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Poliatzky Replies: In the case of a Dirac equation with a becomes singular in a way that a simultaneous vanishing
central potentiah V (r) one has to differentiate between the of the radial wave function and its first derivative becomes
weak and strong forms of Levinson’s theorem. The wealpossible. Consequently, at this critical pointpairs of
form is a statement about the sum of positive and negativeodes can be created and annihilated as a result of changing
energy phase shifts (see Ref. [1] for more details): the coupling constant and hence the usual connection
(0)+ 1 (0) = between nodes, bound states, and phase shifts is no longer
M —mx valid. However, the fact that the phase shift increases by
Ny + N, lel = 1,2,..., A (decreases by 7), if a node enters (leaves) the interval
(NI + N + %)77, k| =1, (0, c0] throughr = oo, remains valid. Hence, as a result of
changing the coupling constant from Oxdhe phase shift
where 7-,,,.(0) are the phase shifts at threshold energiessccumulates a value which is determined by the difference
€ = *m, N, is the number of positive, ant¥, is the  petween the total number of nodes which have entered and
number of negative energy bound states. The first cas@e total number of nodes which have left the intefOat]
refers to a situation without a threshold resonance (a ﬁnitﬂ’]roughr = oo, Therefore, genera”y Levinson'’s theorem
and yet not normalizable solution at threshold energiegtates that

€ = *m) and the second case refers to a situation with (nt. — nZ)m k| = 1,2
K K 9 9ty

a threshold resonance. As explained in Ref. [1] the main 0 =1t + 17 . ) . _1’ 3)
physical message of the weak form of Levinson’s theorenf’i””‘( ) = "jK 2. n>’f T K= i ’
(as well as of Levinson's theorem for the Schrédinger (e = nz, = 2m, k=1,

equation) is the completeness of states. Consequently, it . Y

is a rather general statement and is valid even in the cas¥erenz, (n=,) is the number of nodes of the large

of a strong potential withAV (r)| > 2m in some region of ~component of the Dirac wave function at positive) and

the radial variable-. negative(—) energies, which in the process of increasing
The strong form of Levinson’s theorem is a statementhe coupling constant from 0 tohas enttlered<)1[left (>)]

about the positive and negative energy phase shifts sepHe interval(0, «o] throughr = e, and+57 (=3 m) is for

rately and it is also related to the completeness of state§)e case of a threshold resonance with a node &t

but the situation is more subtle here. In Ref. [2] it wasWhichis entering (leavind), «<]. An equivalent statement
shown that is to say thau =, (n=,) is the total number of bound states

which have entered (left) the spectral gap at threshold
L _ (2) energiess = £m, respectively. The statement (3) of the
(ne +2)m, k=7%1, strong form of Levinson’s theorem, while equivalent to

wheren;: are the numbers of nodes of the large compo-(z) in the case of a weak potential where everywhere
K

nent of the Dirac wave function at energies= ~m, re- [AV(r)| < 2m, remains valid even in the case of a strong

spectively (in notations of Ref. [2] the large component ispotential where in some regigaV (r)| = 2m. Notice that
P y " 9 P .~ “the weak form (1) follows from the strong form (3).
U1, at positive andiye, at negative energies). An equiv-

alent statement is to say thaf and . are the numbers The formal proof of the above statements proceeds

of bound states which in the process of increasing the cogiong @ strategy similar to the one of Ref. [4] which deals

pling constant from 0 ta have entered the spectral gap atWlth a similar problem. More details are given in Ref. [5].
€e=m ande = —m, r_espectively. Levinson's theorem p5ihan Poliatzky*
as given by (2) is valid only for the case of a weak po- insitut fir Theoretische Physik, ETH-HEnggerberg
tential: [AV(r)| < 2m for all r. This has been correctly  cH-8093, Zirich, Switzerland
pointed out by Ma [3]. In the case of a strong potential a
new phenomenon occurs which reflects the possibility of a
pair creation in the vicinity of such a potential. Below we Received 10 August 1995 [S0031-9007(96)00121-4]
give a brief description of this phenomenon and a generaPACS numbers: 03.65.Ge
ization of (2) to the case of a strong potential.
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ngm, x|l =1,2,...,
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