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ABSTRACT: Four-particle tree-level scattering amplitudes in string theory are magically
consistent with unitarity, reflected in the non-trivial fact that beneath the critical dimension,
the residues of the amplitudes on massive poles can be expanded in partial waves with all
positive coefficients. While this follows (rather indirectly) from the no-ghost theorem, the
simplicity of the statement and its fundamental importance for the physical consistency of
string theory begs for a more direct and elementary understanding. In this note we take a
step in this direction by presenting a new expression for the partial wave coefficients of string
amplitudes, given by surprisingly simple double/triple contour integrals for open/closed
strings. This representation allows us to directly prove unitarity of all superstring theories
in D < 6 spacetime dimensions, and can also be used to determine various asymptotics of

the partial waves at large mass levels.
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1 Introduction

The four-point tree-level amplitude in string theory is a famously miraculous object [1-3].
Consider for instance the color-ordered four-tachyon amplitude of open bosonic strings,
where (with o/ = 1)

(—s—1)I'(—t-1)

Aopen,bos 1) =
(5,%) T'(2+u)

(1.1)

The above expression satisfies all the stringent consistency constraints on amplitudes in one

shot. It is consistent with causality, by being appropriately bounded by a power of s for
large centre-of-mass energy s, working in the Regge limit at fixed momentum transfer ¢.
It is famously UV complete, being exponentially soft for physical Lorentzian kinematics
(stu > 0 with s+t4+u = —4), at large energy and fixed angle.

But by far the most miraculous property of the amplitudes is the way they are
consistent with unitarity. Consider the residue of A°P*™P%(s t) as we approach a pole at

s — n. We have Aopen,bos(s’t) N ﬁ % R%pen,bos(t) with R%pen,bos(t) — (2+t)(3?;1t—)’_-~1~)(!n+2+t)'




As usual, we can express this result in terms of the scattering angle x = cosf with
t = (s4+4)(z—1)/2 = (n+4)(x—1)/2, so that the “residue polynomial” ROPe™PoS(z) is

1 n+4 Y+l n—2i+2
Ropen,bos — ( ) ( _ ) 3 1.2
w (@) (n+1)! \ 2 g T4 (1-2)

Unitarity demands that RP®™b°S(x) can be expanded in Gegenbauer polynomials G§D) ()
with all positive or zero coefficients: RIPe™POS(z) = > B,?’j GgD) () with B,?J > 0 and
spacetime dimension D. The positivity of the BT? ;s follows from the fact that they are
the mod-square of three-particle amplitude couplings to the internal states of spin-j, or
equivalently, represent the cross-section for the resonant production of the intermediate

spin-j states. Here the first interesting level is n = 1, where we find

2% open,bos () — <x—;> (x+;) = (:cQ—Dl_1> + (Dl_1—215) . (1.3)
The spin-2 Gegenbauer polynomial in D dimensions is proportional to (mQ—ﬁ), so this
shows that we are exchanging a spin-2 state with a positive norm. But the remaining
constant term indicates the presence of a spin-0 state with the norm ﬁ—%. This gives a
negative-norm state for D > 26 spacetime dimensions. In this way, the four-point tree-level
amplitude — whose form is completely independent of spacetime dimensionality — knows
about the critical dimension, through unitarity.
The story is much more interesting for the scattering of spinning states. For the

four-gluon amplitude in type-I superstrings,

I'(=s)'(=1)

Al(s,t) = FtAl(s,t) = FA—L -~ 1.4
(5.8) = Fial(s 1) = P =S (1.49)
Here, F* is a famous permutation-invariant polynomial in the field strengths that appears
in the tree-level Yang-Mills amplitude: AYM = i—:. Unitarity at the first massive level is
already non-trivial: as the residue is simply F* itself, the permutation-invariant polynomial
must be written as a positive sum of s-channel exchanges. With x = p;—ps and y = ps—py4,

we express
f4(6i>$7y) = <$761a€2|0|ya €3>64>’ (15)

where |z, €1, €2) represents the “Hilbert space” of states with x, €1, e2. From these states we
can build irreps of SO(D—1), on which O can be expanded. We find that in this form, F*
is uniquely given as a combination of spin-0, -2 and a 3 form:

0= (5g-1) 1)1+ X+ BN (16)

Positivity of the expansion now requires D < 10. Note that this massive spectrum is
exactly the bosonic content of 11-dimensional supergravity, as it must from the viewpoint
of supersymmetry, i.e., massive irreps can be obtained from massless ones in one dimension
higher. Thus, in a precise sense, the tree-level amplitude of Yang-Mills knows about the
critical dimension of type-I superstring as well as supersymmetry!



Let us also mention that the exchanged three fields correspond exactly to the field
content expected from the worldsheet description of type-I strings. These fields correspond
to the first massive level. Letting 0X* and 9" be the free bosons and fermions respectively,
the unique two bosonic physical states in string theory at this mass-level read

) = eudX y"e™ X, [H) = quagty e, (17)

where €, and €,,,\ are the transverse traceless symmetric and antisymmetric polarization
vectors respectively, i.e., pe,, = 0 and pte,,n = 0. The scalar state is absent in ten-
dimensional string theory, as predicted from the coefficient in (1.6). In the presence of
an internal compactification manifold, one can generically write down one more scalar by
choosing (the coefficients are chosen in order to ensure a traceless transverse polarization)

D-1
€y = Nab + PaDb — D—10%" (1.8)
where a, b =0,1,...,D denote the flat directions and ¢, j are the indices of the internal

manifold with metric g;;. We can identify this additional scalar with the scalar appearing
in the expansion (1.6) for D < 10.

Going beyond the first level we have Al(s,t) — L F* x Rl (t), where R} (t) =

(148)(248)-(n—1+t)
n!

. Once again, in terms of the scattering angle it is given as:

m =5 (2) 7T (). 0o

=1

Expanding on the Gegenbauer polynomials, R (z) = > Br?j GE-D) (), this can now be
combined with the expansion in eq. (1.6) to yield a “diagonalized” representation of the
residue:

f4R£L = <x761762’0n|y7 63754>7 (1.10)

where

On=3_By; {(D‘g_ll) | @) &il+|mei{meil+ |§®j><§®j|}' (1.11)
J

The diagonalized is in quotes, since the states are constructed from tensor products of either
the spin-0, 2 or 3-form, with a symmetric spin-j irrep, i.e., the states are not necessary
orthogonal, see section 2 for details. Nevertheless, if the coefficients sz ; are positive, the
operator O, is manifestly positive, establishing unitarity. We already know that unitarity
for the first massive level requires D < 10. Unitarity can be established if we can show that
B,? j > 0 for D < 10. This is already non-trivial for level n = 3,

= (-3) () =5 (od)

Once again, we see that for BSI?O > 0 requires D < 10.



7=0 J=1 J=2 j=3 j=4
n=1 1
1

n=2 O Q(T—S)

_ 10—D 3
n=3 24(D-1) 0 1(D-1)(D-3)

_ 11-D 2
n=4 0 2(D+1)(D=3) 0 (D2-1)(D-3)
n—5 | 9D2-250D+1616 0 25(12—D) 0 125

= 1920(D2—1) 96(D—1)(D2—9) 16(D2—1)(D2—9)

Table 1. Values of B,?, ; for the type-I amplitude with low n and j. Note that all of them are
non-negative for D < 10 and, e.g., Bg?o indicates violation of unitarity for D > 10.

The remarkable claim is that this pattern holds for all higher levels n: the residue
polynomial can be expanded as

RL(z) =Y BP,G\"(x),  where BP,>0 for D<10. (1.13)
J

The coefficients B,’B ; for the first few levels are given in table 1, and can be manually verified
to be positive for D < 10. Note also the clear pattern of zeroes. These zeroes follow from
the fact that R, (z) is even in z for odd n and odd in z for even n. Thus only even spins
are exchanged for odd n and vice-versa, so that Bg ; vanishes when n+j is even.

Note also that these fundamental positivity statements for open strings directly prove
that the residue polynomials for closed strings also have a positive expansion. For example
consider type-II superstring, heterotic Yang-Mills [4]! and closed tachyon amplitude are
given by:

T(—s)D(—t)T(—u)
(1)L (1) (1+u)’
(—s—1)T(—t—1)0(—u+3)
T(1+s)T(1+0)0(1+u)
[(—1—8)[(—1—t)[(~1—u)

T(2+s) (2400 (2+u)

Al(s 1) = R*AY (s, 1) = R4F

AHet (s 1) = Flatet(s ¢) = i (1.14)

Aclosed,bOS(S t) _
, =

where R* = (F%)2. The reason is simple: the residue for the type-II closed string is
RARY(z) = (FARL(x))?, and for the closed bosonic string is the square of the open bosonic
string RElosed:bos () = (ROPenDOs(2))2 while the residue for the heterotic string, F4Riet(x),

!Recall that the heterotic string contains the bosonic string in R*® x T'' as the left-moving part and
the superstring in RY® as the right moving part. The momenta on the bosonic side is now split into 10
continuous, and 16 discrete momenta associated with the torus I''®. Here we consider four gluons whose
color indices are root vectors, and arranging the discrete momenta K;, with K? = 1, satisfying

S=—(K1+K2)*=0, T=—(Ki+Ks)*=0, U=—(K +K3)>=—-4,

such that in the low-energy limit one directly lands on the Yang-Mills amplitude with 1234 ordering.



can be written as:

%(1‘4—3)(3:—1—5) n=1,
Rbet(z) = %m(x+1)(m+2)(m+3) n=2 (1.15)
(1+:E)(n2$($+2)+n2—4)(n(1+a:)—|—4) open,bos
16(n—2)(n—1)(n+1) By (@B (@) n>2.

For n > 2, it is given by a product of type-I and open bosonic string residue with a completely
positive function (a polynomial in x with positive coefficients which is guaranteed to have
a positive Gegenbauer expansion in any dimension). But it is obvious that if A(z) and
B(x) have a positive expansion on the Gegenbauers, so does the product A(x)B(z). Indeed,
this simply follows from Gj, ()G}, (x) having a positive expansion, since spin-ji X spin-ja
representations of O(D — 1) obviously decompose as a positive sum of irreps of various
spins. Thus, given that R, (z) has a positive expansion for the open strings, the products
associated with the closed strings also have positive expansions. We should also notice
that unitarity in higher dimensions immediately implies unitarity in lower dimensions for
;D) () decomposes into a positive sum of G;-P/)(l‘) for D' < D
according to the branching rules of O(D — 1) into O(D’ — 1). This is also physically obvious

essentially the same reason. GG

since we may always compactify a unitary theory in D spacetime dimensions to obtain a
unitary theory in D’ < D dimensions.

The Gegenbauer positivity of R, (x) is a strikingly elementary statement. There is an
indirect proof of this positivity, via the famous no-ghost theorem [5]; a general discussion
of unitarity in closed string perturbation theory is given in [6]. On-shell perspective on
unitarity was previously explored in the context of high-energy expansion of partial waves [7]
and Hankel-matrix constraints on the Wilson coefficients [8]. There is also an interesting
sort of converse to this statement, where the assumption of positivity for the Gegenbauer
expansion of four-particle amplitudes, for any theory with an infinite tower of massive
states, implies that the amplitude asymptotes to the string amplitudes in the (unphysical)
high-energy regime where s,¢ are both large and negative [9].

But the basic statement of positivity is so simple, and of such fundamental importance
to the consistency of string theory, that it cries out for a more elementary and direct
understanding on the level of the amplitudes. Indeed, some extreme cases are easy to
understand. Most trivially, RL(z) = 4(%)"12"~! +...; this tells us the highest spin at
level n is jmax = n—1, and since the coefficient of 2"~ ! is positive, also establishes the
coefficient of the spin-(n—1) Gegenbauer is positive.

For general spin, the coefficient B,’zj can be extracted using the orthogonality of
Gegenbauer polynomials as

B, /_11 de (1-2%) %" P (2) RL (x), (1.16)
where we suppressed the (positive) normalization factor coming from the normalization of
the Gegenbauer polynomials. It is easy to see that for large n, RL(z) is peaked around
x = #£1, and is crushed away from the ends of the interval, as in figure 1. This means
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Figure 1. The residue coefficient RL,_,;(z) as a function of the scattering angle z = cos 6.

that for fixed j and large n, the integral for B{Z ; 1s dominated by the regions near x = +1,
where the contribution to sz ; 1s manifestly positive, so it is clear that for fixed j and large
enough n, ij ; 1s positive.

But for general n and j, it is devilishly difficult to establish the positivity of BTIZ ; by
brute force. Almost all the “obvious” ways of extracting BT?’ ; are given as a sum of terms
with alternating signs, with no evident reason for positivity. This is ironic, because it can
be seen experimentally that the actual values of Bflf ; rise from a small positive value at
j =0, to a maximum near j ~ 2/n, followed by a faster-than exponential decrease at larger
j: it is hardest to prove B,lz ; 1s positive exactly where it has the largest positive magnitude!
This is illustrated in figure 2. The maximum at j ~ 24/n is reminiscent of a similar peak in
the distribution of spins contributing at a given mass level [10, 11].

In this note, we will revisit this basic question, by finding a remarkably simple new
expression for the residues Bg ; as a double-contour integral. Recall that Bg ; = 0 when
n+j is even; instead for n+j odd we have, up to a positive constant?

d d — ) e—alutv)
BP. oc}[ —u}z{ dv __upe . (1.17)
J u=0 271 Jy—q 21 (UU)]+T(6U _ eu)n+2a

Here a = 0 and 1 labels the type-I and bosonic open string amplitude respectively. We prove
this formula in section 3. Using this expression, the positivity of sz ; in the type I case for
all spacetime dimensions D < 6 follows easily, as shown in section 4.1. For 6 < D < 10, the
positivity is not as obviously manifest, though for any fixed spin j can also be established
for all n, with a finite amount of work. This is exemplified in section 4.2. Similar statements
apply for the open bosonic string, where we can prove unitarity in the range D < 10, while

unitarity in the range 10 < D < 26 can only be established for each fixed spin separately.

D

The above expression also allows us to quantitatively analyze the asymptotic limits of B;, ;,

2This formula as written only works for even D, but most of its consequences that we derive in this paper
also work for odd D.
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Figure 2. Coefficients B,?,j:w for the type I superstring for five different values of n plotted in blue
against j on a logarithmic scale. Only coefficients with n+j odd are plotted and they have been
rescaled by (%)" to make the plot more readable. In each case, a peak is reached near j ~ 2+/n,
indicated with black dots, in qualitative agreement with the asymptotic formula for density of
states derived in [12]. The asymptotic formulas that are derived in section 4.3 for small-j and
small-A = n—7j are both plotted in red.

for fixed j at large n, and also for fixed Regge trajectories, taking n large while keeping
A = n—j fixed, see section 4.3. These asymptotics are also indicated in figure 2.

Quite apart from its use in proving positivity and understanding the asymptotics, we
find this double-contour integral representation of Bg ; to be quite intriguing. While the
string amplitudes themselves are clearly beautifully canonical objects, there was no a priori
reason to expect any nice structure in the partial wave expansion of their residues! But such
a structure does exist, and begs for a more direct understanding than the straightforward
but not especially transparent derivation we will provide. Indeed as we will see, the most
striking feature of this expression — its evident symmetry between the u, v variables — will
not be apparent in our derivation at all, only popping out as a mysterious surprise at the
end of the computation. There are analogous double-contour integral formulas for the open
bosonic string, and triple-contour integrals for closed string residues. But we will leave the
exploration of deeper origins for these formulae to future work; in this note we will content
ourselves with deriving these unusual and interesting expressions, and highlighting their
utility in understanding the fascinating positivity of the residues much more directly than
previously possible.



2 Unitarity of the superstring

Let us begin with the gluon amplitude for the type-I superstring, given in eq. (1.4). The
prefactor F?* is a permutation invariant polynomial of polarization vectors and momenta,

which also appears as the numerator of the color-ordered 1234 tree-level Yang-Mills amplitude

4
as AYM = Z

“» Where

F = (F, F*™)? — 4(F,, FF,sF°m). (2.1)

Here it is understood that we expand F),, = Fy y +- - -+ Fy 0, with F = p; 1€ 0 — Di v €i s
and we extract only terms linear in each of the polarization vectors €; .
We will find it most convenient to consider the scattering process in the center of mass

/m pi=(1,9)

€2 P2 = (17 —5)

frame, defined as

\ 4

2.2
€1 P1= (175) ( )

€3 b3 = (175)

where x,y are unit (D—1)-dimensional vectors, and the polarization vectors are chosen
to be space-like ¢; = (0, E;), satisfying Ey - = Ey-x = FE3-y = E4 -y = 0. A short
computation then gives us F* in terms of these center-of-mass frame variables:

FU(Es,2,y) = By E>)(By Ey) [ (-9)*~ 1] (2.3)
+ (B E3)(Er-Ey)2[1+(2-y) |+ (E1- E3) (B2 Eq)2[1—(2-y)]
+2((Er E2)(E3-)(Ey-2)+(Es- Ea)(Er-y) (Ezy)— (B2 E3) (E1-y) (EBy-w)
+(E1-E3)(E2-y)(Ey-x)+(E2- Eg)(Ey-y) (Es-x)— (Ey- Ey) (Ey-y) (E3-x)] -

The n-th level residue can then be written as
FHEi,x,y) - Ry(v-y) = E{B3ESE(FYapeal®,y) - Ry(z-y). (2.4)

We will now introduce a Hilbert space |w, 43), where w is a unit vector representing the

direction of the in/out scattering states in the center-of-mass frame, and a, b denote the spin

degrees of freedom. These states are orthonormal (w’,d’, b |w, a,b) = dgp—2(w, w")de/q0prp-

This continuum of states transform as highly reducible representations of SO(D — 1), and we

will build linear combinations of them by integrating over the sphere with various weights,

that transform more conveniently, as familiar from the introduction of spherical harmonics.
Now the residue defines an operator R,,, by giving its matrix elements as:

<y7 Cd‘Rn‘x7 ab> = (f4)a,b,c,d(xay) : R}m(x : y) . (2'5)

We would like to demonstrate that R,, is a positive operator, i.e., that for all the states in
the Hilbert space |¢), (¥|Ry|¢) > 0. We will do this by showing that the operator can be



written in the form are Y, ¢;|i)(i| with ¢; > 0 and where |i)’s are distinct but not necessarily
orthogonal states.

Let us start with n = 1, where R} (2-3) = 1. The goal is then to find a positive operator
R such that (y, ca|R|Z, ap) = (F4)apea- To this end, we will build SO(D—1) irreps out of
|w, 4p). For example, for spin-0, 2 and totally anti-symmetric 3-form we can construct,

|'>=/w|w»kk>7

NG 1 i NG i
i, ) = /w 3 (0 ag)Hw, j) =57 |ws k), i, ) ):/w (wz‘wj—D_]J W, k&),

where [, stands for the projective integral over a (D—2)-sphere, i.e., [, = [(wdP2w).
Note that we have two possible spin-2 structures.® As it turns out, this will be sufficient.
The inner product with |z, ab) is given as

<£B7 ab| : > = 5@67
o 00iOi+0a: 0 0704 L 0ii
<.’IT, ab"l/,]>(1) = ( b 2 i )_ _Dj—f ) <$) ab|l’]>(2) = <x2x]_D_]1) 5&5)
(z, qb] i‘> = 2[;0a0pk] - (2.7)

Using these irreps, we can construct the following rotationally-invariant operator,
- CYNCIREIE
. . « . . 7 7
O =co| )(-[+ Z capli; 7)) (631" Fes ) (- (2.8)
o,f=1 bt
Sandwiched between |z, F1, Fs) = |x, q3) E¢ES and (y, E3, E4| we find

c11+ci2+ca1+cC22
D -1

(v, Ba. B Ol B, Bz) = (By-E2) (Ey-E) |eo- Hay) o]

+ (By-E3)(Es-Ey) {C;—(x-y)c:z,] (ByE3)(Ey-Ey) [c;—l-(:v-y)c;g]
+ (E3-E4)(Evy)(E2-y)cia+(Er-E2) (Es-x)(Eyx)ca
+ [(BaEx) (Bry) (By-w) — (- Es) (Er-y) (Ea-a)
+ (E1'ES)(Ez'y)(E4'$)—(E1'E4)(E2‘y)(E3'fC)] c3. (2.9)
The coefficients can now be fixed by matching to F* in eq. (2.3), leading to:

9
co = <D—1_1> s cn=4, cie=ca =2, cxp=1, c3=2. (2.10)

3(%t)her spin-2 structures will vanish when contracting with the polarization vectors. For example consider
]
|7,7j> = fw wg;wi|w, ;3 ). Then

EYEY(x, i) = (Bo - 0) By

which vanishes since Fo - x = 0.



Since the states are irreps, they are orthogonal, and unitarity demands ¢y > 0 which
implies that D < 10. Thus tree-level Yang-Mills amplitude “knows” about critical dimension
of type-I string! Note that the matrix of couplings for the spin-2 state has rank one:

cucz) (42 =l with v= 2 , (2.11)
C21 €22 21 1

which tells us that we have exactly one linear combination of the two spin-2 states ap-
pearing here, which we can identify as |r) = 24, 7Y M43, 7). Thus we conclude that
(F4)a,b,c,d($7y) = <y7 cd|O|x7 ab> with

(9:(Dg_l—l>|-><-|+!m><m|+lﬁ><ﬁ\~ (2.12)

Importantly, once it is established that (F%),pcaq(z,y) is a positive operator, this
can be extended to (F*)qpca(w,y) - RL(z - y) if RL(z-y) has a positive expansion on the
Gegenbauer polynomial. To see this for each state in the Hilbert space |¢), a state |v; z, 7)
defined through

(@, s 2, 5) = (@, wl) G (@ - 2). (2.13)

In other words, [¢; z,7) is the result of tensoring |¢)) with symmetric spin-j irrep. Note
that even if the |1)’s are irreps, |¢; 2, j) in general will not be and thus are not orthogonal.
Thus once we have
D
Riw-y)=> B, G (x-y), BY;>0, (2.14)
J

we can construct (F4)qpea(,y) - R, (2 - y) as a positive operator:

R, = ZB’%UZ <DQ_1—1) 52,5 2, | (2.15)
+Im;z,j><m;z,jl+@;%j)(ﬁ;z,j!]-

We have already shown at n = 1 we must have D < 10. Numerically, one observes that Bg j
is indeed positive for D < 10. In the next section we will prove its positivity for D < 6.
We note in passing that we can describe the usual Gegenbauer expansion for external
scalars, in exactly this same positive-operator-in-Hilbert-space language. Here the states
of the Hilbert space are simpler, just labeled by the unit vector on the sphere |w), and
the residue R, (z - y) defines an operator R,, via (z|R,|y) = R,(x - y). The only irreps of
SO(D—1) we can build from these are symmetric spin j tensors, as |-) = [, |w), |i1) =
Jo wiy [w), livia) = [, (wiywi, — 5-10i4,)|w) ete. Since the states are completely symmetric
it is natural to define |2;j) = z; ---2li1---i;). These states define the Gegenbauer

polynomials as (w|z; j) = GgD) (w-z). Any rotationally-invariant operator O can be written
as 3o cjliv--ig)(ir---i5l = 225 ¢5 [, |255)(2; §|. In particular we can expand the operator

R, =3 B,? j J. 125 5)(z; j|. Since these states are irreps and orthogonal, for positivity we

~10 -



must have that Bg ; 2 0, and so the function R, (z - y) must have an expansion as a sum
over Gegenbauer polynomials with all positive coefficients.

Let us finally turn to the closed superstring amplitudes. Having seem that the open
string residues are identified with positive operators, it is easy to see that via the usual
“closed = open?” connection [13], the closed string residues since R* = (F4)? and R = (RY.)?
are positive as well. Let us begin with

(R4)a1b1a2b2a3b3a4b4 = (‘7:4)611(12!13@4 (~7:4)b1b2b3b4v (2'16)

and introduce the Hilbert space |z, q,b,a4b,). Now given any two |¢), |x) in the YM Hilbert
space, we can once again define |, x) in the gravity Hilbert space, through

<x7 a1b1a2b2|¢7><> = (.CC, alb1|1/}><m7 azb2‘X> : (2‘17)

Similarly, for any two operators Oy, O%,; on the YM Hilbert space,

Ovm =D _epl) (@], O =D exlx)xl, (2.18)
P X

we define an operator on the gravity Hilbert space O%’;YMO’YM = 2w x|y x) (1, x| with

(y, a3b3a4b4|OgYM(9g{M|x7 a1b1a2b2> = ZCwCXQ/, a3a4|¢><¢|$a araz) (Y5 b3b4|X><X|x7 b1b2>
P,x

= <y7 a3a4‘OYM’x7 a1a2><y7 bsb4‘0€(M|x7 b1b2> . (2‘19)

Thus we have

(R4)a1b1a2b2a3b3a4b4 - <yv asb3a4b4| Z chw”¢v¢/> <w7 W ’.%', a1b102b2>? (2'20)
U

where |¢) = (] ), |tm), ‘E», c. = (%—1) and all the remaining ¢, are 1. Thus we see
that for D < 10, since all ¢y, are non-negative, once again we have a positive operator. Note
that for D > 10, the coefficients for (|-, rr1), |-, E)) are negative. This however, does not
imply negativity since the states are not orthogonal, and may have overlap. This is indeed
the case, as seen from the fact that the 3-form |-, []) can also be generated from ‘[\j, ))-
Thus generically the “critical dimension” for closed string amplitudes — at least as directly
inferred from our unitarity check for four-point scattering — are higher than their open
string counterparts.

3 Double-contour representation

We now turn to deriving our central result, the new double-contour integral representa-
tion (1.17) for the coefficients of the partial wave expansion of the residue polynomials
defined above. In appendix B, we give an alternative derivation of the same formula.
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To begin with, let us consider the type—I amplitude, for which

L(=s)I'(=t)
Al(s,t = / dzz75(1—2)" 1, 3.1
(5:6) = Ty 257 (1-2) (3.1)
We would like to extract the residues on the massive poles of this expression at s = n,
Al(s,t) = L x RL(t) for n = 1,2,.... Of course we can trivially find from the explicit
form of the Gamma functions that RL(t) = (14+¢)(2+1¢) -+ (n— 1 +1¢), but we would like
to represent this slightly more naturally directly from the integral representation. To whit,
note that the singularities in s all come from the region of integration near z — 0. This
motivates Taylor expanding the integrand around z = 0, which as is familiar gives us the
expansion of the amplitude as a sum over poles in s. Putting (1—2)"17t =3 a,,(¢)2™, we
have Al(s,t) =3, Sa";rEJr)l, so that the residue RL(t) = a,_1(t). We can in turn represent

an—1(t) as n—1 derivatives around z = 0 of the functlon (1 — 2z)~!17t or what is the same,

1
n Jz=0 27T’LG

the partial wave expansion, we would like to write this expression in terms of the x = cos®9,

as a contour integral around z = 0, as R.(t) = (1—z)~!~*. For the purpose of
which is related to ¢ as usual t = s(x — 1)/2 = n(x — 1)/2 where we have used that on the
resonance s = n. Finally, since the dependence on x is exponential via (1 — z)*m“"/ 2 it is
useful to introduce (1 — z) = e~ to manifest this dependence. The contour integral around
z = 0 translates into one around u = 0, and we have for the residue polynomial R.(z):

1 du ez%ezv®
|
R = — _—, .2
n($) n jé:o 271 (e“ 1)n (3 )

Note that this expression transforms simply under v — —u, * — —x, and we discover that

Rl (—z) = (=1)"*'RL (), as we have already observed for the residue polynomial.
We would now like to expand RL(x) in the basis of Gegenbauer polynomials G( ) x),
4

which are orthogonal with respect to the usual measure d (sin§)(’—3) = dx (1 —x )Dz

(compared to the classic conventions [14], we have G(D)( ) = C'J(-a)( ) with a = 2:2). R

convenience given its ubiquitous appearance in our expressions, we will define § = 2 —4 We

will also use the Rodrigues formula for Gg- )(:c):
AP (@) = (1Y ayp(1 —a?) 0 (1 — 2?)*, (3.3)
where a; p = (26+1);/(27 j!(6+1);). Now by orthogonality, any function F(z) can be
expanded in Gegenbauers as F(z) = >332 Fng-D) (x), where
220(j+0+3) [T (6+3)]?
7T (j+26+1)

We will suppress these positive factors for now for simplicity, with the understanding that

= n]D/ dz(1-22)° G (@)F@),  njp=! (34)

an additional factor of a;; pnj p is to be restored to the final answer.

Using the Rodrigues formula, and assuming that F'(z) is regular at z = £1, we can
integrate by parts j times to arrive at F; = fil dz (1 — 22)%T9JF(x). We can apply this
form to extract the coefficients in the Gegenbauer expansion of the residue polynomial
R! (x). We have

Z BP.G\P(a (3.5)

n,Jj
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where

BP. — /1 (1 _x2)5+j3jy{ du e2%e2™
[ ¥ Ju=0 2mi (e* — 1)"

1 J J
- (3) [ V2 Te = / da (1 —a?)"+ese (3.6)

Now we can easily perform the f_ll dz integral above, using

1 1 ea _ efa
/ dz (1 — %) e™ — (1 — ag)J/ dret = (1- 82 (=
—1 —1

= Hj(a) + Hj(—a), (3.7)

where we used the notation J = j + § and

) == (%) (3.8)

Note that here we need to specialize to even D so that J is an integer. Thus we find

; du e3%ul
Bb. =1 ﬁff ————[H H, Zu)] . 3.9
n,j n(2) 0 27 (et — 1)n [ 5+J( )+ 5+J( )} (3.9)
Now, the same parity symmetry u — —u we used above in establishing the parity of the
residue polynomial RL(x), tells us here that the integral with the first term Hsy;(5u) is
(—=1)"*7*1 times that of the second term Hs,;(—%u). We thus learn that BD - vanishes
when n+7 is even, while n+7j is odd we have

- 2
BP, — (z)! 72:0 ;;MHM (Zu) . (3.10)

Up to this point, all of the steps in our derivation have been completely straightforward,
obvious and natural. But now something more slightly magical happens. The object
Hj(a) = (1-02)7(e*/a) we have introduced does not appear especially simple, so that
we still do not have a good way of integrating against this factor. But, in fact, H;(a) is
essentially a J-th total derivative of a simple object, that will allow us to proceed with the
integration in a simple way. In fact we have a remarkable identity,

(1-02)7 (ea) = J! e—aaj< e ) (3.11)
“ a ' *\altl ) :

With this identity, we immediately arrive at our double contour-integral representation.

Using this representation for H;(§u) and integrating by parts .J times we have

BY, = (3) 7 (capriasy St a;ﬁ(( v ) (3.12)

w—0 271 uITo+1 ev—1)n
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and we can finally write the (j+0)-th derivative above as a contour integral, using 9; F'(u) =
(G DRI WF(u—v), to obtain our double-contour integral

BP; = ()77 [(j+0)1? j'{ du _em ]4 o (uv)

—o 21 u3+5+1 —o 271 v3+5+1(e(“*”)—1)"

(2) + u=0 271'1 -0 27’[‘@ ’U/U +5+1(6v eu)n : ( . )
Finally, restoring the extra positive factor of a; pnj p, we have
D—-2 D—3 . D—3 . D—4
D _ D gD D2 D22+ 552G+ 5590)! (310
A m /T tD=2 ; :

where ,6’,? ; 1s the double-contour integral displayed on the right-hand side of (1.17) with
a=0.

All that remains is to naturally motivate and derive the fundamental identity in
eq. (3.11). The motivation is simple: in order to act with the operator (1 — 92)7, it is
natural to work with Fourier/Laplace representations that diagonalize d,. The Laplace
transform is obviously suggested, since 5 = [;° dge . Differentiating J times we also
have that J!/a”*! = I dgq’e™ 9. Putting ¢ = r—p for any real p, we find the Laplace

Jle—pa
§+1 / dr (r—p)’e " (3.15)
a

representation

Now, let us begin with this representation for e=*/a = [{“dte~'. In this form we can
trivially apply (1 — 92)7 to get

(1—092)7 ( ) /dt ) e~te, (3.16)

It is now obvious that we should recognize this object at a J-th total derivative. The reason
is that (1 —#2)7 = (1 —t)’(1 +t)” factorizes, so it is natural to put 14+t = r, and discover

our identity:
(1—02)7 <>—e / dr (—r)? (r —2)7e7"e

=e 8&’/ dr(r —2)7em
2

—2a
J
= J1e® ! ( J+1> . (3.17)

Changing a — —a yields eq. (3.11).

We can also find a double-contour representation of the residues for scattering the
m? = —1 tachyon states in the bosonic string, beginning with the Veneziano amplitude
Aopenbos(g ) — ['(—1—5)I'(—1—t)/T'(—2—s—t). Following the same steps as in the above

derivation, we find

Bopen,bos _ C/D . % du?{ ﬂ (U—u)jef(qu’v) (3 18)
n,J ™I Jo—o 2mi Ju—o 2mi (uv)j+6+1(€v_eu)n+2 ) .
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where /7 = 2P720(223) (4 253) (5 + 25/ (/7 (n + 4)7+P—3). We will refer to the part

stripped off from this constant as 5°pen bos

, just as in (1.17) with a = 1. See appendix C
for a step-by-step derivation.
Similar formula for partial-wave expansion coefficients can be obtained for closed strings.
We parametrize their amplitudes with
o721 — 27
1— Z)lJrang(l _ 5)1+b’

for a,b € Z and d?z = %dz A dz. Explicitly, we have

Ao, ) = 24 [ @t (3.19)

[(=s)I'(—t)I'(—u)
f =b=0 (typeIl
L (1+8)D(14+4)T (14u) or a (type-II),
[(—s—1)T'(—t—1)T'(—u+3) |
Aclosed _ ; _ ., . ;
ob (1) L(14s) (14T (14u) or a=0,b (heterotic), (3.20)
[(=1-s)I(—1-t)['(-1—u) .
B fi —bh=1
['(2+4s)T'(24+1)T(2+u) or a=b (bosonic),
where u = —s — t + 4m2. We have m?2 = — min(a,b), i.e., scattering of gravitons in the

superstring, gluons in the heterotic, and tachyons in the bosonic one.* In this notation, the
spins range in j < 2(n—1+4a+b). Note that using Kawai-Lewellen-Tye relations [13] we can
express it in terms of the open-string amplitudes

Agy(s, ) = 1 5nlms) sin(mt)

 sm(r(srt)) e(B DA 1), (3.21)

which implies that
Resg—n Agp(s,t) = (Ress—y, Aa(s,t)) (Ress—pn Ap(s,1)). (3.22)

(An alternative, more direct derivation is given in eq. (C.20).) Therefore positivity of

the Gegenbauer expansion of closed-string amplitudes follows from that of the open case.

Nevertheless it is still interesting to find a closed-string counterpart, which we denote as
o ], of the double-residue formula. We specialize to D € 27Z.

Following a similar set of manipulations to those in the previous subsection, one finds in

the cases a = b that Bdosed /bos _ 4 for odd j (for any n and D), while for even j we have

Bclesed,II/bos -9 2(a—1) j{ ]{ f
n,j n ‘H_ 2 -0 2 -0 2mi 0 27rz

vn+(4v u—1i)a
x (u+ @) rr (329)

(1 —em)(L = em)]rt2efv(v—u—a)P* 2

where the residue is taken around the origin in all the variables. In the heterotic string

case, a = 0, b = 1, there is no distinction between even/odd j and we have

closed,he . —
Bl t:%m%w?
J _ gl p—iitvn Y
Xj{ ]{ % dv (1Y —eM™em™Mutay g
f 02m 02m f 02772(1 ev)n(1—e®)n+2[p(v—u— u)]]+7

4Once again there will be an additional overall 62%%(Q) for the full type-IT amplitude, and 6%(Q) for the
heterotic amplitude.
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Proofs of these formulae are given in appendix C, where one can also find alternative
derivations and expressions in terms of quadruple-contour integrals.

4 Applications

In this section, we show that our double contour formula (1.17) is well-suited to study
questions of unitarity. From now on, we use BD to denote the double-contour representation
stripped off from the manifestly-positive constant according to (3.14), and similarly for the
bosonic case.

4.1 Manifest unitarity in D < 6 dimensions

The double contour formula makes unitarity manifest in D < 6 spacetime dimensions for
the case of the superstring. To see this, we simply have to change variables to

u=1log(l —x), v =log(l —vy), (4.1)
in terms of which the integral becomes

D _ 1 1
OV 7{ 0 27i }{ 0 2m (1—2)(1 —y)(log(1 — z)log(1 — y))¥ (z —y)n—J

11 J
% (10g(1—90) log(1—y) ) ) (4.2)
r—Yy

Each of the three factors that enter the integrand is a function with only positive Taylor

coefficients when expanded first around y = 0 and then around x = 0. We call such a
function (or rather power series) a positive function. Consequently, the residue integral that
just picks out one of the coefficients will be positive.

Indeed, the factors,
1

(1—)(~log(l —a)) "

are of the same form as the function h, for a = % discussed in the appendix A. They

(4.3)

are positive for a > —2, i.e., D < 6. The expansion of the function

(@ —y) = i (k e 1) Yk (4.4)

m=0 m

is obviously also positive (since k = n — j > 0). Finally, the positivity of the last factor
follows from the positivity of

1 o.9]
+-—= ema™ (4.5)
)« mZ::O
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with ¢, > 0. We demonstrate that also in appendix A that this function is positive. Writing

log(%—x) o log(i—y) . f(l‘) - % - f(y) + %

r—y r—y
1 s ™ —ym
= — —|— Z Cm y
vy i ey
1 o) m—1
=—+ > m Yy M LRy R (4.6)
Y =0 k=0

shows that all coefficients are positive in the expansion. Thus in (4.2) the integrand is a
positive function and so in particular also the residue is positive. Thus our formula makes
unitarity manifest for D < 6 spacetime dimensions.

The same arguments also apply for the bosonic string. The double contour formula
in its logarithmic form has an extra m compared to (4.2) (as well as n — n + 2
replaced). Our formula makes then unitarity manifest for D < 10 spacetime dimensions,
because the function

1
- (4.7)
(1 - )*(~log(1 — ) "=
is the square of the positive function h, discussed in appendix A with o = %. This

function is positive for a > —2, i.e., D < 10.

4.2 Unitarity in D = 10 for low spin

While our formula does not make unitarity manifest in ten spacetime dimensions, one can
still use it to demonstrate unitarity for low values of spin. We will give the argument here
for j = 0. Higher values of j and the corresponding analogue for the bosonic string can also
be checked on a case-by-case basis, but the computation gets more and more involved.

For j = 0, starting with eq. (4.2) one can simply compute the y-residue and get

B dz n ((n+2)(n+1)=3(n+1)z+2?)
no = ?2:0 2w 6(1 —x)z"+3log(l —2)t (48)

One can again reduce the statement 6}1?0 > 0 to the positivity of a particular generating
function as follows. We can trade the n-dependence for derivatives and integrate by parts

by dz 1 1
n0 ab 2 —n—1
n(n+1) jé;:o 271 (n+1)8x (1810g(1 - :c)3) (8’” +30; + 1) (‘T )

_f dz 1 N —n-1
= 75620 2 (n+1) (-0% +30. - 1) <1810g(1 - x)3> 0. (+771)
i dx 2 . 1

 Ju—o 2mi 2 (am 30: + 1) <1810g(1 - 5U>3>

dz (1 —2)log(1 — 2)? + (92 — 6) log(1 — x) + 12
N j{t:[} 27 g2 ( 18(1 — z)2log(1 — z)° > . (4.9)
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Thus, it suffices to show that all Taylor coefficients starting from O(z) are positive for the
following function

(1—2)?log(1l —2)*+ (92 — 6) log(1 — 2) + 12

— 4.10
/() 18(1 — 2)2log(1 — 2)° (4.10)
I S SN SN S z? N 2 N 30772
325 7 1823 36z 2160 9072 ' 20160 362880 79833600
312526 1318087327
o8 4.11
98740006 | 65383718400 (%) (4.11)

Since unitarity is no longer manifest in our formula in D = 10 dimensions, the singular
coefficients in the expansion never enter the computation of 711?0 and can be negative. We
also remark that the z* term is absent, which indicates that D = 10 is the critical dimension.
We prove the positivity of the non-singular terms of this function in appendix A.

4.3 Asymptotics

Finally, our double-contour formula is very useful to study asymptotics.

4.3.1 Fixed spin

We again start from the form (4.2). In the large n limit for fixed j, we can explicitly
compute the residue in y. When computing the residue, we get terms with different powers
of n. The greatest contribution is achieved by picking the highest possible power from the
term (z — y) ™", because these coefficients grow very rapidly with n. This means that we
pick up the leading coefficients of the other factors. We hence get

-, D—4 - D—4
D It j{ dz A A
X

G+

=027 (1 —z)(~log(1 ~ )7~ e
where we further approximated the binomial coefficient appearing in the expansion of
(x —y)~" with its asymptotic value. We hence see in particular that the j-dependence of
the asymptotic behaviour of the coefficients is very simple.

It remains to determine the asymptotic value of the remaining integral. This can be
done in a very classical way as follows, see e.g. [15, section VI]. We first deform the contour
that runs around 0 to the Hankel contour that runs from below once around the branch
cut as depicted in figure 3. Since the integrand decays sufficiently fast at infinity, the arcs
at infinity are not contributing to the integral. We next perform the change of variables
r=1+ % The t variables runs then from below the positive real axis, encircles the origin
and then runs back above the real axis. We get

e T
ng T D4y 7{ i 22 (4.13)
G+ ) 2mi t (—log (—1)))
it at (14 1)
- G n . (4.14)
(G + 241 22 Jy 2mi los(—1)\ 252
J+ =5-)!og(n) 2 " (1 _ ?Og;(n))) 2
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K,\ k_—)
S T

Figure 3. Contour deformation to the Hankel contour #.

The remaining integrand converges uniformly for any bounded domain of the t-plane and
hence we can replace it with its value at large n, which gives

D nt 7z dt e”
n,g 7 f . (415)
G+ 2y log(n) 55 Ju 2mi ©

The contour integral finally simply picks up minus the residue, since we run clockwise
around the pole. Thus, we get the simple, but interesting asymptotics
. D—4
n!T
fixed j, large n: 7?,3‘ ~ o2 =5 - (4.16)
(7 + 55 )og(n) =

For the actual residue BJ', this means

2D2 +D—F( 3)
Jrn? log(n) =

In particular, the asymptotic values are positive. This estimate can be extended to a

D
BP. ~ (4.17)

whole asymptotic series in log(n)~! by expanding the integrand in log(n)~!, which gives

nito X (Dt +m 1 dt et
B~ ——p— < 2 —_% ——— log(—t)™ (4.18)
! (7 + 254! mz::() m log(n)m‘*% # 2mi 1
Lo S (PR (yman dt o
— e —(—t) % (4.19)
U+ )0 m log(n)™t 2 da™|q=1 3 2mi
i+ 24 0 — m m
R T T T o
. D—4y) Z D=2 qaom T ? ( : )
U+ )N im0 m log(n)™t 2 da™la=1 (@)

where in the last step we made use of Hankel’s formula for the Gamma function.
By comparing the m = 0 and the m = 1 term, we can estimate that our asymptotic
~(D-2)
value becomes good in the regime n > e 2 | where v =~ 0.57 is the Euler-Mascheroni

¥(D—
constant. Hence we expect the couplings BJ' to be positive for n 2> e™ 2 for all dimensions.
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This only leads finitely many coefficients that can potentially be negative and can be checked
by hand. However, we were unable to turn this approximate inequality into a rigorous
bound, which prevents us from mathematically proving positivity of B{g jalsoin D =10
spacetime dimensions.

Finally, we note that the corresponding formula for the bosonic string is

i D-2
. . open,bos n]-‘r 2
fixed j, large n: B i ~ =5 (4.21)
(j + ==)'og(n) =
2D_2(j 4 D73)1‘\ -3
open,bos - ( 2 ) . (4.22)

" ﬁnDT log(n) e

4.3.2 Regge trajectories

The second asymptotics we can look at is to keep A = n — j fixed and consider large n.
This limit corresponds to moving in one fixed Regge trajectory. In this case, it is convenient
to start from the form

D 1 wloe Ny 1.23
n,n—A — =0 27TZ fi} u 27T’L 2—2 e,U _ eu <u — v ) 9 ( . )

of the double contour formula. Notice that the inner integral runs around v = u and not

v = 0 as before. To obtain this equivalent form, one the usual relation of contours with a

f;zoﬁzo—ﬁzoﬁﬂ:]gpoj{:u. (4.24)

The second contour on the left-hand side is the original contour, but both terms give an

singularity at u = v

equal contribution due to the symmetry of the integrand (for n + j odd). Hence the contour
$u—0 $,—, leads to —2 times the original formula. This is also explained in appendix C,
where it is also explained that in this form the formula is actually also valid for odd D.

Since we want to get the dominating piece in the large n limit, we should pick up as
many powers of n from the second factor as possible when doing the integral over v. This
means that we can expand this term in v around wu. It turns out that one has to go to the
second order and hence gets

o (1 e WO o (). a2

ev—el u? 2u 12u2

In order for the second term in the expansion to make an appreciable contribution to the
integral in the large n limit, the term of order O(v — ) has to become small. This means
that the u-integral generically has a large degree of cancellation built in. Note however
that we can choose the radius of the u-integral to be 2, so that we are integrating through
the critical point u = —2, which becomes a saddle point in the large n limit. This in turn
implies that we can replace v with —2 in most places that are not singular when v — v,
u — —2 or u — 0. We can also replace v by u in the first factor of (4.23). Hence we get
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the large-n approximation

D _1 du}{ ﬁ e ™ 1+ +
nn=B 9 Jumo 270 Sy 20 u2n—284D=2(y—y)A 4 12

Let us now change variables to
= (v—u)Vn. (4.27)

The integral then becomes

np S5t (w+2)t 2 \"
_Z 14—+ — 4.28
min=A ™ f; 027mj€ 0 20 u2" u2n—2A+D=2{A < + 4v/n + 12n> (4.28)

A—1
== 2)/nt  t
~ _7% 7{ n — 35 XD M +— 1, (4.29)
=0 270 Ji—0 27r2 u2” 2A+D-2¢ 4 12

where we used that (1 + %)" ~ e®" in the second line. As a next step, we interchange the
order of the two integrals and perform the w integral. This leads to

3 7
b n2n—3 A+D—3

nn=A 500 — 2A+D—3)!
dt 1 2n—2A+D-3 1 t2
1- - . 4.
X j{:o 58 ( 4\/ﬁt) exp 2\/ﬁt—|— D (4.30)

We can now use the Stirling approximation of the factorial to simplify the prefactor. Since

n is large, we can also remove the constant terms in the exponent of the first factor of the
remaining integral as follows

—2

9l—D—2n+2A 2n,, 252 dt 1 \2» 1 2
D
~ 1-— t —v/nt+ — 1 . 4.31
nin—4 NG 7510 2mi tA ( 4yn > xp vt t 33 (431)

Next, we use that

(1 — él\l/ﬁt) " exp (;Jﬁt) = exp <_f26> +0 (n_%> . (4.32)

The remaining ¢ integral is then

dt £2 1 1\
fats() -y as

Recall that A = n — j is odd, so that this is non-vanishing. Putting the pieces together
leads then to the following asymptotics:

23 D—2n_,2n A1
fixed A =n —j, large n: 5,]2an ~c T (n> c (4.34)

van (S5
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For the actual residue Bfl)n_ A, this means

p e (Bt (13)
Bn n—-A "~ 5 4.35
. A+1
VAl (851
which decays exponentially with rate 7. In particular, the asymptotic values are again

positive. We should also remark that the error of this approximation is actually of order
O(n~1). From our derivation it seems that it is of order (’)(rf%). However, this cannot be
right, since for any fixed A, one can just compute the exact formula by taking the residue
in v in eq. (4.23). For example, we can compute explicitly for A = 3 that

p _ nPT 8 (n—_D+7)(2n+D—8)
mn—3 48 (2n+D~T7)!

(4.36)

and similarly for any other fixed A, see appendix D for more explicit formulas. This makes
it clear that the square roots are just an artifact of our derivation.
The corresponding formula for the bosonic string can be derived analogously and gives

9—1-D—2n2(n+4) /p\ S5+
fixed A =n —j, large n: ﬁzpnen,ZOS ~ <> ) (4.37)
n= — (A-1
—2n—2 n4dp (D=3 A-1
povenbos R )<”) ’ (4.38)
n,n— 1ip_ A— :
b (31) 3

In the special case of D =4 and A = 1, this coincides with [16].
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A Some positive functions

In this appendix, we show that certain functions (power series) have only positive Laurent
coeflicients when expanded around z = 0. We call such functions positive functions.

A.1 Simple functions

We start with

~ log(1 —2) + z
1 z 22 1922 32%  863z° 27526

=5 1290 750 T 160 T 60480 T 24102
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As one can see the first few Taylor coefficients are all non-negative. To prove that in fact
all Taylor coefficients are positive, we remark that we can write

= /01 ds (1—(1—2)%) . (A.3)

Multiplying the function by z does not change positivity and hence it suffices to show that
all coefficients of zf(z) are positive. In this representation one can easily compute the m-th
derivative at z = 0:

7" (2f(2)

/ ds s H —5) (A.4)

The integrand on the r.h.s. is manifestly positive in the region 0 < s < 1, which proves
positivity of f(z).
A related positive function is
1 1
93 = T Dsl=2) =
1 5z 322 251z2% 952 190872°

6
L . A.
=otnt st 70 T ms T om0 1O (A-6)

Positivity becomes manifest by writing

zg(z) = /01 ds ((1 . 1) , (A.7)

so that
97" (29(z)

/ds H —s) (A.8)

From the positivity of this function, we can also easﬂy deduce that

ha(z) = 1 <_log(1—z))a (A.9)

1—-=z z
is a positive function for any « > —2. To see this, we first note that it is true for a = —2,
because
Rae_o(2) = 22f'(2) + 1, (A.10)

which is positive. Integrating g(z) implies that the function

/ dy g(y) = log < log(1 - Z)) (A.11)

z
has only positive coefficients. This then in turns gives positivity of
log(1 — log(1 — z)\”
exp <ﬁlog <_0g(z))> _ <_°g(z)) (A.12)
z z
for any 8 > 0. Since

103(1—2)) e (A.13)

z

ha(2) = ho—a(2) (-

is now the product of two positive functions for o > —2, it is also positive.
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A.2 Generating function of the D = 10, 37 = 0 coefficients

Let us show using the same ideas that the regular coefficients of

(1 —2)?log(1l —2)*+ (92 — 6) log(1 — 2) + 12
18(1 — 2)2log(1 — 2)°

f(2) = (A.14)

are positive. This is the function that appears in the unitarity for the superstring in D = 10
for j7 =, see section 4.2. The argument for this is very similar to the argument above, but is
less aesthetic. We write

1
362°f(2) = /0 du (1 — z)“*2( —utzt 4 ud (325 + 224 — 4z3)
+ u? (—z6 —72° 4824+ 1223 — 1222)
tu (226 1325 2324 1623 4 3622 — 242)

— 284227 41320 - 2828 - 1027 4482 - 24) . (AL15)

In this form, we can again compute derivatives of our function at zero, which gives for n > 0

n+1

onre (36z5f(z)) = (n*+8n+15) /Oldu u H (j—u)

j=1
X (n4u2 —n3 (2u3 —8u?+3u+ 1) +n? (u4 —14u+24u® — Tu— 1)

n (6u' —28u’+26u7 ~2) +4u (20~ duP+u+1) ). (A.16)

The integrand is no longer manifestly positive and we have to work a bit harder to show
positivity from here. As a first step, we notice that at large n, the term n*u? will dominate
over the other ones in the parenthesis. Hence we get an estimate from below by minimizing

2

the coefficients of n3, n?, n and n° over u € [0,1]. We further round them down to get nicer

expressions. Thus, we have to show positivity of the integral
/ duuH(j—u) (n4u2—2(n3+n2+n)> . (A.17)
0 ate] 4

Since %n?’ +n? 4+ n < nd for n > 5, it finally suffices to show positivity of the integral
n+1

/Oldu u]l;[l(j—u) (nu2—2) (A.18)

for sufficiently large n. The first few orders can then be checked directly on the computer.
Clearly, the integral is positive in the region u > % Thus, we need to show that

/\;gdu u;iji(] —u) (nu2 - 2) = /()\/gdu u:ijll(j —u) (2 — an) (A.19)
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for sufficiently large n. Let us bound the left-hand side from below as follows:

1 n+1 ) 1 n+1 )
du u —u) (nu —2) > du u(l —u i — 1) (nu® — 2 A.20
[ptonllG-0(wt=2)> [ deut -0 [[G-m -2 (h20)
(n+1)!
P 30 (A.22)

where the last inequality holds for n > 30. For the right-hand side, we have instead

/fduunlif]—u ( —nu2)</0 Zduuﬁj(2—nu2) (A.23)
j=1
_ (”;”!. (A.24)

Thus for n > 30, the left-hand side becomes greater than the right-hand side and all Taylor
coefficients with n > 30 have to be positive. It is then a simple matter to check on the
computer that also the first 30 coefficients are positive.

B Single-variable generating function

We can also write in terms of a single, more complicated contour integral. To keep

nj
formulas simpler, we will focus on the supersymmetric case with ¢ = 0, but similar
manipulations can be done for the bosonic formula. Starting from (1.17), we first integrate

by parts as follows

po i dug Ao (0~ ) L
Pug = n Ju=o 2mi Jy=o 2mi ( )j+M (O +00) (ev — eu)nt2a (B.1)
1 —a(u+v) (U _ u)j
—_— —_— - 1~ A B.2
n f _o 2mi f; 0 27m (ev — e“)” (O +00) (uv)fr% (B.2)
_ j+u j{ v—u) (u+v) (B.3)
u=0 27i v=0 27rz (ev — eu)n

We next change variables to

This transforms the integral to

2—D

b, 27 (N @/=2+D) [ KU (Vi)
) T

n,Jj = . i1 D
n =0 2mit 3 (1—e2t =0 2rj 7t 3

I\D‘U
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We recognize the exponential as the generating function of the modified Bessel function of
the second kind K, 1 (nt) and we have [17]
2

dz nt(1—y/1-22) _ n"™ 2nt
jé::o o gt T ﬁe T g 2(nt)' (B.6)
Hence we can write ﬂg ; as

D

b (_1)n+%2g—7—nnj+% j{ dtK +2= p-3(nt)
e ﬁ(j—i—%)! =0 2mit T smh()

Finally, one can also rewrite this in terms of the modified Bessel functions of the first kind
I

(B.7)

(4 D5 )(nt). We have in general the relation
I, ps(nt)—1_._ps(nt)
K;, ps(nt) = —5 2 — (B.8)

" [ )

However, the two terms have opposite parity and using the constraint n+j odd, the second
term leads to an integrand of even parity which does not contribute to the residue. This
then leads to

D
an 7.7

VG s ‘ Ly s ) o)
t

(j + %)! 02mit T smh( )
With some further knowledge about special functions, it is from here actually rather simple
to land again on the initial expression for the coefficients ﬁ - in terms of decomposing the

Pochhammer symbol into Gegenbauer polynomials. Using the integral representation (see,
e.g. [14, chapter VI, section 6.15])

I(2) = /d (1 - 22)* 5% (B.10)
al® x _CU s .
fFoH—

and inserting back the normalization constant cZ j» we get
(2j+D =3~ T (£ 3 o At iemnt
BP, = (5 / de (1 x2)j+¥?{ Y B
’ 2J+n\f (] L) t=0 271 Slnh(t)”
(2j+D—=3)T L dt eznt
- (% / da (1— 2257 aff S (B.12)
2j+nn\f< + L =0 2mi sinh(¢)™
We finally have upon substituting z = 1 — e~ %
dt eacnt
7 _9n dt (z—1)nt 1— —2t\—n B.13
f;:() 271 sinh(t)™ =0 ¢ ( ™) ( )
=l drz(1- )T ! (B.14)
z=0
= 2" InRl (2), (B.15)
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where the residue polynomial was defined in (1.9). Thus, we recover

b (2]+D 3)r .
B, = / de (1 - 2277 3R (2), (B.16)

which after integration by parts is the integral of the residue polynomial against the
Gegenbauer polynomial Gg»D) (x) with the appropriate normalization. Hence following these
steps backwards gives an alternative derivation of the double contour formula.

C Derivation of the triple-contour representation

In this appendix we derive residue formulae for the Gegenbauer coefficients in the case of
closed strings. For the sake of variety, we will follow a different route to that of section 3.

For completeness and in order to exhibit parallels to the open-string case, let us first
revisit it. Setting o/ = 1, open-string tree-level amplitudes can be parametrized by the
following worldsheet integral with a € Z,

Aopen(st 9™ 1/ dz 275~ 2a _Z)ftflfa’ (Cl)

where z is the cross-ratio of the positions of vertex operators. We have analytically extended
the integrand as a holomorphic function of z € C since contour deformations will be needed
in the following steps.

The case a = 0 corresponds to gluon scattering in type-I superstring (the polarization-
dependent prefactors are positive and hence can be stripped-off without affecting the
conclusions), while a = 1 gives tachyon scattering in the bosonic string case. This means
m? = —a. While the explicit form of the amplitudes will not be needed for our purposes,

let us spell them out for completeness:

I'(—s)I'(—t
L)1) for a=0 (typel),
AP (g t) = F(1—s=1) (C.2)
@ ’ I(—1-s)'(—1-t) ¢ e ) ’
- or a= osonic).
[(—2—s—t)
This easily gives Ress—, AP" = (nia)! H;‘;iij’“(t + k). Note that for a = 0, the massless

exchange with n = 0 is special because of the normalization in (C.1). Below we focus on
n > 0 since positivity of the massless pole can be easily checked by inspection.

We first convert the cut in the kinematic s-variable into a worldsheet residue. This can
be achieved by compactifying the integration contour near z = 0, in a way similar to the
Hankel contour (see, e.g., [18, appendix A.2.1]):

1 1 1
= +/ , C.3
/0 e—27rzs -1 |2|=c . ( )

—27is i the monodromy around z = 0 of the integrand at hand. The starting points of

where e
the two integrals on the right-hand side have to coincide and be on the same sheet. The result
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has the effect of manifesting all the s-channel poles, as well as making the integral converge
for any value of s, which was not the case for (C.1). Performing the cut leaves us with

?{ ds AP (s,t) = n™ 1}[ dz 277201 — z)~ 717, (C4)

Note that the integrand on the right-hand side is now single-valued around z since n+2a € Z.

We can now plug in this result to the formula for the Gegenbauer coefficients B>,

which expressed in terms of integrals over the Mandelstam invariants read

. 0 d . s D=4
B = (—1) ey, / dt 74 ) ® AP (s 4) O (—t(trn—am?))Y T T . (C.5)

" —n+44m?2 2mi

The t-integral between —n 4+ 4m? and 0 corresponds to integrating over all scattering angles
in the s-channel (recall that cos @ = 1+ 2t/(s — 4m?)), while the s-residue is the unitarity

cut. The overall mass-dependent constant ¢’ is a manifestly positive and given by

J

9D-3 iy D=3\ (L=3
Cnj = 2D+ -3 S ) (—g ) > 0. (C.6)
(n —4m?) VrL(j+557)

The coeflicients still depend on D, but we suppress it from the notation for clarity. Substi-
tuting (C.4) commuting the z and ¢ integrals gives

: dz z7n% 0 dt , D-4
BOPERE — (_1)ign a—ljf 77/ U (t(trnrda)) T
2y} ( ) CnJ n =0 27_(_7/ (1 . Z)1+a n—da (1 _ z)t t( ( +n+ a))
(C.7)
Integrating by parts j times in ¢ yields
dz z—n—2a )
open,a __ —1

Bn,j = Czt] TLCL izom(l—z)l‘i’a(_log(l_z))j (CS)

0 dt D=4
— (—t(t+n+da))
x /_n_4a i (—t(t+n+4a)) ,

HE (0)—HE ,(—n—4a)

since all the boundary terms vanish. As a sanity check we see that using —log(1 — z) =
72, 28 /k all the terms with too high spin, j > n+2a, vanish identically.
At this stage, let us consider the t-integral in the indefinite form on its own,

—4

Hy () = /t (dt)t (—1t(t—|—7”H—4a))J+ z . (C.9)

1—2z

We are interested in the combination Hy ;(0) — Hy ;(—n—4a) and hence can ignore the
integration constant. From now on we assume that D is even. Notice that introducing
u = log(1 — z) we can rewrite the above integral as

Hﬁ,j(t/) _ 6(n—i—4a)u ai+% /t da 6_(t+n+4a)u tj+%. (ClO)
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At this stage we recognize that the integrand is a total derivative,

. D—4
e—(t+n+da)u It (tu)k

i D=4 ot
1) = G+ Byt b5 [Caga (T = (C.11)
w2 k=0 '
Evaluated at ¢ = 0, this is simply
X iy D—4 6—(n+4a)u
Hﬁ,j(o) =—(+ %)!e(n+4a)u 5,1];r 2 <]+D2 ) (C.12)
U 2

In order to simplify the contribution from Hj j(—n—4a), we consider the change of variables
z — z/(z — 1) together with t - —t—n—4a, giving

dz anf2a A
A 71 L.\ _ AN\ HO (_p_
7£:o o (1 7y~ los(1=2)) Hy j(—n—da)

) 5 g 2a )
— (—1)nH 7{:0 ;iw(—log@—z))ﬂﬂgd(m, (C.13)

which for even n+j cancels the Hy ;(0) term and for odd n+j it doubles it. We therefore
have
B =0 for n+je€2Z, (C.14)

and from now on we focus on the case n+j € 2Z 4 1. Using (C.12) we have

'% du o’ 6u(nJrSa) j+D;4 efu(n+4a)
! 771]

uzofmm v 2 ) (015)

BEEEn® = o(=1)ieny n 1 (j + L5t .=
2

n,j n,j
Recall that this expression is a result of localizing in the forward limit (¢ = 0) and on the
cut (s =n), which in turn localized on the worldsheet OPE (z = 0 or equivalently u = 0).

In the final step we use integration by parts j + £ 4 times in u, followed by rewriting
the derivative as a residue integral using the 1dent1ty

dv J!
J —(_1\/ _
ol = (-1 § =) (€16
with J = j 4+ 252, This results in
. je_(u+v)a’
BOPeMe _ 9.m pa—lrpe;y D=2 27{ f (v “) C.1r7
n,j Cn,Jn [ (]+ 2 )] Y 027” - 0271'2 uv ]+ (e’”—e“)”"'Qa? ( )

where the constant c;'; was given in (C.6). This yields (3.14) and (3.18) for a = 0 and
1 respectively. Note the order of taking residues: exchanging u <+ v picks up a factor of
(—1)t" = —1, so the two residues do not commute, which can be seen alternatively from
the fact that the integrand has a pole at u = v.

Notice that the double-contour formula is not well-defined for odd D, since the integrand
is not single-valued around v = 0. Nevertheless, let us observe that for even D one can use
the commutator of residues familiar from two-dimensional CFT (see, e.g., [19, section 6.1.2]):

[ I N (C.18)
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together with the aforementioned anti-symmetry under v <> v to find an alternative
expression for the partial-wave expansion coeflicients

(v — u)ie~(utva

pepema _ _ m. a—1 (i D-2 Qj{ % 1
n,j Cnj M TG+ =52 e u27TZ 102 (e7 — euyntze (C.19)

for odd n+j. At this stage notice that after performing the v residue, non-analyticity in u

can only come through a factor of the form (u?)~P/2 for odd D. We found that in such
cases the correct choice of branch is —u~P. In the following sections we only consider the
cases with D € 27Z.

It is time to move on to the closed-string case (3.19) with the explicit expressions
spelled out in (3.20). Our starting point is compactifying the worldsheet integration contour
close to z = 0. For the integrand at hand, locally we have

Aclosed( ) - _ L Sa+b_2
* 2mi e 2mis — 1
f dzz75720(1—2) 11 “j{ dzz=57 21—z~ . (C.20)

where the ellipsis denotes non-singular terms around s € Z. The additional minus sign
arose because we traded an anti-holomorphic residue for a holomorphic one by replacing
Z — Z. Therefore, the cut at s = n gives directly the formula (3.22). We take n > 0 from
now on, since n = 0 can be checked by hand.

closed a,b

In computing the coefficient B, | , the z and Z variables get mixed together by the

t-integration:

Bclosed a,b (_1)J m a+b—2 7{ di Z*"*2a % % gfn—Qb
. n.j 2—0 271 (1 — Z)1+a 3—0 271 (1 — Z)IH’
i D=4

’ dt | jpos
- /—n+4m2 [(1—2)(1—2)]t o/ (—t(t+n—4m2)) .
C.21

’,

Recall that m? = — min(a, b). Performing integration by parts j times in ¢ gives

—2b

dz zn 2 dz z=" j
closed,a,b _ m _a+b—2 K K . e
BTLJ = Cngtt j{:o omi (1—z)1+a ]220 20 (172)1“7 ( log(1—z)—log(1 Z))

—4

" dt j+ 25
- /_n+4mz (1— )12 (—tlt+n—am?))" 7, (C.22)

QL (0) — QY (—ntam?)

since boundary terms vanish. At this stage we are interested in evaluating QZ’?(O) —
QZ’?(—n—I—4m2), where

dt i+

Qit) = / t/ (1= 2)(1 -2 (tlt+n—tm®)

(C.23)
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Repeating steps identical to those above, for D € 27 we obtain

4 e—(n—4m2)(u+ﬂ)
T ), (C.24)

(u—i—u)ﬁi

Qn(0) = —(j + Bgt)tetmd D g 1

where we introduced u = log(1—z) and @ = log(1—2). On the other hand, the contribution
from Qi’fj’-(—n+4mz) can be evaluated by sending z — z/(z — 1), 2 — 2/(2 — 1), and
t — —t—n+4m*:

d —n—2a dz z—n—2 ;
]f —Zzif s (log(1-2) — log(1-2)) Q4% (—ntam?)

2=0 2mi (1 — 2)1Fe Jz—9 2mi (1 — 2)140

. dz 2" 2a dz 27n72b j
= (-1 JH]{ 77% E  _(—log(1—2) —log(1—2

x (1 — z)tatm (1 — z)itrmHnl ), (C.25)

In the final line, the exponents of (1 — z) and (1 — Z) vanish for type-II and bosonic string

theories (where a = b = —m?), but not in the heterotic case. Therefore, in the former cases
closed,a,b .

. is zero for odd j, while no simplification happens for the heterotic string. In order

keep the notation brief, let us introduce

20 e07, for a=0b (type-1I, bosonic),

14 (=1)7e*™ for a#b (heterotic),
(C.26)

Gap = 1+ (—1)edlulatm?)it+m?)] {

labelled according to (3.20). To summarize, in terms of w and @, we have

pnt (g o yoy § S @00 i oy

mod : 2 —o 2mi (1 — ew)n+2a Jo_o 275 (1 — eB)n+2b
. _ D1 [ o—(n—4m?)(u+i)
X Gap (u+ @) e‘4(“+“>m28;_tﬁ2 <+ . (C.27)
(u+ a)’

At stage we can use the identity (C.16) to rewrite the (u+a)-derivative as a residue, giving

. dv
Bclosed a,b 1), na—l—b 2 7{ % f -
. = (=Den L(j+og 0 2700 Jao 2mi Joo 2mi

—ua—ib+v(n—4m?) ~\j
% ga,b € - (’LL + u) D =, (028)
(1 _ eu)n+2a(1 _ eu)n—l—?b[v(v —u— )]]-i-

which gives (3.23) and (3.24) in special cases. One might in principle massage this formula
L u— v), however the expressions

further, e.g., by a change of variables (u,u,v) — (u—3,

v
-
do not become significantly simpler.

Alternatively, we could have arrived at a quadruple-contour representation for Bdosed ab

as follows. After eq. (C.27) we can split the derivatives in terms of 9, and Jg:

iy D4

-+D74 ]+M 7<7D74] 2 _’_M '+D747k

et = (bou+s0:) 7T =2 Y J B A (C.29)
k=0
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Integrating by parts in w and @ for each term in the above k£ sum and writing the resulting
derivatives as residues we find:

. Do du
Bclqsed,a,b _ _27_77D2 m a+b 2 D—4 | 2% ]{ % j{
2% n,j 1 G+ _o 2mi 0 27i 0 2mi 0 2mi

Gaub o(3v—)+b(30—)+4(v+0)m? (045 —u— @) it
X 2= _—
(ev _ eu)n—&-?a(eﬁ _ eﬁ)n—i—Qb(u + ﬁ)]+T kz::() 'I}k+1’l)]+7 —k’
(C.30)
where §q b = gapla—a—s. Finally, we use the simplification
iy D—4 . _ . _
"= 1 T b
DI - . (C.31)
i—o vktlpit s v—7
In summary, for the type-II (a = b = 0) and bosonic (a = b = 1) cases we have BClOSBd “ =0

for j odd and for j even:

6

AL S W O
’ J uo2m =0 27t Jy—0 271 _02m

e~ Ut THvd0) (g 4§y — 1)
T ey e ) (O

Similarly, for heterotic string (a =0, b = 1) we get

. p_acCm.
Bclqsed,O,l _ 2—]—% .y, D—4 ! 2% ?{ ?{ %
. n G+ 2 )M —0 271 Ja=0 271 Jy=0 27t J5—=0 2mi

(€3ﬁ_ﬁ+(—1)j€3ﬂ_ﬁ)(v—l—v—u—u)J
(0= 0)(ut @) 77 (e — e (el —et)r+? (w @J+>' (C:33)

D Some coefficients on the Regge trajectories

In this appendix, we give explicit formulas for the 6{2 . for the superstring (in the notation
of section 4.3.2) and for low values of A =n — j.

A n2n+D—5
Brn- 2Cn+ D —5)’ (D-1a)
n?HtP=8(n — D+ 7)(2n+ D —8)
3: Pun-s 48(2n+ D —7)! ’ (D.1b)
2n+D—12 ) D—1 2 D—1
A=5: g0 =" @+ D=10)@n+D=10) 2 o2 (D.1c)

11520(2n + D — 9)!
—10Dn® — 92Dn — 40D + 5n° + 78n” + 415n + 198) ,
A7 gD — n2tP=16(9n + D —12)(2n + D — 14)(2n + D — 16) (D.1d)
I 5806080(2n + D — 11)! '

X ( —35D3n2 — 42D3%n — 16D + 105D%n® + 1239D%n? + 1542D%n

+624D? — 105Dn* — 2100Dn® — 14269Dn? — 18630 Dn — 8048D
+35n° + 903n* + 102110 + 53337n2 + 73994n + 34320) .
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Higher orders can be easily computed, but the expressions become quickly unwieldy. The

expressions can be easily translated to the actual coefficients Bfl)n_ A by multiplying with

D
the constant Crin—A-
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