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It is recalled that a ten year old calculation of all meson masses may
explain the low value of the recently discovered Ds(2317) meson. This cal-
culation was based on a fully relativistic quasiparticle theory, which has
been applied to a large number of bound state problems and scattering
processes. In this paper we want to show that also for one-dimensional sys-
tems the theory can be formulated in a compact way. After discussing the
Lippmann—Schwinger equation for two nonrelativistic particles on a line, we
show how to extend this momentum—space formulation to a Poincaré in-
variant theory. We then apply this theory to a simple example and compare
the reflection and transmission coefficients, as well as the total diffusion and
the bound state spectrum, to the results obtained from the nonrelativistic
case. Also the relativistic corrections to the spectrum of two harmonically
bound particles are calculated. It is found that especially the higher excited
states become less massive.

PACS numbers: 03.65.Pm, 11.30.Cp

1. Motivation

After the discovery of the Ds(2317) meson [1], the question arises whether
a new theory is required to explain the unexpectedly low value of its mass,
or whether existing quasiparticle theories can explain this meson as a cs
bound state. In the SLAC press release the former point of view was taken
and the theorists ([2,3]) were advised to return to their drawing boards.

However, it should be realised that the above mentioned theories

...did not carry out a relativization from first principles, but
rather constructed a quark potential motivated by the expected
relativistic properties [2].

* Presented at the XLIII Cracow School of Theoretical Physics, Zakopane, Poland,
May 30-June 8, 2003.
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Another difficulty is the appearance of an ultraviolet divergence, which

...is due to the inconsistency of a static point-like source
(the heavy quark) within a relativistic framework [3].

Therefore, before jumping to the conclusion that a new chapter of the
physics book has been opened, it is advisable first to construct a relativistic
two-particle theory in which these difficulties are solved in a natural way.

Many years ago such a manifestly Poincaré invariant theory has been
developed by the author ( [4-6] and references therein). It was applied
to many physical systems, of which the article by Hersbach [7] on meson
spectroscopy is the most relevant one for the present discussion.

He calculated the masses of all mesons and compared them with the ex-
perimental values known at that time. For the mass of the Ds(2317) seen
as a ¢5 bound state of type 01 3Py, he predicted 2436 MeV, 2366 MeV and
2349 MeV, depending on the choice of potential. These numbers should be
compared to 2480 MeV from [2] and 2487 MeV from [3]. The Regge slope
for his best solution was § = 1.18 £ 0.05, compatible with the experimen-
tal value. For the same solution he found the running coupling constants
a5(34 GeV) = 0.141 and as(Mz = 91 GeV) = 0.1164, in good agreement
with the experimental values of 0.1440.02 and 0.1134£0.0035, respectively.

These encouraging results are reasons not yet to reject all quasiparticle
theories when it comes to understanding the Ds(2317) meson. It is believed
that a consistent incorporation of relativity is absolutely necessary. The
author’s ideas, most fully explained in [4], provide such a theory. Whether
potentials can be found that explain the data remains to be seen.

In the present paper we want to repeat the formulation of the theory,
but now for the much simpler one-dimensional case. The application to the
harmonic oscillator in Section 4 shows that the incorporation of relativity
leads to a lowering of the mass of each of the bound states.

2. The nonrelativistic equations

2.1. The general formulation

Since the relativistic equations are written in the momentum represen-
tation, we will begin by also writing the nonrelativistic equations in this
form. In particular it will be shown that also for the one-dimensional case
the scattering problem can be cast in the form of the Lippmann—Schwinger
equation [8].

As basis of our Hilbert space we take the states |a) = |q1,q2) of two
free spinless particles with masses m, and mo and one-dimensional momenta
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q1 and 2. In the coordinate representation these states are given by plane
waves

1 .
(z1, 22| 1, g2) = 7 lazitazzs)

The basis states | ) = |q1,q2), |5) = | k1, ke), ete. form a complete and
orthonormal set i.e.

(| B) = 6(q1 — k1) 8(qs — ka) = 5o — B) and /ra><a|w>=|¢>,

[o.¢]
where [--- = [ dqidgs--- . They are also eigenstates of the free particle
o —0o0
Hamiltonian Hy

@ 3B

Hy ’ Oé> =F, | a) , with FE, = 61((_]1) + 52((_]2) = oy s .

Units are chosen in such a way that 7 = 1. Supposing that in the coordinate
representation the local and translational invariant potential W is given by

(@, 29 |W |21, 20) = V(x1 — 22) 6(2) — 21) 6(2y — x2),

then, in the momentum representation, this potential will be equal to

~

(kik2| W g1, q2) = V(k1 —q1) 0(k1 + k2 — 1 — q2) ,

N 17
with V() = - / kY () das (1)

Since we will restrict ourselves to potentials V' (z), which are real and sym-
metric in z, it follows that also 17(145) will be real and symmetric in &.

As in the standard formulation we first have to find the stationary scat-
tering states | &)+, defined as the in- and outgoing eigenstates of the total
Hamiltonian

H|a)y = E,|a)y, with H=Hy+W. 2)

Although they do not form a complete set when bound states exist, they
can be taken as orthonormal i («|B)+ = 0(a — ). Writing the scattering
states in a standard way which exhibits the singularities explicitly,

1

Ho— B0 | x(@))+, (3)

|a)x =[a) =
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we find on substitution into Eq. (2) that |x(«))+has to satisfy

1

Ix(@)x =W |a) —Wm

[x(a)x =Wla)x. (4)
With i0 we indicate an infinitesimally small positive imaginary number.
Defining

= (BIWla) and  Tsa(+) = (B x(a))x (5)

we obtain from Eq. (4), after left multiplication with (3|, the Lippmann—
Schwinger equation for the T-matrix

Wi, Tyl )
1 g

Y

Taking advantage of the special form of the potential as shown in Eq. (1),
and putting T (+) = Mpa(£) 6(Pg — Po), Eq. (6) becomes

Viy Myo (£)
Mo (£) = Vo — %5(3 —P,) for Py=Ps, (7)
Y

where the total momenta of the states |a) = |q1,q2), | 5) = | k1, k2) and
|v) = |p1,p2) have been written as Py, = ¢1 + q2, Pg = k1 + kp and Py, =
p1+Dp2.

In order to show the connection between the scattering amplitudes
Mpq(£) and the S-matrix, we follow the presentation of Van Hove [9], with-
out repeating the proofs.

1. The solution of the Schrédinger equation i8|‘§f)> = (Ho+ W)| (1)),

which for ¢ — —oo approaches the free particle solution |t (t))
[ dy(a)e Bt a), is given by | ¢(t) fd+ e~ Eal| ),
(e
2. The same solution can be expanded in terms of the stationary scatter-
ing states |a)_, giving | ¢(t) f d_ _lEat| a),. For t — 400 this
approaches the free particle solutlon ]1/) f d_(a) e~ Fat| q).
3. The S-matrix is defined by d_ f Sapd+(B).
4. Using
ei(Ea—Eﬁ)t

m > 27T7, 6(Eoz — Eﬁ) fOI' t — 400
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it can be shown that

iim_(04(0)|6(0) = [ i (@) ()

t——+o0
«

= [ 43 (5) (50— ) — 2niTua(+0(Ea — Es)}
af

5. Comparing the expressions under (3) and (4) it is seen that

S = 0(a — B) — 2miMop(+) 5(Pa — Ps) 6(Eq — Eg).

6. It can be proved that this S-matrix is unitary [ S%,S,3 = d(a — ),
v

from which one derives the unitarity relation

Q.

M(+)~ M (+) =2ri / Mg (+) Mo (+)5(P,— P3)3(E,—Ej) . (8)

For the one-dimensional case many of these formulas can be further
simplified by introducing the total momentum and the relative momentum
K = ki + kg and k = (maky — miks)/M, and by writing the total energy as

Kok K? k2

Eg =c1(k1) +ea(ka) = S 2my 2N

where m = mymsg/(mi+ms) is the reduced mass. Since the total momentum
is conserved, the potential and also the scattering amplitude only depend on
the relative momenta. The Lippmann—Schwinger equation (7) can, therefore,
be simplified to

M, (klq) = V(k—q) —2m/ ]; qu+Z(g|Q) dp. 9)

From the unitarity relation (8) one derives

A (ala) = =77 { M (gl + M (~ala) (10)

and

1mM+<q|—q>=fw%{M1<q|q>M+<qr Q)+ M, (glg) M (gl - @)} . (11)
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The relation between the ingoing and outgoing amplitude becomes

2mim
g

2mim

—M+(q!fJ)] dy(q) —

] M, (q| — q)d+(—q).

d—(q) = [1 -

By writing the same relation for the opposite value of ¢ we see that the
S-matrix can be written in the form of a 2 x 2 matrix

s=(57)
p o
2mim 2mim

o =1-——M(qlg) and P= T

My (—qlq),
lq|

where we have used the obvious symmetry of the scattering amplitudes
M (qlq) = My (—q|—q) and M (q|—q) = M;(—qlq). The relations (10) and
(11) imply the unitarity of this S-matrix. The coefficients for transmission,
reflection and total diffusion are defined in the usual way

T=lof*, R=|p|* and I=|o—1]"+]p".
From the unitarity of the S-matrix it is easy to derive

the conservation of probability T+ R =1,
the optical theorem I =—2Re(c—1).

Since the S-matrix is unitary its eigenvalues have unit magnitude. They
can easily be expressed in terms of o and p (see e.g. Galindo and Pascual [10]
Section 4.5), with the result

0 —g4p and ¥ =05—p. (12)

The above mentioned coefficients can be expressed in terms of these phase
shifts and we find

T =cos’(0g — 61), R =sin*(0g— 1) and I =2(sin®dy +sin?4y).

For the numerical calculation of these phase shifts one first has to solve
the Lippmann—Schwinger equation (9). This task is simplified by introducing
the K-matrix. This is done by first defining the functions

Zy(k,q) = My(k|q) £ My(~k|q),
= V(k—q)£V(k+q).

=
=
<

|
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From Eq. (9) one then easily derives the equations for Z4 (k,q):

im Wk, p) Zs (p,
2l ) =Wa(ho0) 1= Zuta.0) | - / S ra

in which the principle value of the integral has to be taken. If we now define

mm_ Zi(k,q)

Kj:(k7Q) = iTm
lal 1= T4 Z+(q,9)

and Ui(k‘,q) = *mWi(kv(I)?

it follows from Eq. (13) that the K-matrix must satisfy

Ki(k7Q):’i(]"U (k, )+% Ui((’;épif;%f,q)

dp. (14)

—00

This equation has the advantage that it relates real quantities and is there-
fore easier to solve numerically. Moreover, it can easily be checked that the
values on the energy shell immediately give the phase shifts:

K+(q7q) :tandov K—(q,q) :tan(51.

For the bound state problem the separation of the centre of mass motion
and the relative motion can be done in the standard way. In the momentum
representation the eigenvalue problem then takes the form

2

(2(a) — Bn) tnla /Vq P Un(p)dp =0 with () = L. (15)

m

Other quantities which can also be expressed in terms of the phase shifts
do(q) and 61 (q) are the time delays 71 and 7R of the transmitted and reflected
parts of an incoming wavepacket, which is well localised in space and also
in momentum ¢. After writing o = |o| €®T and p = |p| €*® | it is shown
in [10] (Vol. I, p. 154 and 155), that

d 5T d 5R q2
Rty =2° B with e=—.
T de * R e ST g,
In the formula for g a constant term is omitted, which would be present if
the potential were not centred around the origin of the coordinate system.
Using the definitions Eq. (12) of the phase shifts do(q) and d1(g), it simply
follows that

201 = do(q) +01(q) + o, 26r = do(q) + 01(q) + ¥R -



6012 TH.W. RUIJGROK

The phases T and @R are given by

[ it cos(dg— 1) >0 | w/2 it sin(dy— 1) >0
PTZV0 if cos(Bo—61) <0 PRT Y —m/2 if sin(fo— 1) <0

The time delays become equal to

m 1 d
E 1 T tan2(50 n 51) d_q tan(50 -+ 51) .

T=Tr =TR =

2.2. Example

The simplest case for which the scattering and the bound state problem
can be solved exactly is for the potential

K . = K
V(x) = - d(z) for which V (k)= . (16)
As is well known there is one bound state if kK > 0
K3/2 K2
P(p) = m with energy FE = o (17)

The solution of Eq. (14) is

%
K+(k7Q) =1

P and K_(k,q) =0.
q

For the phase shifts we obtain
K

and 61 =0.
g

tan dg =

The transmission, reflection and diffusion coeflicients become

¢ K2 2K —Km

T=-%* _ R=—"_ =" _ +=_"""
Frr? 2+ @ T @+ )

(18)
where 7 is the time delay.

3. The relativistic equations

3.1. The general formulation

In the 3+1 dimensional case [4] the essence in changing the Lippmann—
Schwinger equation into a relativistic equation was to replace the conserva-
tion of total three-momentum for intermediate states, by the conservation
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of the total three-velocity, which for a state of two particles with momenta
p1 and poy is defined as

prtps P . /
1 2

Repeating the same procedure for the one-dimensional case leads us from
Eq. (7) to

Mpa(s%i0) = Vﬁa/ Vay Ly (v, s£i0) Mo (s£i0) for v, =wvg =v. (20)

Y

In this equation we have defined the relativistic propagator by

(e.9]

_ ds’ s

LW(U,sizO):/m%(Pw—;P)v (21)
0

in which the two-dimensional Lorentz vectors P, and P are given in terms
of the velocities v, and v by the expressions

5, [ s
Pv:\/m(lavv) and P = 1_—1]2(1»17)7

so that s, = P% = (P$)2 — (Py)? and s = P? = (P%)?%— (P)? coincide with
the usual Mandelstam variables. From here on 2-vectors will be written in
bold face: P = (PY, P).

The propagator of Eq. (21) is manifestly Lorentz invariant. By perform-
ing the s'-integration it takes the form

Ly(v,s £1i0) = Lg(s) L' (v, v) (22)

in which
1
V55 (/55— /s Fi0)’

The latter formula clearly exhibits the velocity conservation. From Eq. (21)
we easily derive

LY (vy,v) = (1 —v?) §(vy —v).

Lg(s) =

ImL(v,s +1i0) = w2 (P~ — P),

which, together with the hermiticity of V3, guarantees the unitarity of the
S-matrix.
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The integration over the states v = (py, py), occurring in Eq. (20), with
p; and p, both being 2-vectors, is defined by

o0

2
dpy dpo
/___:/dpldmﬂa(p;_m;)e(p?)...:/Q—OF...,
J i J D1 2P3

If we take the velocities of the individual particles as integration variables,
this integration element can be written as

1 r 1 2 2 2 1
=2 ... =z = . (2
/ 4/ 1 /’Y (U1)dv1’Y (U2)dv2 . (U) 1 — 2 (3)
Y 8l —00

Using this notation and writing the propagator in its product form (22),
Eq. (20) becomes

Mg (s £ i0)
U [ Vg Mya(s +i0)(1 — 02) (v, —
:Vﬁa_/ By 2y (S ¢ )( v )‘(UW U)’)/Q(Ul)d’ul’yQ(Ug)dvg,
1, Vi (55 — V5 F i0)

for v, =vg=v. (24)

The nonrelativistic limit of this equation is obtained by neglecting the ki-
netic energies of the particles making up the state v, as compared to their
total mass M. If their relative momentum is k, one can show, using the con-
servation of the total momentum, to which velocity conservation gives rise
in this limit, that \/s5 ~ M + k%/(2m), in which m is the reduced mass.
If we now would replace V,g by 4m1m2V§ﬁR and M, by 4mimaM gg{, it
is seen immediately that Eq. (24) becomes identical to the nonrelativistic
Lippmann—Schwinger equation (7). So this minimal requirement is satisfied.

In addition, we want Eq. (20) to be invariant under space and time
translations and under Lorentz transformations, i.e., under boosts. The
latter can be satisfied, because the integration element f7 and the propagator
L,(v,s £10) are both manifestly Lorentz invariant, so that we only have
to choose Vg, as a function of the scalars that can be formed out of the
momentum 2-vectors, which occur in the states o and 8. Moreover, we want
this potential to be local, so that it should be a function of the momentum
transfer only. Strictly speaking this is impossible for the following reason.
The relativistic form for the square of the momentum transfer is equal to t;
or to(see figure 1 for the definition of the variables), where

t1=(pi—p1)?,  t2=(ph—p)°.
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p1' my pr m
a s V., b s
p2' my P2 m

Fig. 1. Definition of momentum variables. (a) for a and (b) for 3.

In the usual case where 2-momentum is conserved, p; + p, = p} + ph, we
see that the momentum transfers in the upper and in the lower vertex are
equal, i.e., t; = to9 = t. In the present case, however, we have replaced
the momentum conservation by velocity conservation, so that it is not clear
which of the ¢; and t9 should be chosen as variable for the momentum
transfer. This problem is solved as follows.

According to Eq. (19) the conservation of velocity can be written as

p1+p2 P+

P +p3 P +pf’

or, what amounts to the same, as

+ 1Py
PoBe BB with s=(p+py)? and s = (p) +ph)?.

Only on the mass shell, i.e., when s = s, momentum is conserved and
t1 = to = t. In that case q; = p| — p; and gy = p, — pP), are equal. In order
to be able, also for the off-shell case, to define a Lorentz invariant expression
for the potential, we first define other Mandelstam like variables

5 = (L +py) (P +Dp2)s
t = (P —p1) P2— DY) =4q1-qs,
T = (p} —py)- (P — DY),

which satisfy the relations
_ 2
s=Véd's, §+t+ﬂ:2(m%+m%)7<\/?f\/§> .

As general prescription for the definition of the relativistic potential we now
take
Vag = 4m1m2V£}3R(—ﬂ . (25)

Here we have replaced the square of the relative momentum transfer, by —¢.
For any two states o and 3 we take this as our definition of the potential V3.
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In this way we now have guaranteed the Lorentz invariance of the theory.
Although the strict locality of the interaction is sacrificed, we have shown
in [6] that this has no measurable effect on the causality of the theory.

We still must prove that in the nonrelativistic limit, where the momenta
are small as compared to the particle masses, —t indeed becomes equal to
the square of the relative momentum transfer. In order to show this we
define the relative and the total 2-momenta for o and

1 1
ko = —(map) —miph),  kg=—(map1 —mipa),

M M
and
K,=pi+py, Kg=p +p;.
In terms of these momenta we obtain

m

M

mi — m2
M

f=—(Ko—Kp)" + (Koa—Kp) - (ka—ks)+(ka—Fkp)*,

or

~m mp —m s’
t:*M(\/?*\/E)QJF% ( 5 1) K- (ka—kg)+(ka—kp)”.
If (particle momentum)/(particle mass) is of order £ one easily sees that
the first and second term on the right are of order £*. Also the time part
of (ko — kg)? is of order €, so that we are left with the space part f ~
— (ko — k5)2, which is of order £2. This finally shows that for low energies
the nonrelativistic theory is recovered if we make the substitution of Eq. (25)
into Eq. (24).

In order to prove that the theory is also invariant under space and time
translations, it is of some advantage to use stationary states.

3.2. Poincaré invariance

The discussion of Poincaré invariance will be simplified if we first in-
troduce a Hilbert space, which is spanned by a set of free particle states
| ) = |vy,v9) with given velocities. The normalisation we choose such that

2

(da) = HLl(Ug,vi) =§(d — ), (26)

i=1
in which 6(o¢/ —«) has all the usual properties of a §-function under the

| -integration as defined in Eq. (23). The completeness of these states is
g
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expressed by

/<xra><aw>=<x|¢>.

By defining

Via

Mﬁa 1
4(sgsa) /4’

G e = opsart 0009 =

Eq. (24) takes the more symmetrical form
T3a(5)=W3q —/ W Go(5y,8) L' (v4,0) Tya(s), for va=vg=v, (28)
g

in which s can now have any complex value. This equation can also be
written in operator form when we first define the mass operator M, the
propagator Go(s), the interaction operator W and the scattering operator
T(s) by giving their matrix elements

(VIMIY) = /sy(y]7)  and Go(SFﬁ

and
(BIW|a) =Wgq L' (vg,0a) and  (B[T(s)| ) = Tpa (s) L' (v5,va) - (29)
In terms of these operators Eq. (28) becomes
T(s) =W —W Go(s)T(s).

The formal solution is

1

T(s)=W —-WG(s)W with G(s) = MW =5

The discrete spectrum of invariant masses M,, is now defined by those
values s, = M2 of s, for which the full Green function G(s) becomes singu-
lar. This leads to the following eigenvalue equation for the states |n,v)

(M+W)|n,v) = M,|n,v), (30)

in which the velocity has an arbitrary given value. This is not changed by
the action of the operator W, because that is velocity conserving, due to the
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appearance of L'(vg,v,) in Eq. (29). If in the velocity representation the
wave functions ¢ are defined by

(v [n,0) = ¢l L vy, v),
the eigenstates can be expanded in free-particle states

*

rn,v>=/w3L1<w>w>.

Y

From Eq. (30) we then obtain the eigenvalue equation for the wave functions

<\/17g - Mn> W +/WBWL1(U%U) Y =0, (31)
v

The hermiticity of M and W in Eq. (30) guarantees the orthogonality of
the eigenfunctions. If we also require the states |n,v) to be normalised in
the same way as the single free-particle states, compare Eq. (26), then we
should have

(n',v'|n,v) = 6pm L'V, 0).
For the wave functions this implies the following normalisation

*

/ B L (0y,0) = Gy (32)

~

Eq. (31) is the basic manifestly Lorentz invariant equation, from which the
mass spectrum can be calculated.

If, in analogy with Eqgs. (3)—(5), we define the stationary scattering states
in the relativistic case by

|8)+ = |5) = Go(s +i0)T(sp +i0) | B) = | B) = G(s +i0)W | 3),

for a prescribed, but not shown velocity v, it can simply be proved that
these states are also eigenstates of the operator M + W'

(M+W) | B4 = /35 B)+ -

Again the velocities of | ) and | )+ are equal, because W is velocity con-
serving. We now define the operator for the total 2-momentum as

_ , _ (Lv) _
PN_(M+W)UM7 Wlth u_ﬁ and ,U,—O,l
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Both the bound states and the stationary scattering states are eigenstates of
this operator with eigenvalues M, u, and ,/sgu,, for energy and momentum.
We consider Py and P; as the generators for infinitesimal time and space
translations, which can now be used to calculate the effect of a translation
over a time ¢, or over a distance a of an arbitrary state |v) with a given
velocity:
|v,t) = e 0)  and  |v,a) = e 19| 0).

The operators Py and P; commute
[P;u PV] = 07

which is the first requirement for Poincaré invariance. For the full Pon-
caré invariance to hold we must still define the generator J for infinitesimal
boosts, which must satisfy the commutation rules

[J, P()] = iPl and [J, Pl] = iP() . (33)

This is simply done by taking for J the same operator as for free particles.
In that case Py and P; do not contain the interaction W, so that Eq. (33)
is satisfied. Since, however, W (and also M) is a scalar under Lorentz
transformations, it commutes with J. Therefore, we only have to show that

[J,up) =iup and [J,u1] =iug. (34)

But this follows from the fact that w = (ug,u;) transforms like a 2-vector
under boosts. It can also be shown explicitly by taking the momentum
representation of J

0
J = iPoa—Pl with Py =/PZ+ma,

which in the velocity representation becomes

0
J=i(1—v})=—.
i(1—v) 5
Then Egs. (33) and (34) follow easily.
When J is applied to a state |u) = |ug,u;) the result is J|u) =i|uq, ug).
A simple calculation shows that a finite boost results in

e u) = |u),

1 1
V1—w?

(wup +wu1), w=tanhé.



6020 TH.W. RUIJGROK

This new 2-vector can also be written as

u’:M with o = vrw

Vioo? T+tow’
which gives the usual velocity transformation of the boosted system.

We close this section with the observation that our choice of the infinites-
imal generators of the Poincaré group is an example of the “point-form” of
Dirac [11]. In this form of a relativistic classical theory the interaction was
introduced by adding terms to the four components of the momentum,
while the generators for rotations and boosts remained unchanged. For this
classical case nobody, so far, has succeeded in constructing a potential such
that the Poincaré brackets were all satisfied. The reason probably is that,
in efforts to build such a construction, different kinds of tacit assumptions
were made, like e.g., the Lorentz invariance of world lines, which may be

incompatible with a point like interaction. A discussion of these aspects can
be found in [12].

3.8. Example
In order to see the relativistic theory at work we consider the same
example as in Section 2.2, where in Eq. (16) the interaction in the momentum
representation was given by V (k) = —k/2wm. Since this is independent of
the momentum transfer, the prescription Eq. (25) for the construction of the
relativistic potential is very simple and leads via Eq. (27) to
kM

Wie = =
p 21 (s55q) /4

The eigenvalue equation (31) takes its simplest form in the centre of mo-
mentum system. The wave function will then depend only on the relative
momentum p. Defining

V'p) = V4@ 0" ), with s2(p) = \Jp +md 4 \fp? +m3,

the eigenvalue problem for M,, becomes

[\/q2+m%+\/q2+m%M”]XH(Q):Zf/¢(p2+:1;§Z)(L2+mg)dp' (35)

By taking s(p) as independent variable, instead of p, this equation reads

Vs -] == [ “WM ds'=Co,  (36)
M2

(s',mt, m3)
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with the triangle function

As,m2,m3) =(s—s.)(s—s_) and sy = (m5+ms)?.

Since the rhs of Eq. (36) is a constant independent of s, the wave function
takes the form
Cr

X"(s) = m

When this is substituted into the integral expression for C),, we get

! ds -
M/2 \/W(\/E_ M,,) - kM’ (37)

which is the equation from which the mass M, of the only bound state must
be solved. The normalisation constant C), follows from Eq. (32), which in
terms of x"(s) is

X"(s)*ds 1

s)\(s,m%,m%) 27

In the nonrelativistic limit, when /¢ + m? ~ my + ¢*/(2m1) Eq. (35)
becomes identical to Eq. (15), if we write M,, = M + E,,.

For two equal masses, m; = mgy = 2m = %M, Eq. (37) simplifies con-
siderably. The integral can be calculated explicitly and the equation for M,

becomes

4M M+ M, M,
———— arctan il R + =, (38)

/M2 — M? M — M, K
In order to find the mass of deeply bound states we expand the lhs in powers
of M, /M and then obtain the solution

M, 4 oM (M
M K K '

This shows that for values of k larger than a critical value k¢ = %WM ,
the total mass becomes negative. Although in the non-relativistic theory
this phenomenon already occurs for values of x larger than %\/QM , it is not
altogether removed from the relativistic theory.

For small values of k/M we expand the lhs of Eq. (38) in powers of
= (M — M,)/M = e(k)/M. Up to the next to lowest order we then find
for the binding energy

g(n):;i[1—<%+%>%+..} ,
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which is slightly less then the value in Eq. (17) from the non-relativistic
theory. The general dependence of the bound state mass M,, on the strength
k of the potential is shown in Fig. 2. The full line results from the present
relativistic theory, the dashed line from the Schrodinger equation.

0.2 0.4 0.6 0.8 1

Fig.2. M,,/M (horizontal axis) versus k/m (vertical axis).

Also the scattering problem, described by Eq. (24), can easily be solved
for the potential V3, = —2kM /7. The scattering amplitude turns out only
to depend on the total energy /sg = \/q2 +m? + \/q2 +m3, in which ¢ is
the relative momentum of the two particles in the initial state:

2kM
(1 — %C(so)) ’

M(sg) = —

(39)

Clso) = /OO ds
U S VG mEmi — s — 0]

By comparing with Eq. (37) we see that for the bound state energy /sg =
M, this scattering function indeed becomes singular. From the unitarity
condition

7 [M(s0)|?

A(sp, m$, m3) 7

ImM(So) = —

which one easily proves from Eq. (39), it follows that M (sg) can be written
in the form
A(so,m%,m3)

M(sq) = — ' 9050) 5in §(s) .

s

Eq. (39) now enables us to derive the following equation for the phase shift

2M

VA(so,m?,m3)(1 — 5LQ(so))

tan d(sg) =
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in which Q(so) is the principal value integral

ds

Pl = Relo) = M/ VAN e — il

For a given strength k of the potential the reflection coefficient R(sg) =
sin? §(sp) = (tan?§)/(1 + tan?§) can now be calculated for any value of the
energy /So. In the case of two equal masses and with x = m, the result
of such a calculation is shown in Fig. 3. For comparison we also plotted
the reflection coefficient from the nonrelativistic theory Eq. (18) for the
same value of k. We see that for high energies the reflection is considerably

suppressed.

11 1.2 13 14 15

Fig. 3. Reflection coefficients for the relativistic theory (full curve) and the nonrel-
ativistic theory (dashed line) for k=m, as functions of the energy in units of M.

With this value of k we also calculated the delay time 7 = dd/(d E). In
Fig. 4 this delay time is shown as a function of the energy (in units of M),
together with the value obtained from Eq. (18) from the nonrelativistic the-
ory. The relativistic effect is largest for low energies.

5 -
-10
-15
-20

-25

-30
Fig. 4. Delay times (in units of M ~1) for the relativistic theory (full curve) and the
nonrelativistic theory (dashed line) for k=m, as functions of energy in units of M.
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4. The relativistic harmonic oscillator

The nonrelativistic potential for the interaction between two particles
with masses miand mg is VIR (21, 29) = %muﬂ (1 — x2)2, in which m is the
reduced mass. In order to write the relativistic eigenvalue equation Eq. (31)
in a more explicit form, first the Fourier transform Eq. (1) of this harmonic
potential must be calculated. Since this does not exist, a cutoff potential is
introduced

22
VAR (z) = mw? R? [1 - eZRZ} ,

which has the correct limit when R — oo and which does have a Fourier
transform

VAR (k) = mw?R? [6@) - j;_ﬂe—%ﬁ] , (40)

where ¢ = k' — k.
With Eq. (25) the potential V (k, k') is determined, which figures in the

eigenvalue equation obtained from Eq. (31). In the centre of momentum
system this equation takes the form

V(k, K
E24+m244/k2+m2— ] (K dk' =0,
[\/ 1 \/ 2 \/ k2 +m2) (k2 +m32 )X (k')

where the following substitution was made

k) = [\/k;2 +m2+ \/k;2 N mg] v (k) .

The ortho-normality of the eigenfunctions Eq. (32) is now expressed by

Xm (k) _
/\/kQ k2+m)dk_5’m'

It must be kept in mind that in the expression for the potential V(k, k'), in
which VgR(k, k') of Eq. (40) occurs, the replacement ¢ — —f must be made.
The details of this replacement were explained in [5], Egs. (111)—(115). Since
for large R the potential V(k, k") is very much peaked around k' = k, the
integrand, including the function x,,(k"), can be expanded in powers of k' —k.
This then gives rise to a second order differential equation for y, (k) with
only finite terms, because those which tend to infinity with R — oo, cancel.
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In the static case, in which m; is kept finite, but M = my + mo — o0, this
equation takes the form

Ay, (x dxn(x
) o) ol 4 @)xa@) =0, (41)
with
_ %
P(fL‘) - 1+g{l/'27
1—2g22%) 2

The following abbreviations have been introduced

, Mp=M-m+e,, e,=my\1+gz2.

The nonrelativistic approximation is obtained by letting ¢ — 0. In that case
Eq. (41) becomes

B d*Xn ()

122 + 2% Xn(x) = T2 Xn(2),

which is the Schrodinger equation for the harmonic oscillator. The eigenval-
ues are T2 = 2n + 1 and correspondingly

~ 1 1
En=m 1+§gxn =m-+ n+§ w.

For a range of g-values the ground state and the first five excited states
were calculated by numerically solving Eq. (41). The difference in mass as
compared to the nonrelativistic case

~ 1
5n5n=m[1+<n+—>g\/1+gx%}

2

is plotted in Fig. 5.

The picture shows that relativistic effects are important in explaining
the mass of bound states. Especially the higher excited states experience
a tighter binding and are therefore lighter than expected from a nonrela-
tivistic theory.
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0.175
0.15
0.125
0.1
0.075
0.05
0.025

Fig. 5. Decrease of mass in units of m.

Concluding it can be said that, as suggested by the results of the present

paper, the mass of the Ds(2317) meson can perhaps still be understood
on the basis of a quasipotential theory, provided relativity is included in
a consistent way.
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