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Abstract We consider time-dependent orbifolds in String 4.3 An overlap with two derivatives . . . ... .. 14

Theory and we show that divergences are not associated with
a gravitational backreaction since they appear in the open
string sector too. They are related to the non existence of the
underlying effective field theory as in several cases fourth
and higher order contact terms do not exist. Since contact
terms may arise from the exchange of string massive states,
we investigate and show that some three points amplitudes
with one massive state in the open string sector are divergent
on the time-dependent orbifolds. To check that divergences
are associated with the existence of a discrete zero eigenvalue
of the Laplacian of the subspace with vanishing volume, we
construct the Generalized Null Boost Orbifold where this
phenomenon can be turned on and off.
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1 Introduction and conclusion

String Theory is often considered to be one, if not the best,
candidate to describe quantum gravity and therefore the
Big Bang singularity. Unfortunately and puzzlingly, the first
attempts to consider space-like [1] or light-like singularities
[2,3] by means of orbifold techniques yielded divergent four
points closed string amplitudes (see [4,5] for reviews). This
is somewhat embarrassing for a theory touted as a theory of
quantum gravity. The aim of this paper is to elucidate the
origin of these singularities in amplitudes.
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A number of reasons are cited in the literature for the exis-
tence of these singularities. The most widespread is that they
are due to large backreaction of the incoming matter into the
singularity due to the exchange of a single graviton [6,7].
This claim was already questioned in the literature where the
O-plane orbifold was constructed. This orbifold should be
stable against the gravitational collapse but it exhibits diver-
gences in the amplitudes (see the discussion in [4]). We will
show in a more direct way that this claim is false.

What has gone unnoticed is that in the Null Boost Orbifold
(NBO) [2] even the four open string tachyons amplitude is
divergent. Since we are working at tree level this means that
gravity is not the problem. In fact in Eq. (6.16) of [2], the
four tachyons amplitude in the divergent region reads

dq ‘
Agq ~ —A(g) with
g~o0 lq|

o (& —p?
Aclosed ~ 4 (a L[) and

rel =22
Aopen ~ ¢ @PL) tr ({Ty, Ta}{T3, Ta))

where T are the Chan-Paton matrices. Moreover divergences
in string amplitudes are not limited to four points: interest-
ingly we show that the open string three point amplitude with
two tachyons and the first massive state may be divergent
when some physical polarization are chosen.

The true problem is therefore not related to a gravitational
issue, but to the non existence of the effective field theory.
In fact when we express the theory using the eigenmodes
of the kinetic terms some coefficients do not exist, even as
a distribution. This is true for both open and closed string
sectors since it manifests also in the four scalar contact term.
This problem can be roughly traced back to the vanishing
volume of a subspace and the existence of a discrete zero
mode of the Laplacian on this subspace.

In Sect. 2 in order to elucidate the problem of singularities
in open string we start by considering the NBOwhere we try
to construct a scalar QED theory. However, even the four
scalars vertex is ill defined.

Divergences in scalar QED are due to the behaviour of the
eigenfunctions of the scalar d’ Alembertian near the singular-
ity but in a somehow unexpected way. Near the singularity

u = 0 all but one eigenfunctions behave as ﬁe’% with
A # 0. The product of N eigenfunctions gives a singular-

ity |u|~N/? which is technically not integrable. However the
exponential term e’% allows for an interpretation as distri-
bution when A = 0 is not an isolated point. When A = 0 is
isolated the singularity is definitely not integrable and there
is no obvious interpretation as a distribution. Specifically in
the NBOA ~ % with / the momentum along the compact
direction therefore there is one eigenfunction with isolated
A = 0: the one which is associated with the discrete momen-
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tum [ = 0 along the orbifold compact direction. It is the
eigenfunction which is constant along that direction and it
is the root of all divergences. If the direction were not com-
pact or there were at least one another non compact direction
contributing to .A we could avoid the problem.

We then check whether the most obvious ways of regular-
izing the theory by making .4 not vanishing may work. The
first regularization we try is to use a Wilson line along the
compact direction. It works for the scalar QED and almost for
string theory but not completely. The diverging three point
string amplitude involves an anti-commutator of the Chan-
Paton factor therefore it is divergent also for a neutral string,
i.e. for a string with both ends attached to the same brane.
This kind of string does not feel Wilson lines. Moreover anti-
commutators are present in amplitudes with massive states in
unoriented and supersymmetric strings and therefore neither
worldsheet parity nor supersymmetry help. The second obvi-
ous regularization is to use higher derivatives couplings to
Ricci tensor which is the only non vanishing tensor associated
with the (regularized) metric. Unfortunately if we assume
that the parameter entering the metric regularization is of
the order of the string scale these terms do not help. In any
case it seems that a sensible regularization must couple to all
open string in the same way and this suggests a gravitational
coupling. Therefore we then give a cursory look to whether
closed string winding modes could help [8], as already sug-
gested in [1,3] in analogy with the resolution of static sin-
gularities. Twisted closed strings become massless near the
singularity and they should in some way be included. They
generate a background potential B, which is equivalent to
a electromagnetic background from the open string perspec-
tive. Under a plausible modification of the scalar action which
is suggested by the two tachyons — two photons amplitude
the problems seem to be solvable.

In any case we now understand the origin of the string
divergences from the point of view of non existence of con-
tact terms in the effective field theory. String theory diver-
gences come from ill defined contact terms which must be
reproduced by string amplitudes. In the effective field the-
ory contact terms arise from String Theory also through the
exchange of massive string states and this suggests to exam-
ine three point amplitudes with one massive state.

To do so, even if not strictly necessary to show the exis-
tence of divergences, we want to understand how to write
the polarizations for the massive state on orbifold from the
Minkowski ones. This is tackled in Sect. 3.

In Sect. 4 we consider overlaps of different wave functions
and derivatives thereof. These overlaps are related in fact to
the coefficients of the expansions of the effective theory in
eigenfunctions of the kinetic terms and therefore they are
strictly related to string amplitudes on orbifolds.

In Sect. 5 we go back to String Theory and we use the result
of the previous section in order to verify that in the NBOthe
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open string three points amplitude with two tachyons and
one first level massive string state does indeed diverge when
some physical polarization are chosen. An intuitive reason
is that we have an infinite number of images and the delta
functions associated with momentum conservation have an
accumulation point of their support. Nevertheless the exis-
tence of the accumulation point is not sufficient since three
tachyons amplitude converges: the coefficients of the deltas
matter too, and the convergence must be verified.

As stated above, if the directions with vanishing volume
were not compact or a “mixture’” of compact ones and at least
one non compact we could avoid the divergences. To check
this point, in Sect. 6 we introduce the Generalized Null Boost
Orbifold (GNBO) as a generalization of the NBOwhich still
has a light-like singularity and is generated by one Killing
vector. However in this model there are two directions asso-
ciated with A, one compact and one non compact. We can
then construct the scalar QED and the effective field theory
which extends it with the inclusion of higher order terms
since all terms have a distributional interpretation. However
if a second Killing vector is used to compactify the formerly
non compact direction, the theory has again the same prob-
lems as in the NBOcase. In the literature there are also other
attempts at regularizing the NBOsuch as the Null Brane. This
kind of orbifold was originally defined in [9, 10] and studied
in perturbation theory in [3]. This orbifold shares with the
GNBOthe fact that there is a non compact direction as dis-
cussed in this section. In this case it is indeed possible to build
single particle wave functions which leads to the convergence
of the smeared amplitudes on the Null Brane.

In Sect. 7 we then quickly examine the Boost Orbifold
(BO) where the divergences are generically milder [11,12].
The scalar eigenfunctions generically behave as |7|* % near
the singularity but there is one eigenfunction which behaves
as log(]#]) and again it is the constant eigenfunction along
the compact direction which is the origin of all divergences.
In particular the scalar QED can be defined and the first term
which gives a divergent contribution is of the form |¢ ¢ |2, i.e
divergences are hidden into the derivative expansion of the
effective field theory. Again three points open string ampli-
tudes with one massive state diverge.

The lessons to be learnt from these examples are many.

First, it seems that String Theory cannot do better than
field theory when the latter does not exist, at least at the
perturbative level where one deals with particles.

Second, when spacetime becomes singular, the string mas-
sive modes are not anymore spectators.

Third and related to the last point, the previous prob-
lems seem to suggest that issues with spacetime singulari-
ties are hidden into contact terms and interactions with mas-
sive states. This would explain in an intuitive way why the
eikonal approach to gravitational scattering seems to work

well: eikonal is indeed concerned with three point massless
interactions. In factit appears [13] that the classical and quan-
tum scattering on an electromagnetic wave [14] or gravita-
tional wave [15] in BOand NBOare well behaved. From this
point of view the ACV approach [16,17], especially when
considering massive external states [18], may be more sen-
sible.

Finally it seems that all issues are related with what hap-
pens to the Laplacian associated with the spacelike subspace
with vanishing volume at the singularity. If there is a discrete
zero eigenvalue the theory develops divergences.

2 Scalar QED on NBOand divergences

As we discussed in the Introduction, the four open string
tachyons amplitude diverges in the NBQ Given the sugges-
tion in the literature [4] that this can be cured by the eikonal
resummation, we would like to consider the scalar QED on
the NBQ Another reason is that all eigenmodes can be writ-
ten using elementary functions thus making the issues more
transparent. Its action is given by

SSQED = de v —detg
Q

« (—(D“¢)*DM¢—M2¢*¢—%f“” f,w—%msﬁ) ,
2.1
with
D,¢ = (8,L —1 eaﬂ)q),

We reserve small letters for quantities defined on the orbifold
and capital ones for those defined in Minkowski. Moreover
2 denotes the orbifold. We will construct directly both the
scalar and the spin-1 eigenfunctions which we can use as a
starting point for the perturbative computations.

fuv = Opay — day.  (22)

2.1 Geometric preliminaries

In R"P—1 with coordinates (x*) = (x*, x, x2, ¥) and met-
ric

ds? = —2dxFdx™ 4 (dx?)? 4 n;;dx’dx/, (2.3)

we consider the following change of coordinates to (x%) =
(u, v, 7, X)

X7 =u U =x
x2 = Auz < z = ijf 24
xt =v—|-%A2uz2 v _x+—%(x2,)2
X
Then the metric becomes:
ds? = —2dudv + (Au)*(dz)* + n;jdx’dx/, (2.5)
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along with the non vanishing geometrical quantities

—detg = (Au)?, (2.6)
and

1
Iy, =A%, T = " 2.7)

Riemann and Ricci tensor components however vanish since
at this stage we only performed a change of coordinates from
the original Minkowski spacetime: locally it is the same as the
NBOand they must have the same local differential geometry.

The NBOis introduced by identifying points along the
orbits of the Killing vector:

Kk =—1Q2rA)Jss

= QrA)(x*; +x73) 2.8)
=2ma,,
in such a way that
xt = Kl xH, nez, 2.9
where K" = ¢"*, leads to the identifications
.
2
x = ;CJF =K"x
X
B (2.10)
x
_ x4 nr A)x~
T 2T+ n@r ANt + InP2ra)iaT,
X
or to
(u,v,2,%) = (u,v,z+27n, X) (2.11)

in the coordinates (x*) where k = 219, is a global Killing
vector.

For future use in Sect. 2.6, we notice that we could regu-
larize the metric as

ds? = —2dudv + A2 (u? 4 €%)(d2)” 4 pijdx'dxd. (2.12)

Then the non vanishing geometrical quantities are

—detg = A2(u? + €2, (2.13)
and

2 M
Fe=awu Tip=a (2.14)

which lead to the following Riemann and Ricci tensor com-
ponents:

€2 AZe?
Ruw=—grar Ra="jmra

2 (2.15)
RlCuu = —m
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Since §ye6 (u) = this means that R, ~ [Sreg(u)]z.

2.2 Free scalar action

We now want to find the eigenmodes of the Laplacian in order
to write in a diagonal way the scalar kinetic term given by

Sscalar kin

= [ dPx/—detg (—g“ﬂam*a,w - M2¢>*</>)
Q

2
=/dD_3?cfdu/dv/ dz |Au|
0
1

X <8u¢ O + 0pd™ 0y — Wazd’ 0.9

(2.16)

— 3 0 — M2¢*¢>.

The solution to the equation of motion is enough when we
want to perform the canonical quantization. Since we want
to use the Feynman diagrams, we consider the path integral
approach: we take off-shell modes and solve the eigenvalue
problem O¢, = r¢,. By comparing with the flat case we see
thatris 2k_k4 —k? when k is the flat coordinates momentum.
We therefore have

1 1
~20,00r = — Doy + 39 +0]¢ =r¢y.  (217)

(Au)?

Using Fourier transforms, it then easily follows that the
eigenmodes are

i, 1) (W, 2, %) = elkrvilztiks q;{k+ll;r}(u)’ (2.18)
with
~ 1 —1i 12 l_H- 1;24»)'
¢ X ll—(» (M) — 2A2kJr u 2k ,
etk @)D 2 Ak | Jul

(2.19)
and
¢Ekk+ll€r}(”’ V.2 X)) =@y i,z xX), (2.20)

! The factor —g®? is due to the choice of the East coast convention for

the metric, i.e.:

—8*Pd,0* s — M?¢* ¢ ~ +1§|* — M*|¢|* ~ E* — M.
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where we have chosen the numeric factor in order to get a
canonical normalization:

(¢{k(1>+ lay kay rp? ¢{k(2>+ loy k) r<2>})
=/dD_3)?/du/dv

2
) /0 dz |Au|¢{k(1)+ Iy ke ry) ¢{k(2>+ Iy k@) ra))

=8P (kay + k@) 81y — r@)
x 8(ky+ +k@)+) 81,1 -

(221

We can then perform the off-shell expansion

b v, 2. ) =de—3/2/dr/ ks

x ZA{k+11}'r} Pl 1iry 0,2, %), (222)
IeZ

so that the scalar kinetic term becomes

Sscalarkin Z'/.dD_3z /dr/dk+

2 - *
XD =MD Ay i Ay
leZ

(2.23)

2.3 Free photon action

The photon action can be written as

Sspin-1 kin =

dPx J—detg
Q

1
X (—EgaﬁgygDaay(Dgaa — Daa,g)).

(2.24)
If we choose the Lorenz gauge?
D%ay = 0 0 ! 0
Ay = _;av — Oy — Oyay + A2 20z
+nYda; =0 (2.25)

and remember that covariant derivatives commute since we
are locally flat, the equations of motion read (La), = O.

2 Indeed it is exactly the usual Lorenz gauge since locally the space is
Minkowski.

Explicitly we have:

1 2
Oa), = i A2—u33zaz

1 1 P ij
+ —28u3v—u8 + e 23Z +n"9;0; | ay,

1 1 .
(I:la)v = [_281,{31) — ;81) + Az 2822 + T]ljala]] ay,
(2.26)

2
(Ua); = ——0:ay
u

1 .
+ I:_zauav‘i‘;av z +771j3i3ji| az,

A2y?
1 | i
(Oa); = —28u8v—;3v+ AL 2BZ +nY9;0; |a

As in the scalar case we are actually interested in solving
the eigenmodes problem (a)y, = r a,. We proceed hier-
archically: first we solve for a, and a; whose equations are
the same as the one for the scalar field, then we insert the
solutions as a source in the equation® for a, and eventually
we solve for a,. We get the solutions:

ay
~ a
I, 170 @ 1= é:
aj
~o
Z 5{k+ll€r}g ”a{l@rll;r}a(u)”
aefuv,2,i)
1
—e, - |%1%, -
=Etinu | o | Puepien@
0
i +1(L)2L
2k+u 2 Ak+ u2 (227)
- 1 o
+Euy 1k , B, 1y @
[
0
!
Ak |ul
+Eurinz | At | By i@
ke lkryz | Ay {ky Lkr)
0
0
01 -
+8{k+ll§r}l 0 ¢{k+lkr}(u)’
5ij

3 Notice that inside the square brackets of the differential equation for
a; there is a different sign for the term %Bv with respect to the equation
for the scalar field.
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then we can expand the off-shell fields as

g (u, v, z,X) = /de31€ /dr/dk+

@ >
Z Z g{k+l%r}ga{k+l%r}a(uv UyZvX)?

leZ aefu,v,z,i}

(2.28)

o o
(kg lkr}a (ke lkr}a
We can also compute the normalization as

21
(a(l),a(z))=de_3)? /du fdv/ dz|Aul
0

ap - -
x (g Ukays Ly kay raybe Ukt Lo ke r(Z)}ﬁ>

) ol (kv Hz+k-5)

where a u,v,z,x¥)=a

(2.29)
- g{k(1)+ lay Kyt © €{k<2)+ loy k@ r))
x 8273 (k1) + k@)
3(ray —r@)) dtkay+ + k@2)+) 31(1»*1(2)’
with*
Em ol =—Cnu v —EvERu 2.30)
+Em €z + 1L Em il ;- '
Finally the Lorenz gauge reads
n'tki 5{k+11€r}l = k&, ik ryu
2+ L
__2k+r6{k+lkr}g =0, (2.31)

which does not impose any constraint on the transverse polar-
ization 5{ . 1k r .» While the photon kinetic term becomes
+lkr}z

Sspin-1 kin = /dD_3l; /dr/dlq

1 *
;Z: Erg{k#l?r} ° g{kg/’h}'
€

(2.32)

2.4 Cubic interaction

With the definition of the d’ Alembertian eigenmodes we can
now examine the cubic vertex which reads

Seubic = | dPx \/Tetg<_i e g%
Q
au (@™ 059 — 59" @)). (2.33)

4 We use a shortened version of the polarizations & for the sake of
readability. Specifically we write £,y ¢ = £{k(n)+ oy Kony r ) thus hiding
the understood dependence of the components of £,y on the momenta.

@ Springer

Its computation involves integrals such as

i 2 3 B
/du | Aul (;) l_[¢{k(i)+l(i) ki ra)
i=1

2
2 iy Ly 1
N/ a (H_S/Z)e R (2.34)
u~0 u
and
N
/du|Au| (E) 1_!¢{k(i>+l<i)z(i>’<i>}
=
1 I
~ du [——= e T 22%o+", (2.35)
u~0 ulu|!/?

which can be interpreted as hints that the theory may be
troublesome. The first integral would diverge if the factor
é @ were equal 1. Fortunately it happens when all /(4) = 0
but in this case the integral vanishes (if we set /() = 0 before
its evaluation). This however suggests that when all /() = 0,
i.e. when the eigenfunctions are constant along the compact
direction z, something is happening. On the other side when
at least one [ is different from zero we have an integral such
as

v A 2
/ du|u|™Ve'u ~/ dr V=2 A
u~0 1~00

All [, are discrete but k()4 are not, therefore A has an
isolated zero but otherwise it has continuous value and may
be given a distributional meaning, similar to a derivative of
the 6.

The second integral has again issues when all /() = 0 and
since it is not proportional to any / as it stands it is divergent
unless we take a principal part regularization which may be
meaningful.

With all these warnings we can give anyhow meaning to
the cubic terms and we get®

(2.36)

3
Seuvic = [ | / Pk dr dkayr Y
i=1 Ly
% @m)P1s (Z ]z(i)> F) (Z k(i)+)

- * -
X 5(21<i>)e (A{—k<2>+ —lo) —k@) f<2>}) A{k<3)+1<3) k@) ra)l

N [0]
) {g{k(m Lk ry b K@+ 1)

koy+lay — loykay+ i1

Etkaiys loo Fay rn 2 Akry4 @

5 The notation (2) — (3) means that all previous terms inside the curly
brackets appear again in exactly the same structure but with momenta
of particle (3) in place of those of particle (2).
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+ 5{k(1>+l<1>’?<1)r<1)}y

i 71

72
X[k<2>+’<2> o, - ke+

2k2)+ {3} 2k(1)+ {3}
2
+ Lk ( loy o ) I[—z]]
2 A2 \kayr ko) TP

. ) o
- g{k<1)+l(1)’<<1>r(1>}£k(2)f 153 <(2) - (3))}’
(2.37)

where we have defined also for future use

I[V]

_ vl
m..v) = Liwy

400 N 5
J— U -
- / du|Aulu l_[¢{k(i)+l(i) kay ri)
i=1

—00

+o00 N B
:/ du|Au|u”l_[¢(,-),

- i=1

] +00 . N ~

v v R

Tiny —/oo du |Alful 1_[¢{k(i)+l(i)k(i)r(,‘)}’ (2.38)
B i=1

Wh?re ¢fi) - ¢{k(i>+ Ly Ky i) an'd bu) = ,¢{k<z‘)+l<i> ki) iy}
which will be used when not causing confusion.

2.5 Quartic interactions and divergences

In the previous section we have seen that the theory may have
issues when all [ = 0, i.e. with eigenfunctions independent
of the compact direction z because some integrals were on
the verge of diverging. The divergence issue will appear in
a clear and unavoidable way when considering the quartic
terms:

Squartic = dPx V/—detg
Q

x (¢ auan 1917 = Zigl*) (2.39)

which can be expressed using the modes as

/ P23k dkgy 4 dry >

4
Squartic = 1_[
i=1 l(,’)

X (271)D718 (Z k(i)> ) (Z k(l')+) 521(1.)’0

2 R * -

x {e ('A{—k<3>+ =13 —ke) r(S)}) A{k<4>+ Ly kay ey}

- . (0]

X [(g{k<1>+ Ly kay rayy © g{k<2>+ L) k) r(2>})I{4}
1

- lig{k(wl(l) k1) V<l>}ﬂg{k(2>+ loy k@) ro)) v

1 1 Y
)(— 4+ — )1
<k<2>+ k(1>+> “

1 g{k(1>+ Iy kqy r(l)}ﬂg{k<2)+l<2> ko ro}e

2 A?
2
y ( Iy o ) 1[4—2]]
ky+  ko+ W
84 , *
B I(A{fkuw =lay —ka) ’(U})
x (‘A{—k(2>+

- )*
—loy —kore)}

. - [0]
A{k(3)+ l3) k) ’(3>}A{k<4)+ L4y k) ray} I{4} } - (240

Now when setting /4y = 0 all the surviving terms are
divergent, explicitly Zfy] ~ [ du|ul'™**3 and Zf," ~

Jdulu =21 since $li—o ~ |u| 2.

Obviously higher order terms in the effective field theory
will behave even worse. This makes the theory ill defined
and the string theory which should give this effective theory

ill defined too.

2.6 Failure of obvious divergence regularizations

From the discussion in the previous section it is clear that
the origin of the divergences is the sector / = 0. When / =

0 the highest order singularity of the Fourier transformed
d’ Alembertian equation vanishes. Explicitly we have:

APy, 15y T BWSy 171

_[u Bw) u Bu) ;. ~
= ae /"y [t I TG, =0, @4

with
A= (=2iky),

B(u) = (—k% — r) +( 'k)1+_121 (2.42)
u) = r iky . AT 2 .

and this in turn implies the absence of the oscillating factor
e 0 when / vanishes. It follows that any deformation which
makes the coefficient of the highest order singularity not van-
ishing will do the trick.

The first and easiest possibility is to add a Wilson line
along z,1.e. a = 0dz. This shifts | — [ — ef and regularizes
the scalar QED. Unfortunately this does not work for String
Theory where Wilson lines on D25 branes are not felt by the
neutral strings starting and ending on the same brane. This
happens because not all interactions involve commutators of
the Chan-Paton factors which vanish for neutral strings. For
instance the interaction among two tachyons and the first
massive state involves an anti-commutator as we discuss
later. The anti-commutators are present also in amplitudes
of supersymmetric strings with massive states and therefore
the issue is not solved by supersymmetry.

A second possibility is to think about higher derivative
couplings to curvature which is also natural in String Theory
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If we regularize the metric in a minimal way as shown at the
end of Sect. 2.1, we see that only Ric,, is non vanishing,
therefore it would be natural to introduce

ShigherR = de J—detg
Za/zk 1 l_[gll,/ /g,o/o‘, RlCM 0;
k>1

% (Z CkSaZk_s¢*3S¢>>
s=0

= / dPx /—detg («/g"" g"° Ricyp
Q
X (€120" 02,0 + 110" 0,0 + C100%,6°9) ) . (243)

where o’ has been introduced for dimensional reasons and
in order to have all ¢’s adimensional. Since only Ricy, is
non vanishing and it depends only on u, the regularized
d’ Alembertian eigenmode problem would now read

1
N
2+ 2 AZ(M2+62) Zd)r

+ > a7 e Rick, 02 + 07, — rgp =0,
k>1

- 28u av‘z’r - aU(]br

(2.44)

with C, = Z?kzo(—)s ck s- We can perform the usual Fourier
transform and the function B(u) becomes
B = (R 1)+ ik o]
u) =(—k~—r —i —
U2 r e T AT 242
. 2 k (2.45)
12k—1 . 2k
+Y o ((u 2)2> (—iky )k,
k>1
Then we examine what happens when u = 0:
. e ook |
B(0) ~ N + Ci (—iky) o (2.46)

k>1

Even though it looks as if it presents the possibility to cure
the issue, unfortunately it is not so. If we consider &’ and €2
uncorrelated we lose predictability but if we consider o' ~

€2, as it is natural in String Theory, we do not solve the

problem since B(0) ~ —A—2 S Y ey Cr (—iky )2
and the curvature terms are not anymore singular.

2.7 A hope from twisted state background

It is clear from the previous discussion that the true problem
is associated with the dipole string and its charge neutral
states since the charged ones can be cured rather trivially by
a Wilson line.

@ Springer

On the other side we know that the usual time-like orb-
ifolds are well defined because of a presence of a By, back-
ground and this field is sourced by strings. So we can think
of switching on such a background in the open string. For
open strings B is equivalent to F' so we can consider what
happens to an open string in an electromagnetic background.

The choice of such a background is limited first of all by
the request that it must be an exact string solution, i.e. that
it satisfies the e.o.m derived from the DBI. If a closed string
winds the compact direction z is coupled to B, B;, and B;;
but if we choose

2.47
2ma’ ( )
then
det(g + 2ma’ f) = det(g), (2.48)

therefore it is a solution of open string e.o.m. for any
f(u, v, z, x'). Suppose that the action for a real neutral scalar
¢ is given by (as the 2 tachyons — 2 photons amplitude sug-
gests)

Sscalar kin =

1
i dPx /- det 3
x (—g0u9 090 — M2 + c10” 8000 )

2 1
=/dD_3)?/du fdv/ dz|Aul;

x <2au¢ W~ A )2(3 L)
— (09)> — M*¢* + 1 ™ )z(a v ®) f (u))
(2.49)
Performing the same steps as before we get
B(u) = (—k>—r) + (—ik+)l
e 12 +c1oc’2f(u)2k 2)7 2.50)

A2 y?
so even for a constant f(u) = fy we get a solution which
solves the issues. Notice however that the “trivial” solution
f = fodu A dz is not so trivial in Minkowski coordinates
f= ){—de’ Adx?. Though appealing, the study of the string
in the presence of this non trivial background needs a deeper
analysis which goes beyond the scope of this paper.

3 NBOeigenfunctions from covering space

In this section we recover the eigenfunctions from the cov-
ering Minkowski space in order to elucidate the connection
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between the polarizations in NBOand in Minkowski. More-
over we want to generalize the result to a symmetric two
index tensor which is the polarization of the first massive
state to compute the two tachyons one massive state in the
next section and to show that it diverges.

3.1 Spin 0 wave function from Minkowski space

We start with the usual plane wave in flat space and we
express it in the new coordinates (we do not write the depen-
dence on X since it is trivial)

- .2
Vi ko (x T, x7,x%)

(st - 2
_ et(k+x +hkox"+kax*) _ Viy k_ ko (U, 0, 2)

2k —ky?

2
i|:k+v+ T u+%A2k+u(z+AkT2+) :|
= e .

3.1)

The corresponding wave function on the NBOis obtained by
making it periodical in z. This can be done in two ways either
in x coordinates or in vz ones. The first way is more useful in
deducing how the passage to the orbifold makes the function
depend on the equivalence class of momenta. Implementing
the projection on periodic z functions we get

Wik, ko) (X, x7, x%]) = lefhk,kz(/C"(XJr,x_,xz))
nez
- 2
= Z‘/fIC*"(qu,kg)(x—'—,x X,

nez

(3.2)

where we write [k k_ k2] because the function depends on
the equivalence class of k4 k_ k> only. The equivalence rela-
tion is given by

k4
k= 1k | =Kk
ko
ket
= | k- +nQr Ak + 0 QA kg |, (3.3)
ko +n(2w Ak,
and allows to choose a representative with
ky
0< Ak|k+| <2m ky #0 . 3.4)
0< X7 <27 ky =0, k2 #0

If we perform the computation in zvz coordinates we get

Wik k- ko) (U, v, 2)
= Zth,kz(M, v,z +2mn)

nez

1 ky

- Zef{k+u+2k’+u+%(2ﬂmzk+“["+h(”A“)]z}, (3.5)

nez

_J@emP emin/4
N = A T

with r = 2kik_ — ko and Im(ksu) > 0, ie. kyu =
lkyule' and 1 > € > 0. Notice that there is no separate
ky

dependence on z and on AT therefore one could fix the
k>

range 0 < z+ A < 2. However this symmetry is broken
when considering the photon eigenfunction.
We can now use the Poisson resummation

Zei“(”+h)2 = /ds 5P(S)ei“(‘v+b)2

n

_i(%+%arg(a)) ) o
¢ TS 1 idmbm

R
2/mla| —~
(3.6)

= (2m)?

to finally get, reintroducing the other variables I_é, X and set-
ting therefore r = 2k k_ — ko? — k2,

Vi, ko i@ 0, 2, X)

3 e—in/4
=)=
T 2w A)
i R SV S o ok
Z 1 1[k+v+lz 2A2k+“+2k+ u+kx} ellﬁ

— ¢
| Ikl

i1k
=N2¢{k+l§r}(u’v’ Z’}_C})ellAk*' When k+ #0’
1
3.7)

with

(3.8)

The fact that W depends only on the equivalence class
[kt k— ko k] allows to restrict to 0 < ﬁlil < 21 so that
we can invert the previous expression and get

Py 1iry U5 V5 2, X)

1 [2mAkel gk, it

= 37 - - Ak ~ N
- N/o N L T R
(3.9)

3.2 Spin 1 wave function from Minkowski space

We can repeat the steps of the previous section in the case of
an electromagnetic wave. Again we concentrate on x*, x~
and x? coordinates and reinstate X at the end. We start with
the usual plane wave in flat space 1/;,&] k_kaes e e and we
express it in both Minkowskian and orbifold coordinates.
We use the notation w“] to stress that it is the

kyk_kyere_€
eigenfunction and not the field which is obtained as

Ay (x)dx” = /d3k Y Vi s e er (3.10)
€
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where the sum is performed over € which are independent
and compatible with k. The explicit expression for the eigen-
function with € constant is®

1] + = 42
N¢k+ k_ky,er€e_ € ()C , X L, X )
_ e

= (e;dxt +e_dx™ + erdx?)el (e Hhox"+hox?)

— Ayl

kyk_ky,ere_e (u’ v, Z)

= (e, du + €;dz + €, dv)

. Dby k_—ky? K \2
l|:k+U++T+2M+%A2k+M(Z+ﬁ) i|
e

, (3.11)
with
€y = €4,
)
€(2) =e_+(Az)er + EA 77 | ey,
e:(U,2) = (Au)(er + Azey). (3.12)

Notice that we are not yet imposing any gauge and also that
if (€4, €_, €2) are constant (¢, €,, €;) are generically func-
tions but it is worth stressing that (€, €,, €;) are not the
polarizations in the orbifold which are anyhow constant, the
fact that they depend on the coordinates is simply the state-
ment that not all eigenfunctions of the vector d’ Alembertian
are equal.

Building the corresponding function on the orbifold
amounts to summing the images

N () =3 e - (Kdx) (K "x)

= ZIC"G -dx I/f]Cllk(X), (313)

this expression makes clear that under the action of the
Killing vector € transforms exactly as the k since it is induced
by € - K'"dx = K¢ - dx, i.e.

€4
e=|e | =K
€_
€4
= € +nmrA)es ,
e +nrA)er + %n2(2nA)2e+

(3.14)

however the pair (k, €) transforms with the same n since both
are “‘dual” to x, i.e. their transformation rules are dictated by
the x. Therefore there is only one equivalence class [k, €] and

6 We introduce the normalization factor A/ in order to have a less clut-
tered relation between € and £.

@ Springer

not two [k], [€]. Said differently, a representative of the com-
bined equivalence class is the one with 0 < k> < 2w Alk4|
when ky # 0.

‘We now proceed to find the eigenfunctions on the orbifold
in orbifold coordinates. We notice that du, dv and dz are
invariant and therefore their coefficients in a are as well. So
we write

Nl (D)
=D e (K"dx) Y (K"x)

=dv |:e+ > (IC"x):| +dz (Au)
[62 Yo V(K'x) +erAY (2 + 277”)¢k(’€nx):|

+ du |:e_ Z Y (K"x) + e2A Z(Z + 2w n) Y (K" x)

1
+§e+A2 Xn:(z + 2nn)2wk(IC”x)i| . (3.15)
From direct computation we get’
3 @+ 2wy (K x) = 2B )y
. k NN AL
1 9 ko \?
2 n _ v _2
2nj<z+2nn> Y (K"x) = (Z.M G Ak+> Wi ([x ).
(3.16)

Then it follows that

Nl (xD)
= dv [e4 W ([xD] + dz (Au)

eky — ek —i 0
[2+k—++2\ll[k]([X]) + €4 T@W[k]([x])}

kb 1 kb \?
+du|:(6_ — Gzé + 564- (é) ) Wi (xD

+ S
—— x
2u k+ [k]

62k+ — 6+k2 —i

0
S
o TS k1 ((xD

1 -1 92
+§5+?w\lj[k]([x]) , (3.17)

where many coefficients of W or its derivatives contain k».

They cannot be expressed using the quantum numbers of

7 Notice that these expressions may be written using Hermite polyno-
mials.
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the orbifold {k; [ k r} but are invariant on the orbifold and
therefore are new orbifold quantities which we can interpret
as orbifold polarizations. Using (3.7) we can finally write

1
Wi (D)
o il
= Z¢{k+11}’r}(u, v, Z,X)e Ak
[

€2k+ — €+k2 Te LL
k+ + Au k+

k 1 k
+du[<e_ —ezé + = has <ki> )

i €+ €2k+ — €+k2 1 1
2u k+ k+ u Ak+

x {dv[e+] +dz (Au)

vet (LY (3.18)
€ . .
AV

If we compare with (2.27) we find
ity 1hryp = €+

€2k+ — €+k2
5{k+l,;r}§ = sgn(u) .
kh 1 ko

5{k+”3r}£:e _€2K+ —€4 <k+> , (3.19)

which implies that the true polarizations (€4, €_, €2)

and & {k, 1% )+ AT€ constant as it turns out from direct com-
Ak lkr}x

putation.

A different way of reading the previous result is that the
polarizations on the orbifold are the coefficients of the highest
power of u.

We can also invert the previous relations to get

€+ =Eu, 1k

ko
=&, 17y 5800 +

k
=it i 5{k 15 r)S80()

1 (&
t2 <H> Eksiinw

and use them in Lorenz gauge k - ¢ = 0 in order to get
the expression of Lorenz gauge with orbifold polarizations.
If the definition of orbifold polarizations is right the result

cannot depend on kj since ky is not a quantum number of
K24k +r

Eky 1810

(3.20)

orbifold eigenfunctions. Taking in account k_ =

in k - € = 0 we get exactly the expression for the Lorenz
gauge for orbifold polarizations (2.25).

3.3 Tensor wave function from Minkowski space

Once again, we can use the analysis of the previous section in
the case of a second order symmetric tensor wave function.
Again we suppress the dependence on X and k with a caveat:
the Minkowskian polarizations Sy ;, S—; and S»; do trans-
form non trivially, therefore we give the full expressions in
Appendix A even if these components contribute in a some-
what trivial way since they behave effectively as a vector of
the orbifold.

We start with the usual wave in flat space and we express
either in the Minkowskian coordinates

NPl 7, 2) = Sy v () da d”
= (Sy 4 dxtdxt +28, 5 dxtdx?
+28; _dxtTdx™
4285 dx?dx? + 285 _dx?dx~
i(k+x++k7x’+k2x2)

(3.21)

+2S_ _dx" dx")e

or in orbifold coordinates

NYZI) = Sap Y (x) dx® daP
= {@?1s4+41

+dvdz Au[2S1 7 + Sy +Az]
+dvdu [254 — + 284 2Az + S4 4 A?Z7]
+dz2 AZUP [S2) + 2812 Az + Sy 1 A%Z]
+dzdv Au
X [28_2 +2(S22 + S4 _)Az 438420722 + 84 4 A3
+du? [S__ +25_2Az+ (Spo + Sy )A%Z?
85,0033 ¢ %S++A4z4]}

2k —ky?

2
i[k+v+ L A% (52 ]
X e .

(3.22)

Now we define the tensor on the orbifold as a sum over all
images as

./\/\I’[k S]([x]) = Z(/C"dx) - S (K'dx) Y (K x)

= dx- (K7"8) - dx Ycni(x).  (3.23)
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In the last line we have defined the induced action of the
Killing vector on (k, S) which can be explicitly written as

St
Si2
Sp
S»
S
S__

cn

St

S+2 + VlAS++

S+7 +I1AS+2 + %n2A2S++

Sy 4+ 2nASyy +n*A%S,

Som +nA(Sn + S4o) + 302 A28 + In3A3S,

S__ +2nAS_5 +n?A% (S + Sy-) +n3A3Sn + Intats,
(3.24)

In orbifold coordinates to compute the tensor on the orb-
ifold simply amounts to sum over all the shifts z — (z+2mn)
and the use of the generalizatipn of (3.16), i.e. to substitute

j 1.0 k)’
(A Y — (mm - A—kﬂ) v
all in the ¢ basis this last step is equivalent to (A I —

l j
m + c e
orbifold by considering the highest power in # and get

(k1([x]). When expressing

We identify the basic polaritazions on the

1
Suu= ZK4S+++KZS+, — K35,
+S__ —ZKS_2+S22K2

1
Suv = §K25+++S+,—KS+2

3
—KS+_+§K2S+2+S_2—KS22
Sy =S42—KSi4

S..=K>S, . —2K Si9+ S0 (3.25)

with K = ,]{‘—i The previous equations can be inverted into

S. =K Sz +Su) + K>Sy

1
+ZK4SUU+2KSMZ+SMM

1
S+_:KSUZ+§KZSUU+SMU
3 2 1.3

572=K(Szz+8uv)+§K sz“‘EK Svv + Suz
S++:va
S+2=sz+Kva

$30=8..+2K Sy + K> Sys. (3.26)

Since we plan to use the previous quantities in the case of the
first massive string state we compute the relevant quantities:

@ Springer

the trace
tr(S) =8S;; — 28,y (3.27)
and the transversality conditions
r+ 122)
trans Sy = (k- S)y = ——— Sy — kit Suv,s
2k
trans S; = (k- S), — K(k-S)+
R
= 2k sz - k+ Suz’
1
trans S, = (k- S)_ — K(k - S)2 + E1(2(1< -84
(r + k)
=——8v —k+ Suu- (3.28)
2ky

where we used k- = (r + K2 + k%) /(2k4). These condi-
tions correctly do no depend on K since k3 is not an orbifold
quantum number.

The final expression for the orbifold symmetric tensor is

2 N ["72
WG D =" Gy iy v, 2, D) A
1

x {(dv)2 [Spv] +2Audvdz [sz + (L‘Z””) l]

u

+ 2dv du
zsvv L2S,,\ 1
[s vz - >
””*( 2k+> +<2A2>u2
+(Au)dz
2LS,. szU 1 L2801
S“Jr< A >Z+< A2 ﬁ]
4+ 2Audzdu

(B8 308 LSw) L
A 2ky A )u

3L 25,” 3i LSy i+ L3Sy, L]
A2 2Aky 2A3 ) ud
iS 2L$ S 1
d [S [ 44 Uz uv \ 1
+du wu ( A + k+ u
N LZS“ 3iLS,, 38, ZSuv) 1
A2 Aky 4k% A2 u?

N L3sz 3i L% Sy, i+ LS, L”
A3 2A%k, ) ud 4A4 ) utll
3

29)

. _ 1
with L = g
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4 Overlap of wave functions and their derivatives

In this section we compute overlaps of wave functions
and give their expressions both using integrals over the
eigenfunctions and sum of products of §. The latter is the
expression which is naturally obtained by computing tree
level string amplitudes on the orbifold when one starts
with Minkowski amplitudes and adds the amplitudes due to
images. This is equivalent to compute emission vertices on
the orbifold and then compute their correlations since this
amounts to transferring the sum over the spacetime images
to the sum of the polarizations images. We show this care-
fully in the next section. We consider also when and if they
diverge. Finally we use the wording wave function for the
functions on Minkowski space because we do not assume
any constraint on polarizations.

4.1 Overlaps without derivatives

Let us start with the simplest case of the overlap of N scalar
wave function. We compute the overlap of orbifold wave
functions and then we re-express it as sum of images of the
corresponding Minkowski overlap thus establishing a dictio-
nary between Minkowski and orbifold overlaps. Explicitly
we consider the following overlap where all the polarizations
Ay have been set to one

1N = / d3x\/—detg
Q
N
[ Wik ko k1 (1. X7, 2%D)

i=1

3 / - 2
:AIZd X _detg wk(1)+k(1),k(1)2(-x+7x » X ))

N
; -2
<TT D0 Ykos ko ko K™t x7, x?))

i=2 mi) ez

3 o 2
:/l\{lzd x\/Tetgwk(lH»k(l)fk(l)z(-x ,X 7, x ))

N
_ + - 2
x l_[ Z w’Cm(’)(k(z‘Hk(i)—k([)z)(x X, x%)

i=2 m(;)GZ

= (2n)% (;k“H) ﬁ 28

i=2 m(,')GZ

X <Z ]Cm(i)k(i)z) 1) (Z /Cm(i)k(,')_>

1

)

1

“.1)

where Q@ = R2/T is the orbifold identified with the fun-
damental region of R'"2/I". We used the unfolding trick to

rewrite the integral as an integral over R'? thus dropping
the sum over the images of particle (1). Then we moved the
action of the Killing vector from x to k and finally we used
the usual é definition. The previous integral can be expressed
explicitly as

N Kax
[N — AN Z etZizllmkw
{l(,‘)}EZN

N
/Qd3x J/—detg 1_[¢{k(,-)+k(,-)_ Lgy ray} (X))
i=1

N D Ayeaces 2
=NV 3T FE O Hor 2m)?s
{l(,‘)}GZN

0
(Z k(")+) 8% 1) I{[N]}’

from which we can reexpress the overlap of the wave func-
tions using integrals over the infinite sum 8% as

“4.2)

N
/Qd3x l_[¢{k(i)+ kil rpy (XD)
i=1

N
dk(i)z

1 /27TA|/€([>+|
N NN X 0 271A|k(,')+|

i=1

1
= (277,')38 <Z k(l)+> _/\W

N 2m Alkg ki
0 27 Alkiy+ |

i=1

xﬁZrS

j=2 mgjy €Z

ki
i1 D)2
e—ll(,) akyi [(N)

D KM OkGy | 8| DKMk -
j j

(4.3)

In particular it follows from the explicit expression of Z, {[2%

that all overlaps 1 V) for N > 4 are infinite.

Is there any intuitive reason for the divergence of the over-
lapping? We are summing over infinite distributions with
accumulation points of their support. Nevertheless the exis-
tence of the accumulation point is not sufficient since the
three scalars overlap, i.e. the three tachyons amplitude con-
verges: the coefficients of the deltas matter, too, and the con-
vergence must be verified.

4.2 An overlap with one derivative
Since we will also compute the amplitude involving two

tachyons and one photon, as a preliminary step we consider
the overlap in Minkowski space
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Tvink = i (1) - k@) (27)°8 (Z k(i)+>
i

() (20

Applying the recipe of summing over momentum and polar-
izations images of all but one particle, we can produce an
expression which depends on equivalence classes as

4.4)

J(kay, €], Thyl, ke =i (2m)%8 (Z k(i)+>

D dmaya (K"0eq) - K"@kap)
{m (,')}EZ3

X & <Z ]Cm(”k(i)z) 1) (Z IC"”I'”C([)-) .

This expression depends only on equivalence classes, for
example under (k(1y, €1)) — K*(kq), €qy), we can use
Kfa -b = a- Kb and the invariance of deltas §°(K*a) =
83(a) to demonstrate it.

Now it is not difficult to show that the previous expression
can be written as

4.5)

J = /s2d3_x T]HU ly[[ll(]]),e(l)]u([x]) 8,)ll’[k(2)]([)€]) \Il[k(3)]([x])
(4.6)

where we performed the unfolding using a[k(l),é(l)m([x]).
Obviously we can perform the unfolding using whichever
other field and this amount to keep the corresponding m ;)
fixed in place of m j).

Notice that the previous expression is invariant despite
the fact that the derivatives 9, are not well defined on the
orbifold since not invariant and would hamper the use of the
unfolding trick. The expression is invariant because \U,[L” i
not invariant too and compensates.

We can then evaluate the previous expression with
Minkowskian polarizations using (3.18) which is nothing
else but a rearrangement of terms of (4.5) to write

i3 g kiiy2
J=iN? Y Lict 030 (97)2s (Z k(i)+) 83 1)

{l(i)}€Z3

3
X / dx 1_[¢{k<i>+k<i>—l<f>f(z‘)}([x]))
Q .
i=l1

ln? 1 )
ko)t 20%u?  2kp)+

i
X {6(1)+ [4—5 +

1 1 Ly
+t o, |2 T A for T — L)
kay+
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1 g
+ |:6(1)— + 6(1)2—L +e€

. 1 1(1) ]
Nukayr 207 ks

ko } 4.7)

Possible divergences come when [ = 0 because the absence

of the factor ¢’ %, however all explicit factor % come always
with [ therefore when / = 0 they do not give any contribu-
tion. A divergence when / = 0 comes actually only from the
contribution of the first line 9, ¢|;—o = —ﬁqﬂl:o but this
cancels in scalar QED or with abelian tachyons because we
have to subtract the contribution obtained exchanging (2) and
(3). Because of color factors it does not cancel when consid-
ering the non abelian case unless one uses a kind (01; prin-
sgn(u

cipal part prescription since replacing [ Ib|L| du PRE with

11m [f ‘Ia‘ + fl \SI] du ngg(;‘z) gives a finite result.

4.3 An overlap with two derivatives

We can generalize the previous expressions to more general
cases. Since we use the results from Sect. 3 we miss some
non trivial contributions from polarizations like S,;. These
contributions do not alter the discussion. However for com-
pleteness we give the lengthy full expression in Appendix B.

Having in mind the amplitudes with two tachyons and one
massive state, we can consider an expression like

K:/d3x —detg
Q

v po 21
o n" Wiy se e (XD

O Wik 1 (1) Wi 1 (LX), (4.8)
in Minkowskian coordinates or
— 3 _ af [2]
K = /Q QP y/—detg g g Wl o (1x) Dy
05 Wik ([X 1) Wik, (X1 (4.9)

in orbifold coordinates where we need to use covariant
derivatives. Using the unfolding trick over (3) we get

= (27{)35 (Z k(,‘)+>

N
x [T D2 Seme K"k (K" k@)
i=2m<,~)EZ

X 6 (Z K:m(")k(,')z) 1) (Z K:m(i)k(,')_) .

i i

(4.10)

Explicitly in orbifold coordinates we can write
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_ 3 [2]
K= /Qd x /= detg[+ Wl o1 02V

— 9,0
(Au)?  Tke)-Seyluz k)]
[2]
+ 2q][k(3>’5<3>] wv 900 Wik )]
o 2w A2ud, W
* (Au)* ~Tke)-Se)l 122 02 Wikpy] — A%udy Wikg)1)
B 0.0, W 13 v
(Au)? ke)-Se)l 12w (0200 Wik — —0: WK1
[2]
+ Wik).50) 100 % ‘I’[k(Z)]]‘l’[km]- 4.11)

Keeping the terms which do not vanish when all / = 0 and

considering only the leading order in % we get

3k k
K~/du| 3 ((2)++ (3)+)

Iy=0
(4.12)

3
1
Svu(3) p l_[ éa)
i=1

which is divergent as P I‘ 73

5 String three points amplitudes with one massive state

In this section we consider string amplitudes including string
massive states. They are obtained using the inheritance prin-
ciple and therefore they are connected to the integrals and
relations derived in Sect. 4.

In particular we want to use the inheritance principle on
the momenta and polarizations, i.e. we start form amplitudes
in Minkowski expressed with momenta and polarizations and
then we implement on them the projection to the orbifold. In
particular it is worth stressing that as there is one Killing
vector acting on the spacetime coordinates there is only one
common Killing vector action on all the momenta and polar-
izations of each field as discussed in the spin-1 and spin-
2 cases. Moreover this approach gives the complete answer
only tree level amplitudes since inside the loops twisted states
may be created in pairs.

The final result is that the open string amplitude with two
tachyons and the first massive (level 2) state diverges and
there is no obvious way of curing it since the divergence is
also present in the Abelian sector.

The open string expansion we use is

X(u,it) =x0—i2a pn(ul)

XN 0 e
~|—l\/zzn(u +u )

n#0

6D

5.1 Level 2 massive state

Before computing the amplitude we would like to review the
possible polarizations of the first massive state in open string.
The first massive vertex is

. _ . i a2
Vm(x; k, S, §) = (mé 9y X (x, x)
N
i " v
+ (Tﬂ) Sy XP(x, 13X (x, 1)
etk Xlra) (5.2)
and the corresponding state is
lim Vi (x; k, S, §)[0)
x—0
=1k S, =E aa2+ai-S-a_p)lk). (5.3)
The physical conditions read
(Lo— DIk, $,8) =0= o'k =—1
Lilk,S, &) =0= S-k+&=0
Lylk, S,6) =0= k-&4+1tr(S)=0. 5.4
String gauge invariance allows to add
Loy(x-a-ilk) = (x ~a—a+ x -a—1k-a_1lk), (5.5
subject to the physical constraints, i.e.
dk*=—1, x-k=0. (5.6)

Actually in critical string theory there is another gauge invari-
ance generated by L_p + %Lz_l, in this case we can add a
multiple of

3
<L_2+ ELzl) k)

1
<5k ap+ = (k a_p)? +2a )lk) (5.7)

to set a = 0. Therefore the only non trivial d.o.f. are ST,
ie.
(ST =k-STT =g = 0. (5.8)
In view of the computation for the orbifold we can check
that given k = (ky, k_, ko, k) (—2kyk_ + ko> + k> = —1)
we can find a non trivial S77 with non vanishing components
in the directions =+, 2 only. We find in fact a two parameters
family of solutions. The parameters may be taken to be S +
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and S5 . Explicitly

1
St + ke
Sy ke
S+ 2 0
2l = k20 | Spy
S__ k 3
S—2 —2’%
S22 _zé
ki
0
k.
ki
1
+ 2k2(—k,k3++k22) Sio 5.9
k
k_k+tzk22
k 2
5
ki

There is even a non trivial solution for the more special case
k= (ky ko = 1/ky, ko = 0,0).

Similarly using the expressions for in orbifold coor-
dinates we check that there are two possible independent
polarizations Sy, and S,; which correspond to the the ones
used above. Then the non trivial solution is

STT

1
SUU _ﬂ 0]'(‘2
guv 26(*2 _;7
S = i\ | S+ L 1s,.. (5.10)
u <2k+2) 0
Suz 0 0
SZZ _zﬁ O
2k, 2

5.2 Two tachyons first massive state amplitude

This Minkowskian full amplitude is given by the sum of two
color ordered ones as

Arrm = A1y oM, (T T2) T(3))

+ATo 10y M) 1Ty T(1) T(3)), (5.11)

where an easy computation gives

ATy To) M3,
= (k| Vr (L k) (-1 - S5 - a1lk@))
= ({kqpy| €'k 0e=V2karar gy . Sy - ac1lk@))
= @m)PsP (Z k(,-)> (V2 key - SET ke (5.12)

Because of transversality of S(T3)T the other term gives the
same result of this one, hence the final Minkowskian ampli-
tude is

@ Springer

Arry = @m)P8 (Y ko) 202 k) - SG

ko tr ({T([), T(2)}T(3)) . (5.13)

Then we can compute the orbifold amplitude as

Arry = Qm)P728P3 (Z ’z(n) 8 (Z k(i)+)

2(v2a')? > Smy 1 (K" key) - SET

{may.m@y.ma)}ez’

L ks (P 0kan) 8 (Yo" OkG)-)

r ({Tay, Te)) T3)) -

The previous amplitude can then be expressed using an over-
lap as

Arrm = 2(=iv2a')? /Q d*x g g7 \I'[[Ii]a),s(m]up([x])

32, Wik 1 (XD Wik (I Dtr ({Tw). T)}T3) .

=2(—iv2a’)?
3 aB _ys 2]
/Qd Xg "8 ‘Ijlk(3),5(3)]ay([x]) Dﬂ

05 Wik (X 1) Wik, (Ix Dtr ({Tw). T)}T3) -
(5.14)

As discussed in the Sect. 4 the last integral is divergent when
St+ = Sy # 0 and the divergence cannot be avoided
even introducing a Wilson line around z since the ampli-
tude involves an anticommutator which does not vanish in
the Abelian sector.

6 Scalar QED on GNBOand divergences

As seen in the previous sections, the issues related to the
vanishing volume of the compact directions lead to incur-
able divergences. We introduce the GNBOby inserting one
additional non compact direction with respect to the NBOand
show that divergences no longer occur.

As a parallel discussion to the NBO, we introduce the
geometry of the GNBOand study scalar and spin-1 eigen-
functions to build the sQED on the orbifold. We then show
how the presence of a non compact direction (we will stress
the key differences from the NBO can cure the theory when
considering amplitudes and overlaps.

6.1 Geometric preliminaries

Consider Minkowski spacetime R'"?~! and the change of

coordinates from the lightcone set (x*) = (x, x~, x2,x3,%)
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to (x¥) = (u, v, w, z, X):

X =Uu

2 2
xt =v+ %u(z +w)? + %u(z —w)?

xz = Aru(z + w)

x° = Asu(z —w)
I 6.1
v :x+_2)+7((x2)2+(x3)2)

Tl o= (5 -8)
¢ =n= (54 8)

where we do not perform any change on the transverse coor-
dinates X. The metric in these coordinates is non diagonal:

ds? = —2dudv + (A3 + ADu?(dw? + dz?)

+2(A% — ADuPdwdz + n;jdx’dxd 6.2)
and its determinant is:
—det g = 4A3A3u". (6.3)

From the previous expressions we can also derive the non
vanishing Christoffel symbols:

ry, =T = (A3 + Au,
Moz = (A3 = A,
1

wo_ I o
Fuw_Fuz_u’

(6.4)

which however produce a vanishing Ricci tensor and curva-
ture scalar, since we are considering Minkowski spacetime
anyway.

We now introduce the GNBOby identifying points in
space along the orbits of the Killing vector:

k= =2mi(AxJyo + A3J13)
=27 (Aax? 4+ A3x)d,

(6.5)
+ 2w Aox" 0y + 2w A3x T 03
=270,
in such a way that
xt~e"xt,  nelkZ (6.6)

leads to the identifications

w N

===

K'x

=
+

=1

p
X2+ 2rnArx~
- X3+ 2rnAzx~
xt 4 27nAx2 + 27nAzx3 + 27n)
X

)

2 A%;A.%xf
6.7)

or to the simpler

(u,v,w,2) ~ u,v,w,z+2mn) (6.8)

using the map to the orbifold coordinates (6.1) where the
Killing vector k = 21 d, does not depend on the local space-
time configuration. As in the previous case, the difference
between Minkowski spacetime and the GNBOis therefore
global.

The geodesic distance between the nth copy and the base

point on the orbifold can be computed in any set of coordi-
nates and is:
Asty = (A3 + A @rnx ) > 0. (6.9)
Closed time-like curves are therefore avoided on the GNBQ
but there are closed null curves on the surface x™ = u =0
where the Killing vector k vanishes.

6.2 Free scalar field

In order to build a quantum theory on the GNBOusing Feyn-
man’s approach to quantization, we first solve the eigenvalue
equations for the fields and then build their off-shell expan-
sion. We start from a complex scalar field and then consider
the free photon before moving to the SQED interactions on
the GNBQ

Consider the action for a complex scalar field:

Sscala.rkin
= [ aPxy/=detg (—g"" 00" 000 — M¢70)
Q
+oo +00 +0o0
:/ dD_4)?/ du/ dv/
RD—4 —00 —00 -0
2
dw/ dz 2|A2As3|u?
0

X [%*am + 9 B (6.10)

! (( Ly L) (aw¢*aw¢ + az¢*az¢)

C4u2\\AZ " A2
(o )(aw¢*az¢+az¢*aw¢)>

2 Ta2
A3 A3

—1"70:¢™0¢ — M2¢*¢}.
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As in the case of the NBQ the solutions to the equations of
motion are necessary to provide the modes of the quantum
fields. We study the eigenvalue equation [l¢p, = r¢,, where
ris 2kyk_ — k by comparison with the flat case (k is the
momentum associated to the flat coordinates). We therefore
need solve:

{—2auav - %av + %[ (Alz + é) (ai + af)

e
A3

To this purpose, we introduce a Fourier transformation over
v, W, Z, X:

©.11)
1 ..

—2) Buc | + 100, - r}qs, = 0.
A3

o0
o, v, w,z,x) = Z/ dP- 4k/ dk 4
o0
+00
/ dp e
—00

where we defined k4, p,l,l_é as associated momenta to
v, w, z, X respectively, and we find:

(k+v+pw+lz+k X

i, piin@.  (612)

¢{k+pllzr}(u’ v, w,Z, )C)

_, i (kv pu-Hz+E- x)¢{k+plkr w). (6.13)
where
~ 1 1
P rttn ) = e B A Ak Tl
e )

These solutions present the right normalization, as we can
verify through the product:

<¢{k(1)+ Py Ly kay ray ) ¢{k<2>+ rolo ke ’(2>}) =21A243]

X / dD745c'/ du dv dw
]RD*“ R3
(6.15)

2
/0 dz u? ¢{k(1)+l’<l>l<l>k<l>r(1) ¢{’<<2>+P(2)l(2>k<2>r(2>}

=8P~ (k(l) + k(Z)) Skay+ + ko)) 8(pay + P2)
X 8(7‘(1) + 7(2)) 8[(1),1(2)~

@ Springer

Then we have the off-shell expansion:

¢r(u, v, w, z, X)
1

2y 2m)P | Ay Asky |
D4 +00 +00 400
xZ/ d k/ dk+/oodp/_00dr

A piin
|ue]

. 2 2
i(k+u+pw+1z+k-x—8k1+u[(”A”z) + B }rkzkf )
83 .

X e
(6.16)

6.3 Free photon action

We then study the action of the free photon field a using the
Lorenz gauge which in the orbifold coordinates it reads:

o
D%ay = ——ay — dyay — dyay

u
+ (1 + 1)(8 +.a.)
4M2 A% Az ww aZ

1 1
* (A—g B A—g)(awaz * 3z“w))

+n"da; = 0.

(6.17)

We then solve the eigenvalue equations (a;), = r ar+,
which in components read:

(Dar)u =

+V%}aru
2 1
Oay), = {—28u3v - ;311 + m
1 1 ) s ( 1 1 ) }
+— (s +a)+ — — ) 2800:
2 2 ) \Pw T 2 2 z
[(Az A3 ( 5 A3

+V%}arv,

2 1
Oay)y = ——dwary + {—zauav + >
u 4u

1 1\ s 11
(3 +28) G )+ (13- ) 2

+VT}arw,
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2 1
Ua); = ——0zarv + {728,,31, +
u 4u

1 1\ s 1
(5 ) o) (-

+VT}Ler,

1 )
— | 20y azi|
2 4
A3

2 1
Ua); = {*231431) - ;31) + m

1 1 \/n 11
(v a) @) (g ) e

+v3}ars, (6.18)
where V% =n'19;0 ; is the Laplace operator in the transverse
coordinates X. These equations can be solved using standard
techniques through a Fourier transform:

arol(u7 va wa 2, 55)

L [t +o0
=Z/D AdD*“kf dk+/ dp
17, RP— —00 —00

i(kyvtpwHlz+k-3) - ~
Xe ( )a{k+plkr}a(”)' (6.19)
We first solve the equations for [z{k+ plEr Y and é{k+ plEr)i
since they are identical to the scalar equation (6.11). We
then insert their solutions as sources for the equations for
{k+plkr}u, {k+plkr}w and a thy plEr)z . The solutions can
be written as the expansion:

[ El{kerl]zr}a(”) =1 aw

~0
= Z Eiky pikrye 1@ Dy prire®@ |

aefu,v,w,z,i}

=Ey plinu P piin T €k, piin

SO O O

i 1 (+p)? | (-p)?
2k+u+8k+2u2< A3 + A?

Pl pricr)

o~ —

1 (lp _I=p
dhi-lul \ A3 A2

0, pitnw lu| Piks pikr)

1 I+p
| ( + a2 >
O
T, piin: 0 Pie, pikn)
|ul
0
0
0
&, piirj 8 Py piir) (6.20)
8ij.
Consider the Fourier transformed functions:
o -
a{kﬂj”;r} (u,v,w,z, x)
— 1(k+v+pw+lz+kx) ~Qo ( ) (621)

{kJr pl k ria
then we can expand the off shell fields as

ag(x) = Z/dD 4k/dk+/dp/dr

leZ
Z g{k+lkr}g {k+plkr}a(x).

aefu,v,w,z,i}

(6.22)

We can compute the normalization as:

(aq), a)

2
=/ dD*“;/ du dv dw/ dz 2|Ar As|u?
RD—4 R3 0

X (g“ﬂ
= 3D74(1_<'(1) + E(Z)) d(pay + )
6(1{(1)-‘,— + k(2)+) 8l(l)+l(2),05(r1 - ’"2)

a{k<1>+ paylay kayrayte a{k<2>+ rele ko re)} ﬁ)

(6.23)

X I o 7
g{k<1>+ Py Loy kay rant E{k<2>+ ro) o ko rol’

where

Emy o
=—=fmué@v— v €u

/1 1
+Z[(A_§ + A2> <5(1>w Eow €0z 5(2>z)

1 1
+(A_% Az) <5<1>w ozt Eu: 5(2)w>i|

(6.24)

is independent of the coordinates. The Lorenz gauge now
reads:
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e )
Woki Ee, piing =R+ Ei prinu

l_éz +r
~ e ik priny = 0 (6.25)

As in the previous case, it does not pose any constraint on
the transverse polarizations E{h plkrtw and E{h plir)z

6.4 Cubic interaction

As previously studied on the NBQ we can now show the
sQED 3-points vertex computation using the previously com-
puted eigenmodes. The presence of a continuous momentum
in the non compact direction plays a major role in saving
the convergence of the integrals. In the case of the GNBOwe
find:

de,/—detg (—ieg’“’a,t (¢*3p¢ - 8v¢*¢))
—]_[ > de k(z>/dk<z>+/dp(z>/dr(z>

i= 11()62

3 3
X (27T)D71 sb—4 (Z %(,’)) ) <Z p(i)>
i=1

i=1

kiy ) 83
(Z ) Zl(m

x eA*

{—ko)+ —kwN2 —l0) z(z)r(z)}

Scubic =

A{k<3>+ P33y k) ra))

) 0]
x {5{k<1>+ Py lay kay rayy ko)+ i3
+ 5{k<1>+ pay Ly ke ren v
72
Ky tre) o o ko gon ko
2k BT 3) g
@)+ D+
2
L (ly+py | lo+re
A2\ &k T
A3 M+ @+

U Iy —pay . loy— o)\ | 12
A ( k T T
3 (+ @)+

+ (g{k(1)+ Py Loy Ky rayyw g{ku>+ P<1>l<1)/€<1)r(l>}§)
[L (k(1>+(1(2> + @) +key+ o) + P(l)))

A3 kny+
1 (k(1)+(1(2) - p) +ko+Uay — P(l))) }
A} kiy+

TH" + (@ - (3))} (6.26)
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where we defined:

[v]
I{N} /d” 2|A2A3|u u H¢{k<z)+P(z)l(z)k(l)r(z)}’

[v] 2 v s -
JIiny Ad“ 2[Az2A3|u nd’{k(m P iy kiy rayd”
i=

6.27)

While in the NBOcase we need to regularize the integrals
at least taking their principal part when all /() = 01in (2.35),
the GNBOdoes not need any speciﬁc manipulation. In fact the

form of ¢{k( Pl Fy r) | n (6.14) prevents the formation

of isolated zeros in the phase factor proportional to u~': the
presence of the continuous momentum p, contrary to the
NBOwhere all momenta are discrete, gives the integrals a
distributional interpretation, similar to a derivative of a Dirac
& function.

6.5 Quartic interactions

As for the NBO, we consider the quartic interaction for the
SsQED action:

g4
Squatie = | aPxy/=detg (¢ " apanlgl? = GLiol*)

| ( 1 )

<1
i=1 \ 47,/ (20)P A2 A3k 1 |

X Z /dD_4k(i)/dk(i)+/dp(i)/dr(i)
Z(,’)EZ

3 3
x @m)P P ki | 8 [ X ey
i=1 i=1
3
S| ke | 85
i=l .21(1')'0

2 A%
X A A >
{ (k)4 —kwN3 I3 —k@3) ra))” R+ P lay kay ray)

x | &, > o0& 4 [0]
kay+ ray Ly kayranyd ™ "+ P L) k@) r@)) T

— g - g -
ks oy Ly kay rande ks p) Loy ko) ra) e

(s * ) 2
kit k) W
g g_ _
—i +(12,2)Jr (12,2> I{[4}z]>
A3 A3
1/ 9ra2 & 9-02 -1
+;(5+<1,2> A2 —&-a2 A2 Ta

g4
{ k(1ys —kwN1 =Ly =k ry)
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A* =
{—k(2)+ —kwN2 —1(2) —k(z) r(z)}

R R [0]
x A{k<3)+ P33 k@) f<3)}A{k<4>+ P lay kayray =) }
(6.28)

where we defined:

G lay T Pw o) £ P
sah k(a)+ kpy+

é =£ -
+(ab) k@a)y+ P(a) la) k@) ")} ©

x| & 2 + & 2
( k)+ ) Ly ko) ro)y w ™ k) Py L) ki) f(b)}§>

_g -
k@y+ Py Ly k) Ty 2

x| & z +¢& 7
( k@+ P@ Loy k@ "t ™ “k@+ P@ Lo k@ r(a>}§>
(6.29)

for simplicity.

As the four points function in the NBOcase shows with
clear evidence the presence of divergences when all /() = 0,
the GNBOallows a distributional interpretation of the inte-
grals I{[X,]} and \7([1‘\’,]) in the previous expression. In fact the
regularization occurs in the same way as in the three points
function in the GNBQ the phase factor proportional to ™!
has a continuous value due to the continuous momentum p
and it does not present isolated zeros which would prevent

the interpretation as distribution.
6.6 Resurgence of divergences

Looking back at the metric (6.2) and at the identifications
(6.8) where we compactified only the coordinate z through
the Killing vector 277 9, it seems reasonable to wonder what
would happen if we acted in the same way over w, since 27 9y,
is a Killing vector as well and it commutes with 2 d,. How-
ever the lesson we learnt from our whole study on NBOand
GNBOis that in absence of at least one continuous transverse
direction it is not possible to avoid the divergences associ-
ated with discrete zero energy modes and this is exactly what
happens.

6.7 A comment on the null brane regularization

As mentioned in the introductory section, there have been
attempts to regularize the NBOusing the Null Brane. Dif-
ferently from the NBO, in this case the orbifold generator
(2.8) includes an additional translation along an extra spatial

dimension, namely
Kk =-2miANJyiy) —27iRP:
2 ’ (6.30)
=27 (AJd; + R33).

with metric

ds? = —2dudv + A%u?(dz)? + (dx*)? + n;;dx'dx/. (6.31)

Even though similar in appearance to the GNBOKilling vec-
tor, this Killing vector is substantially different from (6.5).

The scalar field satisfies the same equation of motion as
in the NBO

1 1 .
—20,0p¢r — ;avﬁbr + —azz¢r + af3¢r + 7]1] 0; 8]¢r

(uA)?
=ro,, (6.32)
where i, j =4,5,...D — 1. The solution is as usual
~ k2 ik§+1?2+ru
Py ke ks iry () X N s (6.33)
but with different periodicity conditions:
ei2nn(Ak;_+Rk3) — 1 (634)

This obscures the issue of the presence of a non compact
direction. To show the non compact direction hidden in this

. A 3
system we may define the coordinates 7 = % (% + %) and

# =1 (% — %) such that k = 270 and

Z\_ (2+2nn
P2 33

upon the orbifold identification. Then the momenta are 122 =
| € 7Z and k3 € R and they are related to the the momenta of
the other coordinates as

(6.35)

i—l— 123 i— /23
ky = , = , 6.36
k R z A (6.36)
so that the solution can be written as
L (-k)? 1, @R Pl —D) 2 k4
~ B I8A2k+ u i T u (637)

fr (¢
¢{k+lk3kr}(u) Tl

which shows in a clear way that there is a non compact direc-
tion which allows a distributional interpretation as discussed
in [3]. However this direction cannot be easily decoupled
from the compact one.

7 Quick analysis of the BO

In this section we would like to quickly show the analysis
performed in the previous sections for the NBObut in the
case of the BQ The results are not very different apart from
the fact that divergences are milder, in fact it is possible to
construct the full SQED but nevertheless it is impossible to
consider higher derivative terms in the effective theory and
some three point amplitudes with a massive state diverge.
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7.1 Geometric preliminaries

In R:! we consider the change of coordinates:

t = sgn(x+) ,/|x+x—|

xT = tethe
- — o 1o & @—ZA (7.1)
o_ = sgn(x x7)
where o_ = 1 and 7, ¢ € R. The metric reads
ds? = —2dxtdx™
= —20_(dt* — (A1)> dg?), (7.2)

and its determinant is:

—detg = 4A%12. (7.3)

In orbifold coordinates the non vanishing Christoffel symbols
are:

1
t A2 Y _
=24 Tf,=- (7.4)

Using the orbifold coordinates (¢, ¢), the BOis obtained
by requiring the identification ¢ = ¢ 4 27 along the orbit of
the global Killing vector k, = 27 d,. We will therefore use
the recurrent parameter A = ¢>"2 in what follows.

7.2 Free scalar action

The action for a complex scalar ¢ is given by
Sscalar kin = | d”xy/—det g(_guv O v — M2¢*¢)

2
= > /dD 2*/ dt/ d¢ Alt|

o_e{£l}

1
(20_ d* o + 1o ———0,0* 3,

27 (A2

— 3 0 — M2¢>*¢>), (7.5)

As before we solve the associated eigenfunction problem for
the d’ Alembertian operator

1 2 1 1 1 1 5
_za—at Or — EU—?8t¢r+§U (At )23¢¢r+3 Gr =1y,
(7.6)
with
F=2kiko —k>=2c_m*—k? (1.7)

where for later convenience (see the transformation of k
under the induced action of the Killing vector (7.17)) we
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parameterize the momenta as the coordinates

m = sgn(ky) /Ikik_|

ki =metAP | 73

e ©1F=ds og I (7.8)
= sgn(k k_)

where ¢ = £1 and m, B € R. To solve the problem we

use standard techniques and perform the Fourier transform
wrt X and ¢ as

P(t, 0, %) = /dD*%‘é Zelkx Wl (0, (7.9)
leZ
so that the new function H, .  satisfies
O H,, + TOH
+[ & +2o_(r+122)}H* =0 (7.10)
(A t)2 lkro_ ’

which upon the introduction of the natural quantities (see
also (7.19) for an explanation of the naturalness of A)

T=mt, r=er0HH 5 — o_¢_, (7.11)
shows that the actual dependence on parameters is
Hiipo (=15 (1), (7.12)
so that

27 1, - :
Ko+ O + [(A 7 +4o_] $1; =0. (7.13)

The solutions have asymptotics

1#£0

.l .l
- Ailt]'s + A_|t| s
$ro ~ { i o (7.14)

Ailog(lt]) + A=

and we will be more concerned on the [ = 0O case as before.

7.3 Eigenmodes on BOfrom covering space

We now repeat the essential part of the analysis performed in
the NBOcase. As in the NBOcase we use the wording wave
function and not the eigenfunction because eigenfunctions
for non scalar states require some constraints on polarizations
which we do not impose.

7.3.1 Spin 0

We start as usual with the Minkowskian wave function and
we write only the dependence on x* and x~ since all the
other coordinates are spectators
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Ve (xT,x7) = i (kex*kx™)
= 1/fk+k_ (t, @, 0'7)

; +A@+HB) L5 o= Aot
_ imi[etAWD 15 e AwtD]

(7.15)

We can compute the wave function on the orbifold by sum-
ming over all images

Wi (7D =) v (K", x0)

nez

— Z ¢k+k_ (x—i-eZJTAn7 x—e—ZnAn)
nez

_ Z ei{[k+22”A”]x++[k,e’2”A"]x’}

nez

= ZWIC*"(k+k,)(X+,X7),

nez

(7.16)

where we write [k4k_] because the function depends on the
equivalence class of k4 k_ only. The equivalence relation is
given by

2rAn
k= (’?) — Kk = (k’”:_zn M) . (7.17)

00
/ ds ¢ 27ls gimt {A +o_c A"}
-0

1 . . o0 » . s s
— 5 ellﬂ ell(p / ds e 12nlsez mt {A +o_c_A } ,
T —

leZ o

(7.20)

where the last line represents the change of quantum number
from mpB to ml and allows us to identify

ds e*i 27TlSei T {1\S+(§_1\7’r}7 (721)

3 1 [
Npodis (v) = - /

—00

where NV ¢ is a constant which depends on the normalization
chosen for ¢, ;_. This expression gives an integral represen-
tation of the o.d.e. solutions.

7.3.2 Spin 2

We start with the Minkowskian tensorial wave function where
we suppress all directions but x*, x~ and x? since all other
directions behave as x2. In this case differently from spin
0 we need to keep the dependence on x? since it is needed
for non trivial physical polarizations since it enters in the

The previous equation explains the rationale for the parametriza- transversality conditions. Explicitly

tion (7.8) so that we can always choose a representative

0<B<2m, m#0, (7.18)

or differently said § = B + 27 and therefore we can use the
dual quantum number / using a Fourier transform. Using the
well adapted set of coordinates we can write the spin-0 wave
function in a way to show the natural variables as

"Il[k+k_]([x+, ) = Zeit[ke+2ﬂAn+(}*)‘71€72ﬂA"]
(7.19)

Again the scalar eigenfunction has a unique equivalence class
which mixes coordinates and momenta.
Now we use the basic trick used in Poisson resummation

Wik (T, x7 D)
w o o
:/ ds (SP(S) el’{k+x+A5+k,x7A7‘S}
—0Q0
1 ~izx
o
leZ

00
/ ds é' 27'tlsei sgnlkex )/ lkpk_xtx=[{AS+o_c_ AT}
00

k+x+
k_x—

1 A+p)) '
=52 ()

leZ

Neow et x, x?)
= S,y dxtdx” ¥y (x)

= [S++ (dx)? + 28, _dxTdx™ + 4282 dxTdx?

+S__ (dx7)% 4+ 25_p dx2dx? + +S2» (dx2)2i|

ei(k+x++k_x’+kzxz) (7.22)

which we rewrite in orbifold coordinates
NBmlf,E?(t, ¢, x% o)
= Spp dxdx® Y (x)
[dtz (25+_ o+ Sip 2B 1S e—ZM’)

+2Ardrdg <S++ A 5 _ e_zA‘p>
+ A2 2dg? (—2 S 0 +Si4p RS _ e*zM’)
+2drdx? (S_oe %Y 0 + Sy2et?)
+2Atdx*dg (S4+2 RV — 8 ,e A o_)

+ (dx2)2 S22j|eimt[ e*A(‘pﬂS)+6_67A(‘ﬂ+ﬂ)]+ik2x2'

(7.23)

@ Springer



476 Page 24 of 28

Eur. Phys. J. C (2020) 80:476

Now we define the tensor wave on the orbifold as a sum
over all images as

NpoWlis (x]) = Y (K"dx) - S - (K"dx) Y (K"x)

= dx - (K™"S) - dx yicni(x). (7.24)

In the last line we have defined the induced action of the
Killing vector on (k, S) which can be explicitly written as

S+ e2AvS,
Sy Si
_ S__ e Y
L =] seasss |- (7.25)
S_» e_"A(pS,Q
S YY)

and it amounts to a trivial scaling.

In orbifold coordinates computing the tensor wave on the
orbifold simply amounts to sum over all the shifts ¢ — ¢ +
2nn. Then we have to give a close expression for the sum
involving powers e?* 2" explicitly we find

Z (627TAn)N ei T|:)L6+2”A"+&7%e—2nAn:|
>0
. (1.26)
0

where 7 derivatives higher than 2 of &5 can be reduced
with the help of the differential equation (7.13).

We now have to identify the basic polaritazions on the
orbifold. There are three basic observations. The quantum
number B is no longer a good quantum number on the orb-
ifold and it is replaced by /. The relations among orbifold
polarizations and Minkowski polarizations may depend on
B as long as the traceless and transversality conditions on
the orbifold are independent of it. These conditions may be
a linear combinations of the ones in Minkowski. Finally it
seems reasonable to use the natural variable A = e®(®+5),
Therefore, as we could guess, we have:

Sir = eizABS++

Sip=584_
Sio =e_AﬂS+2

Spp=e* 2P S__

Sy2 =e2Ps 5

S22 = S22, (7.27)
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which can be trivially inverted as

Syy=e ﬁStl

Sy— =8y

Sy =e2P S

S —e_ZAﬂS(W

S r=¢e BS(pz

S0 =822 (7.28)

When they are inserted into the trace condition they give

tr(S) = =251, + S22, (7.29)

while the transversality conditions become

(k . S)+ = —EA’B (m6'_0'_ S[t —i—mSw _kZSIQ)
k-S)_=—e2F (m6_ 0-S1p +mSyy —k25¢2)
(k-8))=-— (m 6_0_8> +m8¢2 — k2822) , (7.30)

which are independent of § when set to zero.
The final expression for the wave function for the sym-
metric tensor on the orbifold reads

Wi (xn = > e [sz 11 (A1) + 28,1 4 dedep+
leZ

+ 281 .12 d1dx? 4 Syt gy (dg)?
+ 281 92 dwdx2—|—

+ St 22 (dx2)2:|, (7.31)

where the explicit expressions for the components are

- il
o (OIAD (IS +iAS +1Spp—iASpy) | 1

Smi 11 =+ | — Az )
1 d - i . 1

+ ﬁdjd’l&_(f))\A (llstt_lls(p(p_ASII_AS(p(p) -

+|:$1[77(‘[))»% (5'7 Sit+20- S{(p +o_ Sww)i|, (732)

and

2Am T

~ il
Gro (I (IS +iAS —1Spy +iASyy) | 1
Sml,t(p:+ - .

~ il
. {ddf(p,;,(r)m (ilS,,AStt+ilS¢¢+AS¢¢):|
2m

(7.33)

m

- il
|:A&_ brs_(OAA (84 —S«pw)}
+ o
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and

Sl pp = + [—ﬁm (1) 115
(1St +8pp) +i A(Sii — Spy))]
+ [LA (i Jm,(r)) A
2m? dt
({1811 —i18py— AS; = ASyy)]T

+ [#AZ F1s (015 (6-Sii+6-8yp—20- s,w)} 2, (7.34)

and the effectively vector components in the orbifold direc-
tions

i~ il 1

Sml,12=+|:ﬁ¢l&_(f)l)\A (3t2—3<p20):|;
1d - il

+| 377 916 (A5 (Si2+Sp20) | (7.35)

and

i ~ il
Smi g2 =+ |:ﬁ¢>1&_(f)“»A (Si2+Sp2 G):|

1 d -
+ [EA (d_r ¢l&(f)> A (Si2—Sp2 0—)] T,
(7.36)

and finally the effectively scalar component

~ il
Smi 22 =822¢16 (T)AA. (1.37)

7.4 Overlap of wave functions and their derivatives and a
divergent three points String Amplitude

Now we consider some overlaps as done for the NBQ The
connection between the overlaps on the orbifold and the sums
of images remains unchanged when we change the Killing
vector /C, hence we can limit ourselves to discuss the integrals
on the orbifold space.

7.4.1 Overlaps without derivatives

Let us start with the simplest case of the overlap of N scalar
wave functions

N
N :/ d3x /= det gl_[‘ll[kﬂ[_)kfm]([x"',x_,x2]))
£ i=1
N
=Nio D

{l(,‘)}EZN

N
fQ &x /= det g [ [ b1y 6o
i=1

- N
ol izl Bo

(7.38)

This is always a distribution since the problematic /(x) = 0
sector gives a divergence like (log(|¢]))" around zero. All
other sectors have no issues because of the asymptotics
(7.14).

7.4.2 An overlap with two derivatives

We consider in orbifold coordinates the overlap needed for
the amplitude involving two tachyons and one massive state,
ie.

— 3 aB ,y8 \yl2l
K = \/Qd X det 88" 8 \Ijk(g) S(g)]ot]/([ ])

Dgds Wik ([x ) Wik ([x])- (7.39)

Since we want to use the traceless condition we need to keep
all momenta and polarizations and not only the ones along
the orbifold, then we can write

[ 2l
K= /Qd x /= det g[+‘~ll[k(3) St Wik

-2 (E) \Il[k(S)»So)]t(p <a’a‘/’\y[k(2>] - ?8¢\I’[k(2)]>

1\
(2] 2
* (E) Yiks. 509100 (awq’[km A*10, W k(2)>

[2]
\Il[k(3),5(3)] t2 8t 82\11[]((2)]

1\
+2 (A_t> \Ij[k<3)»5(3)]<ﬂ2 8*"82\1[[1‘(2)]

[2] 2
+ w[k@),S(})] 22 82 \Il[k(z)]:lq][k(l)] .

(7.40)

Now consider the behavior for /4y = 0 for small ¢. All
the 9, can be dropped since they lower a [(5). The lead-
ing contributions from spin 2 Components are Sy ™~ 1

127
Sml o> Smi22 ~ Land Sy 2 ~ ¢ therefore the leading l4
reads
K ~ / dr ¢
~0
1d -
[ 2 d ¢IU, (Sll + ngup) X 8[2\p[k(2)]
1\* —-A24
+<E> m 2d ¢la_ (Stt+8<p<p)1'
X (—Aztal\ylk(z)])}‘l—’[ke)] (7.41)

In the limit of our interest Wijli=o ~ 16 li=o ~ log(|t])
then the two terms add together because of sign of the covari-
ant derivative to give
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K ~ [ odrt]
[( I %) S,,+;9W logtgr\) +0 (logzt(lll)):l’ (7.42)

m
which is divergent for the physical polarization S;; = Sy =
—5_J_St 0 = —%&_0_822.

Il —

Acknowledgements We thank Marco Bill6 and Domenico Orlando
for discussions. The work is partially supported by the MIUR PRIN
Contract 2015 MP2CX4 “Non-perturbative Aspects Of Gauge Theories
And Strings”.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Author’s comment: No data have
been generated. ]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

A Complete tensor wave function in the NBO

For the sake of completeness we report the expression of the
full NBOtensor wave function (= é):

~
[N]

>~
+
=
>
|
<
[

Pu, 15y T Suv

|95}

<

2]
SCocoococococococ o~
coocococoocor~~ T

[t
O:lh

<

+ Suz ¢{k+112r} + Sui ¢{k+11?r}

ENeNeBeoNeBell =Reloel

OOOOOOO[>

@ Springer

¢{k+112r}

+ Sww

+ Suz

+ Syi

+ Sz

3iL?

LA

u2+2

1

3
2
412

2k+u

0

1
L
0

iA%u
k.

=)

)

2ALu

[\e]
~
-

N
ocNo~ocooctT cooco oo
(3]
>
)

N
)

~
[N]

o~
—+
>
]
=
]

~o t

>
oo VNoo oo

<

A2 ky u 4 At

Thru +—2A23u2
3iL + L

s+
L2

2A2u2

¢{k+112r}

+12

¢{k+llzr}

‘15{k+ 1kr}

¢{k+ 1kr}


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2020) 80:476

Page 27 of 28 476

+ Sui P, 17 r)
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B Complete overlap with two derivatives in the NBO

For the sake of completeness we report the full expression of
the overlap with two derivatives considered in the main text
which corresponds to the colour ordered amplitude of two
tachyons and one level 2 massive state:

K:J\//Z/de,/—detg
[5(3) ({k(i)+l(,~)l?(,-) Titiz1,2,3: {5}>” !
+57 ({k<z')+ Loy Ky r))iz 2,30 {5}) u?
+s0 ({k(i)+ Loy Ky r))iz, 2,30 {S}) w

+ 5 (tkar+ Ly Ky r )iy o, 30 1S))

(B.1)

+ s <{k<i)+ Ly Ky r))ic, 2,30 {3}) “]

3
_l_! Plkire ) Koy ro)
i=

where:

4 4 3 3
R (_ Koy 1a)" = 4kgy) ko + Lo Lo

2 4 3
4k(Z) + k(3>+ A

6k 4 ki1 L) l* + k) 4 Ly ) s
- vy

Ak Ky A3

(B.2)

52

B ( i (3 Ky 4 key+ 1) + 3k 4 )2 — 4k + k) 4 Loy Iy — 6k k3 + 1oy 1(3))

2+ Ky A

+

—i (+3k?3)+ 12 +3ko)+ k(z})Jr l(z)z) ) S
v

2k + Ky A

(B.3)
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+- Sz

3 2
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