=1L lim p(s)=1, lim_ ¢(s)=0.

i) ¢(s) is twice differentiable on R and

d . d
Sls’le%zi;(p(s) <o, s—1>uinoo EE(P(S)-O, (31)
0 d 2 d2
_5@(;5(,,(5) + Egi(p(s))ds<oo. (3.2)

The following is a trivial consequence of Definition 2.

Lemma 1. Let ¢(s) be a switching factor. Then

1d
i — 33
gng Sup = ar p(et)| <oo, (3.3)
0 d 2 dz
; -1
lim [e] _§w<5¢(8t) + qu(st))dt<oo. (3.4)
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Remark 2. The usual switching factor exp(—¢ft]) is not contained in Definition 2,
because the second derivative contains a ¢ function. But the reader will realise that
all the proofs below can be extended to cover also this case.

The following result has a preparatory character.

Theorem 3. Let H, be the free Dirac operator, V a time independent external field
whose matrix elements V(x) are in I’(R*)NI*(R%) for some p>3, and ¢(s) a
switching factor. Then

i) forall2za>3/p

HHo| ™"V < 0. (3.5)
In particular V is Hy-compact and

lim I(H,—ia)”'V|=0. (3.6)

ii) For all 2za>3/2

IHH ™ * Vil <0, (3.7)

where || - ||y means the Hilbert-Schmidt norm.
ili) For all ¢, te R, H(t)=Hy+ @(et)V is self-adjoint on 2(H,).
iv) For all e,t,eR the equation

d

i Ut t) =HOU19)5 Ulltgsto)=1 (3.8)
has a unique solution which is a strongly continuous family of unitary operators.

v) The Moller operators

W =s- lir+n UXt,0)exp(—itH,) (3.9)

11— Tt oo

exists and are unitary.

vi) The scattering matrix

S(V)=(W,y*w; (3.10)

can be computed as
S(V,)=s- Tl%n;l exp(iTH,) U (T, — T")exp(iT'H,). (3.11)

Proof of Theorem 3i and ii). Use Young, Hausdorff-Young inequalities, and the
fact that the integral kernels of |[H,y|™* are essentially Bessel potentials G_(x) and
then

G,e L'R¥)ALYR?) for 1<q<3/3—0a).

The H,-compactness follows from (3.5) (see the proof of Lemma 5.1 in [21]). iii)
follows from i) and the Rellich-Kato theorem [14]. For iv) see [14]. The proof of v)
is identical with Dollard’s proof for the Schrodinger case [15]. The last point
follows from the definition of S(V,) and the fact that W are unitary.

Our main results are contained in the following
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Theorem 4. Besides the conditions of Theorem 3, suppose that there exist a
continuous function f(s), ligrn f(s)=0, and a constant d >0 such that the spectrum
§— T oo

2(s) of H(s)=H,+ ¢(s)V has the property:

L) =2, (JuZ_(s);
2, (5)CLf(9)+d/2,00), Z_(s)C(— 0, f(s)—d/2].

Then for c+0o’
lim PO S(V,) P 5 =0. (3.12)

This theorem, combined with Theorem 2, implies that V is undercritical, which
proofs the Conjecture 2.

Remark 3. There exist several proofs of the fact that P?S(V,) P? is Hilbert-
Schmidt, but no one seems to be appropriate for our purpose. Most of them [5, 6,
9, 10] are based on the Dyson series which is difficult to control in the adiabatic
limit. Another method we are aware of, still requires compact perturbations [19].
Our proof is a generalization of the adiabatic theorem of quantum mechanics [17,
20, 18].

Proof of Theorem 4. A finite number of constants will appear during the proof.
For the sake of simplicity, we shall denote all of them by the same letter c¢. They do
not depend on t and ¢ During the proof, some of the technical points are stated as
lemmas which are proved at the end. Note that since V is H,-compact
(H,)=0.(H,) and then [f(s)| =m—d/2.

CSS eSS

Lemma 2. Let Pi(t), o=+ be the spectral projection of H,(t) corresponding to
2i(t)=2 (et). Then

1)

Jim | PS(T)~ P2 =0. (3.13)

1) P:(¢) is norm differentiable as a function of t and

d d
__ p¢ <cl—
ldt Pa(t)” <c 0 o(et)]. (3.14)
Using (3.11) and (3.13) one can see that
POS(V)PL= slim exp(iTH,) P(T) U (T, ~T)
-P:(—T)exp(iT'H,). (3.11)

Let K*(t) be defined by

K (t)=i Z( Pi( t)) PE(r). (3.15)
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Lemma 3.
K*(t)*=K*(1), (3.16)
[P:(1),K*(t)] = —i 4 Pi(t). (3.17)

dt
Let A°(t,t,) be defined by

i g; A8(t,10) = K*(0) A*(1, 1) ; A%(tg, o) =1 (3.18)

Equation (3.18) has a unique solution satisfying [14, Theorem X69]
AR(t, )" = AN, )% .
Using (3.17) and (3.18), one can see that

d
g AT 1) PL(0) A%, 1) =0

which implies

PE(ty) = A%(t, to)* PE(1) A°(t, ). (3.19)
We shall define U,(1,1,) by
U (t,t) = A%(t,1,)* U,(t, 1,). (3.20)

By direct computation

d -~
id~t U, (t,ty) =A%t to)* [H,(t)

— K] A*(t,10) U, (8, £0) ; U, (tg, to) = 1. (3.21)

Clearly Z(A°%(t,ty)* H,(t) A%t,to))=2(H,(¢)), and by (3.19), P:(t,) are the spectral
projections of A%(¢,t,)* H,(t) A°(t, t,) corresponding to 2% (t). By (3.14), (3.15), and
(3.3)

K0 = clel (3.22)

and then for small enough |g| 3
2(A%(t, to)* [H (1) — K*(1)] A°(t, t,)) has two disjoint components X%(¢) and for all
Ae ZE(1), dist(4, Z5(0) < cle|.

We shall perform the above procedure once more defining B*(t,t,) by

i % B(t,t,)=L*(t) B°(t, ty); B*(to, to)=1, (3.23)

L0300 e, (.24

where QF(t) are the spectral projections of

At to)* [H, (1) — K5(£)] A°(t, t,)
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corresponding to fj(t). In order (3.24) to make sense, we need information about
Q:(t). The following technical lemma is the heart of the proof

Lemma 4.
. d
1) 1Q5(0) =P (to)llys. =c ITEAGUE (3.25)
ii) Q:(t) is norm differentiable and
d . d 2|2
EQG(I) H.S;c(a;qo(et) + W@(st)). (3.26)

As for A%(t,t,) one has

Q5 (o) =B (1, 10)* Q3 (1) B(t, 1,) .- (3.27)
Let now @° and ¥* be defined by

d
iE (1, to) = Bo(t, ty)* A%(t,t,)* (H,(t)— K*(1))

N Ac(t, to) Bﬁ(ta [0) ¢£(t’ to)

D1y, 1) =1, (3.28)
PE(t, to) = DO(t, t,)* B (L, to)* U, (1, 1,) . (3.29)
By construction
(L, 19) Qg (to) = Q5 (1o) P°(L, o) (3.30)
and

i % Pe(t, ty)= — DL, to)* B(t, to)* L*(t) BX(t, ty) P°(t, )

Wt t); Wit to)=1. (3.31)
Writing (3.31) as an integral equation and estimating with help of Lemma 4ii), one

obtains

td

:jo ( Y3 @(et)
2

Ei_t/_i (p(ﬁt,) ) dt’

Using (3.19), (3.20), (3.27), (3.29), and (3.30), one gets the following identity
U,(t,tg) Pi(to)— Pi(t) U, (2, t,)
= A1, 10) B(t, 10) D°(t, 1) [ (1, t5) — 1] P (to)
+ A%t 1o) B(t, o) D71, 1) [P5(to) — Q5(to)]
+ At 1) [Q5(1) — Pe(to)] BX(2, £) P°(1. 1)
+ Pi(t) A%(t, t o) B(t, ty) D¢, to) [1— PE(2, £5)] (3.33)

2
(e, to)" 1“}1,5, =c

+

) (3.32)
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From (3.33) and Lemma 4, one obtains the final estimate for 6#¢’ and ¢, t,eR

[Po(t) U (t,t,) Pi'(to)”H&

d
Scl| |+ olet
sc ( 7 2D
t
| ( )dt'l). (3.34)
to
Lemma 5. Let A, be a strongly convergent sequence of Hilbert-Schmidt operators in

a separable Hilbert space, ||A,|ys <¢,, ¢=limc,<oo and A=s-limA,. Then A is
Hilbert-Schmidt and | Ay ¢ Sc.

From (3.11'), (3.34), and Lemma 5, it follows that

d
+ i o(et)

t=to
d2
2 plet)

2
+

d

* dt

p(et’)

2
—+

2

< (ld d
IPSS(V) Polus Sc | (E 0G0 + |5 0let)

)dt (3.35)

which together with (3.6) finishes the proof of the theorem.

Proof of Lemma 2. Let Ri(z)=(H,(t)—2) "', Ry(z)=(H,—2z)" ! be the resolvents of
H,.(1) and H, respectively. We shall denote by x the midpoint of the gap
between X% (1) and 2° (t). Note that dist(x, { +m})=d/2.

Using the integral representation of the spectral projections, and the resolvent
equation

R¥(z)—Ry(z)= — @(et) Ry(2) VRY(2) (3.36)
one obtains

@ (et)
2n

P()—P°=—¢ [ Ry(x+iy) VRE(x+iy)dy. (3.37)

By the functional calculus for self-adjoint operators one has for
0=s6=1
IHy Ro(x+iy)l' ? <c. (3.38)

-3
Taking 6= 32_17 and combining Theorem 3i) and (3.38) one obtains

[Ro(x+1y) VRi(x +iy)l|
p+3

< Hol 2 V| | [Ho Rolx+iy)®* 272
JREx+iy) | | Ro(x+iy)|®~2/2r
<c(y2+d>/4)= 3w D
which together with (3.37) and the definition of ¢(s) finishes the proof of (3.13).

We remark now that R(z) is norm differentiable and

d & _ d £ &
O o) RV Ri(e). (3:39)



126 G. Nenciu

Differentiating (3.37) with respect to ¢ and using (3.39), one has
d . o (d
e o(e)
- | Ry(x+iy) VR (x+iy)dy
a d
+ 50605 060)
< | Ro(x+iy) VRi(x+iy) VR (x +iy)dy. (3.40)

From (3.6) it follows that there exists 0 <y, < oo such that |V Ry(x +iy,)| <1/2 for
all xe[—m+d/2, m—d/2].

Then
Ri(x+iyy)=Ry(x+1iy,)
—Ro(x+iy) [1+@(et) VRy(x+iy,)] . (3.41)
Moreover from the functional calculus
sup I(H, () —x—iyo) Ri(x +iy)] =c. (3.42)

xe[—m+d/2,m—d/2]
yeR

Combining (3.41) and (3.42) one obtains
IV R}x+iy)|| <c. (3.43)
From (3.40) and (3.43) one has

£

i o (et)

I IRy (x +iy) V R (x+iy)] dy (3.44)

and the integral on the r.h.s. of (3.44) has been estimated in the proof of (3.13). This
finishes the proof of Lemma 2.

Proof of Lemma 3. See [20].

Proof of Lemma 4. Let Ri(z)=(H,(t)— K*(t)—z) " ..
Noting that P:(t,) are the spectral projection of
A1, 1) H (1) A°(2, 1)

for all t one can write
Q1) — PL(t)

o |t O At~ x =)
A, t)* KO(t) A%(t, t)
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(A%t to)* (H (1) — K*(1)) A°(t, tg) — x —iy) ™"

= % AL 1o)* [ OJ? Ré(x+iy) - K¥(t) RE(x +iy) dy| A°(1, o). (3.45)

Combining (3.15), (3.45) and the following form of (3.40)
d o (d %
. pE __ | & . & . d
one gets
Q; ()= P5(to)

-z (jt (8t)) (. 10)* [Z [ dydv Ri(x+iy) R (x+iv) V

a — 0

-RE(x 4 iv) P%.(t) RP(x + iy)] A%t t,). (3.46)

The essential property of this formula (3.46) is the appearance of the operator

Ré¥(x+iy)Ri(x+iv) V and ofgdt—

In fact, one can see by inspection that (3.25) is proved if

[Ri(x +iy) Ri(x + i) Vg s.

@(et) in front.

Scl[(y? +d?/4) (0* +d?/4)] Ve, (3.47)
Inserting
Ri(2)=Rq(2)— @(et) Ry(2) V Ry (2) + @* () Ro(2) VR{(2) V R (2) (3.48)

in (3.47), one sees that all the resulting terms contain Ry(x+iy) Ro(x +iv) V. Taking
into account (3.6) and (3.43), the only thing we have to prove is

IRo(x +1y) Ro(x + i) V[l 5 S c[(v? +d?/4) (v* +d?/4)]1/1° (3.49)

which follows from (3.7) and (3.38) taking a=7/4 and 6 =1/8.

This finishes the proof of Lemma 4i).

For the proof of Lemma 4ii), let us examine the terms one gets by differentiat-
ing the rhs. of (3.45). (Warning: the contour of integration in the spectral
projection integral formula is kept fixed during the differentiation.) Taking into
account (3.39) and

d -~ ~ d d ~
=~ R 0] V- G K0\ Rie (.50
one observes that

2 2
1. All terms contain at last either (%q)(gt)) or d ' o(et).

d2
2. ertmg the integral formula for d Pa ° (1) or —— P:(t) which appear in K*(f)

and Kz(t) respectively, the factor R‘(x +iy) Ri(x+ w) V arises. Then all the terms
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can be estimated as in the proof of Lemma 4i). Note that the norm of Vlif(z) can be
easily controled using

Ri(2)=Ri(2)~ Ri(2) KO Ri 2)..
This finishes the proof of Lemma 4.

Proof of Lemma 5. See [22, Chap. V, Theorem 15] and the fact that for a finite
rank operator F,

lim Tr(A,F)=Tr(AF).
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grateful to the unnamed referee for pointing me the argument contained in Lemma 5. The original

o
argument needs an additional condition on ¢(s), namely | @(s)ds<oc, but in this case, a stronger
— 0

result is obtained

PS(V) Py =HS.- lim exp(iTHo)Py(T) U(T, = T) - Ps.(— T)exp(iT Hy).
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