














































































































































































































64

must be interpreted as different minima of the string field theory effective potential "
In analogy to point particle field theories, we may expect that symmetry break-
ing through modification of the vacuum depends only on long-distance (or, more
properly, infrared) physics. It is not yet clear to what extent we can interpret com-
pactifications through a Kaluza—Klein type mechanism or conformal field theories
as infrared physics of the underlying dynamics. If one temporarily accepts this to
be the case, one may expect that ultraviolet (or short-distance) physics such as high

energy scattering will not be directly affected by the details of a particular vacuum.

M. B. Green [6] studied the above issue (in a somewhat different context) and his
results suggest that, contrary to our expectations above, vacuum structure (infrared
physics) and high-energy scattering (ultraviolet physics) are not disconnected at all.
The high energy behavior around two different vacua are drastically different in
the lowest non-trivial order of string loop perturbation expansion. Even though the
results of ref. [2-4] imply that one must sum to all orders of the string loop expansion
in order to get the correct high energy behavior of scattering amplitudes, Green’s
results suggest that one should re-examine the relation between vacuum structure

and ultraviolet string dynamics such as in the high energy scattering discussed above.

We will return to this issue later.

In the next section we discuss general features of vacuum stability and string
symmetry breaking. Next we study high-energy fixed-angle scattering of bosonic
string tachyons. From this we will infer the relation between string vacua and high
energy scattering behavior and draw our conclusions. For concreteness, we consider
the model of open and closed bosonic strings only. For technical simplicity, we will
concentrate only on the lowest non-trivial order corrections to high-energy fixed-
angle scattering amplitudes coming from the modification of vacuum structure. It
would be interesting to also study the equally important higher order terms and
extensions to superstring theories. In particular, we are interested in understanding

the modification of the supersymmetric vacuum into a non-supersymmetric one.

* Although this is not as straightforward in a theory that includes dynamical gravity as in a
theory where the space-time geometry is rigid.
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5.2 Vacuum Stability and String Symmetry Breaking

In point particle field theory, the criterion of whether a candidate vacuum |{) is
a true vacuum or not is the stability of the effective potential around that vacuum

|). We denote by #(z) a generic quantum field and T'[$q(-)] an effective action of
the given theory. Here,

= (Q¢(=) 1)
dq(z) = —=——+ (2l)
is an averaged classical field configuration in the vacuum [Q). In order for |Q2) to be

a true vacuum, the effective action must satisfy
[6T/88)5_5_ = 0. (5.2.2)

If the L.H.S. is nonzero, one constructs a new corrected vacuum |Q2') by adding
tadpole insertions to cancel out the non-vanishing L.H.S. of eq. (5.2.2). In string
theory, conventional vertex operators V(z) correspond to small fluctuations around
a given (flat, for instance) space-time background condensate. In principle, one
may calculate a string effective action I'sz [¢q(+)] from some string field theory. The

stability condition, eq. (5.2.2), amounts to saying that

(QU¢(2) 1) = (Qle(z) — 4I2) (5:2.3)
=) ga (2Va(2)|0)
= 0.

In the second line, we have identified string field fluctuations with the vacuum average

of linear combinations of vertex operators with couplings g, . Therefore, vacuum
stability is satisfied if

(QVa(z)2) =0 for all a. (5.2.4)

This is the first-quantized string notion of the condition eq. (5.2.2), and as such we

may evaluate this one-point amplitude perturbatively in the string loop expansion.

* A subtlety is that in general we must include contributions of auxiliary field vertex operators.
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Then eq. (5.2.4) becomes

o0

Z (Va), - Xe(@) — o

g=0

where

<@>g=/(Dg-Da:/M).@,e—s,,a,,

Sflat = / d*0,\/3g® 0, X* - X" - . (5.2.5)

Ry
M denotes a symmetry group volume of the path integral, and appropriate powers
of the string coupling constant x are inserted in accordance with the requirements

of factorizability and unitarity. xg = 2 — 2g is the Euler characteristic of the genus
g world-sheet.

In open and closed bosonic string theory, eq. (5.2.5) is satisfied in the lowest order
for closed string states on a sphere, S?, and for open string states on the boundary
of a disc, D?, due to invariances of S% and D? under the projective symmetries
SL(2,C) and SL(2,R), respectively. However, in the next orders of the string loop
expansion, one-point amplitudes are not zero in general. Aside from the the subtlety
required to define massive state asymptotic configurations, this is also the case for
supersymmetric strings in general. The Fischler-Susskind mechanism [7] modifies
the space-time structure of the vacuum, but, as we will discuss later, it is not the most
general way to modify the vacuum. Actually, we will find that the Fischler—Susskind

mechanism does not change the high-energy scattering behavior at all.

A generic “stringy” symmetry breaking is induced by insertions of tadpoles of
zero momentum. In the first quantization method, we cut a disc D? out of the original
world-sheet configuration and assign a string wave function around its boundary
dD? = S1. On 8D* = S, X*(o") satisfies the Dirichlet boundary condition

XH* (") = X" (constant). (5.2.6)
a0D2=51

Define T(X) to be the wave function of a zero momentum point-like string state
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which is a superposition of point-like string states satisfying X*#(o, 7) |7> =X" I_X:>
T(X) can be thought of as the coupling of the point-like string state to the vacuum
|2) , so it is a tadpole amplitude. If the vacuum ) is shifted to |©2') via a tadpole
amplitude T'(X),

0= ZZK'XE(g) “ga * <QI|VGIQ'>g
a g

- z Z Z kX2 . [T(X)] - ga - (QUVa|Q), ;- (5.2.7)
a g 4

Each term of the R.H.S. of eq. (5.2.7) is an amplitude corresponding to a genus g
Riemann surface with an insertion of the vertex operator V, and t insertions of the

tadpole amplitude T'(X). Accordingly, scattering amplitudes in the new vacuum are
defined by

N
1A(p1,--.,pn) = (2m) 6P (py + - + py)[J [ (2m) P~ (2p0)] 712

=1

ST RXEOT(XN (Vi (p1) - Vi (o)) - (5.2.8)
g 1

In order for eq. (5.2.7) to be consistent with factorizability and unitarity, 7'(X) must
be proportional to . ( There are N tachyons and ¢ tadpole insertions so a general
loop diagram is proportional to kVtt=2£20  and xN*t is absorbed into the vertex

operators and tadpole amplitudes.)

* Each puncture increases the Euler number of the surface by one unit.
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5.3 High-Energy Fixed-Angle Scattering of Open Strings

We will now explicitly calculate high-energy fixed-angle scattering in various
vacuum configurations. In the end we will obtain an explicit answer for scattering
N closed string tachyons in the modified vacuum in the high energy limit. Let us
first consider the four open-string tachyon amplitude on the disc, which is the lowest

order diagram. The well-known Veneziano amplitude with U(1) gauge group is

1

1
Ap2(p1,p2,p3,p4) = (B (—53 =l —-?Z-t - 1) + perm.)

_D(Je-DI (3t -)r(Hu-1)
B C(34+2)T(3+2)T(2+2)

o< (stu) 73 exp[—(slog s + tlog t + ulog u)] as |s|, |t], Ju| — oo. (5.3.1)

Modification of the tree level amplitude due to a tadpole insertion is described
by an annulus diagram A? with one Neumann boundary condition and one Dirichlet
boundary condition. The Dirichlet boundary of the annulus takes a fixed value in
the target D = 26 space-time, corresponding to the emission of a point-string state.

The Neumann boundary corresponds to the freely moving ends of an open string.

(Vr(p1) ... Vr(pn)) 2"

1

= T(X) /ilqg [le(Q)] /ﬁd¢i 0(¢i — di-1)

. [i@]w II [01(¢i — 4; I27)]wpi'pj , (5.3.2)

fa(¢®) 04(bi — 65127)

Our notations are as follows: the Neumann boundary of the annulus is fixed at unit

radius, the Dirichlet boundary is at radius q, which ranges from 0 to 1, v = log(q) /7,
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N is the number of tachyon vertices on the Neumann boundary, the i* tachyon vertex
with momentum p; is situated on the unit circle and labeled by angle 27 ¢;, which
may range from 0 to 27, D = 26 is the space-time dimension, 6;, 64 denote classical

Jacobi theta functions, while f;, f2, and fy are

Al =" T -¢,
n=1

f()) =g/ T[(1 + ¢, (5.3.3)

n=1

f4((I) — q—-l/24 H(l _ q2n—1).
n=1

The high energy scattering limit o/ — oo is controlled by ¢ ~ 1, as we will see, and,

to this end, we make a Jacobi transformation of eq. (5.3.2). The result is

T(X)/dw 5/8 [fl(w)] [fl(wl/z)rzv

fP(w)] | fo(w'/?)
01((8; = #)/2h' /2)]
/gd¢z 0(‘75: ¢: 1) E [ 9 ((¢/ ¢;)/2|7//2):| (5.3.4)

where w = exp(2n?)/log(q)),7' = —1/7,4: = —#:i/~. It is convenient to introduce

(@i - 8))/21'[2)

02((¢: — ¢)/21'/2)
A
VE+VE o (L w2 [a]z+ /2] + w)

Gy =

(5.3.5)

where 2; = exp[27ig;]. Note that the annulus has a rotational symmetry (only

differences ¢; — ¢; appear), so we use this freedom to set ¢; = 0. Thus, the integral
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in eq. (5.3.4) is now over the range w < 2y < 2y-1 < ... < 21 = 1. We define

variables

A/ 2] By = U for2<i<N

and
Vw/zq = ug. (5.3.6)

Letting these new variables range from 0 to 1 automatically implements the angular

orderings of vertex operators and makes the duality explicit.

We will now study the fixed-angle high-energy limit of eq. (5.3.4). Define S5;; =
—pi - p; and S; = —p; - pi+1 where N + 1 is identified with 1. Treat particles 1,2 as
incoming and the rest as outgoing, so the center of mass energy squared is s = 5.
The high energy scattering limit we are interested in is s — oo and Sij = Aijs — —o0
for i # j and S;; # s, where );; are essentially the fixed-angles. We will compute the
s — —oo limit and analytically continue to s — oo to obtain physical amplitudes.
Substituting eq. (5.3.6) and eq. (5.3.5) in eq. (5.3.4), one finds that the amplitude is
dominated by the end-point where all u; — 0. Saddle point evaluation of eq. (5.3.4)
at this endpoint shows that eq. (5.3.4) is peaked only for i + 1 = 7,

N
[IiG:Pw®in T [1Giiga] 72 5. (5.3.7)
1=1

1<y
Note that N + 1 is identified with 1 in eq. (5.3.7). Finally, eq. (5.3.4) becomes

(Vr(p1) ... Vr(pn))e™

~ T(X) 7ﬁ (52) ) expl-2a's; i
J

N (5.3.8)

= T(X)[I(s/91" (2o S:) 5/,

=1

This is the N-point amplitude generalization of high energy (¢! — oo limit)
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fixed angle scattering of the four-point amplitude. We note that eq. (5.3.8) has a
power-law decrease different from the exponential decrease of conventional scattering

amplitudes so that, when o/ — oo, amplitudes with tadpole insertions dominate over

those without the insertions.

5.4 High-Energy Fixed-Angle Scattering of Closed Strings

Similarly, one may consider the effect of tadpoles on closed string tachyon N-
point amplitudes. Again it is necessary to examine carefully an annulus diagram

with mixed Neumann and Dirichlet boundary conditions.

The Green function is found to be

fi(¢gh)
G(zi, zj) = =——=-Gy; - Gij 5.4.1
(zi 25) Fa(gh O (5.4.1)
where
G = B1(zi = 2[27) 5 _ Oz — 227)
- 04(zi — 24]27)’ L 04(zi — z]27)

The N-point closed string tachyon amplitude is, with z; = real,

o8N
(Velos) .- Vel = (%) / 4[4 [Aa)

Shslgeer) e

1<j

Using the Jacobi transformation, we parametrize vertex operator positions by
2; = 2B+ wi) (5.4.3)
so that

o _ (= v)/21/2)
I BRI R)
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(1 — w2 (\fzi]zj + \/zi[z) + w")

\/_+ 3 o H 1 (Vw2 (V225 + /73] 2) + w") o
and
Gis = 101 ((vi — 75)' /217 /2)
02((vi — 75)' /2|7 /2)
o (1w (\/ul% + \/3]) + ") (5.4.5)

\/—_*_\/"‘H (1+wn/2 \/z,/zj“f'\/zj/zl)'i‘wn)'

(Note that (#') # (+') since 4/ is an imaginary variable.)

We now look for a saddle point of eq. (5.4.2). We find it convenient to make a

change of variables

= (zi/zi-1)/?  for2<i< N, 1 =+w/en
i = (Zi/zi)? for2<i< N, ju=+w/zn=p, (546)

so that
Py i+1 * Hit2 - .- 1
fii = i (’f‘+ Lot ial > : (5.4.7)
Bit1 - Bit2 .- AN
A steepest descent saddle point is at uj,...,un — 0, just as in the open string

case. To see this, we keep terms only up to linear order in u; and fi; in the scattering

amplitude,

1

9 278N
i ot 4 5 ]
0

d%u;
/H AL '|5/4H|GJ,]+1 GJ,]+1| (5.4.8)

a—l
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The last integral is approximated by

N N
/ 1T @wilusil =37 TT 1L+ 265) (1 + 225) 7 5. (5.4.8)
= §=1
In the limit that o/S; — oo, we find that |g;],..., |un]| — 0 is the saddle point while

no saddle point exists in the angular directions. So we may integrate the angular

variables directly over the range. The amplitude eq. (5.4.8) then becomes

T(X) H / a2 pi|ui| 34 H exp[—2Re{ui+iii}o! Si] = T(X)[T(5/4)|N A H[a's,-]—5/4

(5.4.9)

where
x /2 N
A= / [] dost2Re(e® + 03 2i(Biga b HOn+0:))] =5/,

—r/2 =i
This is the desired high-energy scattering amplitude formula.

A striking feature of the result above is that the saddle point is such that all the
vertex operators approach the Neumann boundary. This means that if we calculate
mixed amplitudes with both open string tachyons and closed string tachyons, the
high energy behavior is essentially the same as eq. (5.4.9), since the saddle point
evaluation of the amplitude is again dominated by contributions coming from the
|#i| — O limit in which the closed string vertex operators approach each other. More
generally, had we considered scattering amplitudes with arbitrary combinations of
open and closed string states (for example, a scattering process involving gauge
bosons and dilatons), we would have gotten the same answer except for the details
of the respective vertex operators. Therefore, at least to this order, the scattering
amplitudes are recursively related in a similar manner to the results of closed bosonic
string theory that Gross derived [4,5]. It is important to notice that our lowest
order recursion relations are independent of the string tadpole amplitude T'(X), and

therefore the choice of vacuum. Of course we don’t know whether this is true in
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the next order or to all orders in general. But the lowest order result suggests that
in the high energy limit open and closed string amplitudes have similar polynomial
behavior. It would be worthwhile to explore whether this is the case even after we

include higher order terms of the string loop expansion.

5.5 Conclusion

We will now address the issue of the relationship between high energy scatter-
ing and symmetry breaking. The sensitive dependence of high energy scattering
amplitudes on the choice of vacuum that we have found means that the ultraviolet
and infrared behaviors of string dynamics are not independent. The stringy tadpole
is a singular mapping from 8D? = S1 of the world-sheet to a single point X" in
space-time, and the non-locality of this mapping is perhaps the reason we find the
non-exponential high-energy asymptotics of the scattering amplitudes in eq. (5.4.9).
The stringy tadpoles considered in this paper are effectively static ( no momentum
transfer) string condensates, so particles are expected to scatter with large-angle
deflections. Following the procedures in the papers of D. Gross [4,5], we can find
exact recursion relations among the scattering amplitudes in the case of symmetry
breaking phase. It seems that we get exact recursion relations similar to those found
by D. Gross even after the symmetry breaking. Thus, we learn truly high-energy
dynamical information that is independent of the vacuum selected. The point is
that, unlike point particle field theories, scattering amplitudes do depend upon the
choice of vacuum. Different vacua are described by different tadpole amplitudes, and

the prescription amounts to a modification of the scalar field content of the string

field expanded in mass levels.

This conclusion may seem contradictory to the usual concepts of low energy ef-
fective Lagrangians of string theories. If the characteristic energy scale one focuses
on is much less than that of the string tension, only mild fluctuations in the string
field or, equivalently, massless mode dominance is expected, and we get low energy
effective Lagrangians involving only massless modes (graviton, antisymmetric tensor

field, dilaton and gauge bosons). If space-time is curved slightly (for instance through
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the Fischler-Susskind mechanism [7]), do the above arguments mean that the tiny
bit of difference in curvature makes high-energy scattering behavior drastically dif-
ferent? The answer to this is no. The important point is that the Fischler-Susskind
mechanism is not the most general “stringy” symmetry breaking. It is possible to
explicitly calculate N-point scattering amplitudes in a slightly curved background
generated by the Fischler-Susskind mechanism, and the tadpole included there only
shifts the dilaton field background. When one uses perturbation expansions in a
curved space-time background, the high-energy scattering behavior in that back-
ground agrees with the scattering behavior in conventional flat space-time. This
is what we would expect from low energy effective action concepts. The Fischler—
Susskind mechanism is still not fully stringy, because only the finite number of fields

associated with the massless particles acquire vacuum expectation values.

Our tadpoles are non-local on the world-sheet, hence really stringy, whereas the
Fischler—-Susskind tadpole is local on the world-sheet. As mentioned above, this non-
locality on the world-sheet is crucial to the drastically different high-energy scattering
behavior. Whereas a point-like modification of the vacuum will not affect ultraviolet

dynamics, a stringy modification (as in our case) results in a change in ultraviolet

dynamics.

Our explicit calculations suggest that the relations among high-energy asymp-
totic scattering amplitudes are independent of the choice of vacuum. (Gross notes
in refs. [4, 5] that this is an unbroken phase of string theory, where all the particles
are gauge fields.) This raises many related questions: Is there a low energy effec-
tive action description of string field theory when we modify the vacuum? Can we
find a truly stringy four-dimensional vacuum of string theory? Does conformal field
theory compactification allow a truly stringy solution such as monopoles or vortex
configurations? Further research into these issues could help to acquire a deeper

understanding of the vacuum structure of string theory.
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Appendix 5.A Jacobi Theta Functions

The four Jacobi theta functions, 0y for k = 1 to 4, satisfy the heat equation

020, (v|T) » 490k (vI)

2
- = 0.
™ ov? or

They are defined by

O(vlr)y =1 Z (—1)® (n—-— i (2n—1)v

n=—0oo

(o o]
= 2f(¢?)qisinTy [ - 2¢*"cos2rv + ¢**),

n=1

1 3 n—31)? ir(2n-1)v
92(1/|7‘)=91(1/+-§|7—)= E g(n—3)" gim(2n—1)

n=—oo

o0
= 2f(q2)q%cos7r1/ H(l + 2¢*"cos2mv + ¢*"),

n=1

O2(v|r) = &/, (v 4 = 1 5+ —TIT) Z " eim2

n=—0o0
o o]
= f(¢%) H(l + 2¢?" Lcos2nv + ¢4"72),
n=1

» 'w T 1 w ’r
O4(v|T) = —ie* (v+ /4)01(1/ F §7-,.,.) — Z (__1)nqn’ez 2nv

n=—0o0

o o]
= f(qz)q% H(l — G~ LBy 4 i %A,

n=1

(5.A4.1)

(5.A.2)

(5.A.3)

(5.A.4)

(5.A.5)
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where

g=e"" (5.A.6)
and

(@) =T[a - (5.A.7)
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