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ABSTRACT OF THE DISSERTATION

Coon Amplitudes and Their Generalizations

by

Nicholas Parker Geiser
Doctor of Philosophy in Physics
University of California, Los Angeles, 2023
Professor Eric D'Hoker, Chair

In this dissertation we describe several recent advancements in the study of Coon amplitudes.

In the first chapter, we detail the properties of the Veneziano, Virasoro, and Coon ampli-
tudes. These tree-level four-point scattering amplitudes may be written as infinite products
with an infinite sequence of simple poles. Our approach for the Coon amplitude uses the
mathematical theory of g-analysis. We interpret the Coon amplitude as a g-deformation of
the Veneziano amplitude for all ¢ > 0 and discover a new transcendental structure in its
low-energy expansion. We show that there is no analogous ¢-deformation of the Virasoro

amplitude.

In the second chapter, we analyze so-called generalized Veneziano and generalized Vira-
soro amplitudes. Under some physical assumptions, we find that their spectra must satisfy
an over-determined set of non-linear recursion relations. The recursion relation for the gen-
eralized Veneziano amplitudes can be solved analytically and yields a two-parameter family
which includes the Veneziano amplitude, the one-parameter family of Coon amplitudes, and
a larger two-parameter family of amplitudes with an infinite tower of spins at each mass

level. In the generalized Virasoro case, the only consistent solution is the string spectrum.
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CHAPTER 1

Infinite product amplitudes: Veneziano, Virasoro, and

Coon

1.1 Introduction

This chapter is based on [GL22]. In this chapter, we shall detail the properties of the
Veneziano [Ven68|, Virasoro [Vir69], and Coon [Coo69] amplitudes with zero Regge inter-
cept.! These amplitudes describe the tree-level scattering of four massless particles and may
be written as infinite products with an infinite sequence of simple poles. For each ampli-
tude, we shall discuss its unitarity, high-energy behavior, low-energy expansion, and number
theoretic properties. We shall synthesize these properties in a unified manner to facilitate

comparison between the amplitudes.

Two of these amplitudes are well-known. The Veneziano amplitude describes the scat-
tering of four open strings. The Virasoro amplitude describes the scattering of four closed
strings. The lesser-known Coon amplitude is a one-parameter deformation of the Veneziano
amplitude with a real deformation parameter ¢ > 0. At ¢ = 0, the Coon amplitude re-
duces to a field theory amplitude. At ¢ = 1, the Coon amplitude is equal to the Veneziano

amplitude.

Our approach for the Coon amplitude uses the mathematical theory of g-deformations,

IFor simplicity we only consider the scattering of four massless bosonic states. In this case, the tree-level
open and closed superstring amplitudes respectively reduce to the Veneziano and Virasoro amplitudes with
zero intercept.



or g-analysis. Using a well-established g-deformation of the gamma function, we write a new
single formula (1.34) for the Coon amplitude valid for all ¢ > 0. Previously, the Coon ampli-
tude with ¢ < 1 and the Coon amplitude with ¢ > 1 were considered as distinct [BC76]. Our
calculations confirm and extend the recent analysis of the Coon amplitude with ¢ < 1 [FT22]
to all ¢ > 0. Moreover, we compute a compact formula (1.46) for the low-energy expansion of
the Coon amplitude and discover a novel transcendental structure analogous to the number

theoretic structure of the low-energy expansions of the Veneziano and Virasoro amplitudes.

As a function of ¢, the Coon amplitude demonstrates a subtle interplay between the
properties of unitarity and meromorphicity (in the Mandelstam variables). For 0 < ¢ < 1,
the Coon amplitude is unitary and non-meromorphic with an accumulation point spectrum.?
For ¢ > 1, the Coon amplitude is non-unitary and meromorphic with no accumulation point.
Only the Veneziano amplitude at ¢ = 1 is unitary and meromorphic with no accumulation

point.

In any case, the Coon amplitude is a fruitful example for the study of general scattering
amplitudes [CKS17, HLR21, Mai22, FT22, HR22]. While there is yet no definitive field
theory or string worldsheet realization of the Coon amplitude, accumulation point spectra
like those exhibited by the Coon amplitude with ¢ < 1 have been recently found in a
stringy setup involving open strings ending on a D-brane [MR22]. Similar accumulation
point spectra have also appeared in recent amplitude studies [CKS17, Rid21, HLR21, BKZ21,
HR22, MR22]. Famously, the hydrogen atom has energy levels £, = —13.6 eV /n? with an

accumulation point at E, = 0.

In both this chapter and in chapter 2 (based on [GL23]), we show that there is no
naive g-deformation of the Virasoro amplitude or Virasoro-Coon amplitude analogous to our
interpretation of the Coon amplitude as a ¢g-deformed Veneziano amplitude. In this chapter,

we attempt and fail to construct a ¢-deformed Virasoro amplitude using functions from g¢-

2A theory has an accumulation point spectrum if for some finite M? > 0, the number of particles with
mass m? < M? is infinite.



analysis. Our assumptions include crossing symmetry and polynomial residues on the same

sequence of poles as the Coon amplitude.

In chapter 2, we revisit this question by analyzing so-called generalized Veneziano and
generalized Virasoro amplitudes, which are defined by generalizing the infinite product rep-
resentations of the Veneziano and Virasoro amplitudes, respectively. Our procedure is an
extension and clarification of Coon’s original argument [Coo69] and related work [FN95]
in which we search for tree-level amplitudes with an infinite product form. We again as-
sume crossing symmetry, but we now demand physical residues on an a priori unspecified
sequence of poles \,. In other words, we do not assume the mass spectrum (while we do
assume the mass spectrum in our search for a g-deformed Virasoro amplitude here). Under
these assumptions, we find that the poles A,, must satisfy an over-determined set of non-linear
recursion relations. The recursion relations for the generalized Veneziano amplitudes can be
solved analytically. In the generalized Virasoro case, we numerically demonstrate that the
only consistent solution to these recursion relations is the string spectrum. The Veneziano,
Virasoro, and Coon amplitudes detailed here are in fact the healthiest amplitudes we find

in [GL23]. This conclusion strengthens our present findings.

There may also be a simple physical argument for the non-existence of a Virasoro analog
of the Coon amplitude. We recall that accumulation point spectra were recently found in
a stringy setup involving open strings ending on a D-brane [MR22]. If accumulation point
spectra in string theory generically require open strings, then there may be no consistent
g-deformed Virasoro amplitude with an accumulation point for ¢ < 1 since the Virasoro
amplitude at ¢ = 1 describes the scattering of closed strings. These ideas are speculative

and worthy of future research.

Our approach is part of the modern S-matrix bootstrap program, which attempts to con-
struct general amplitudes which satisfy various physical properties such as unitarity, crossing,
and analyticity without relying on an underlying dynamical theory [CSZ21]. The modern

S-matrix bootstrap is a revival of an old approach [ELO66] which predates modern quantum
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field theory (QFT) and attempts to constrain the space of physical theories, including those
which may not be describable by QFT.

1.1.1 Conventions

We only consider tree-level scattering amplitudes for four massless particles in d > 3 space-
time dimensions. Such amplitudes have simple poles only. In a unitary theory, the residues

of these poles equal finite sums of Gegenbauer polynomials,
(%32)
C; * “(cosO) (1.1)

with positive coefficients. The positivity of these coefficients encodes the unitarity of the

theory. The Mandelstam variables for this process are,

s=—(p+p2)° = 4F° >0
t=—(p1+ps)? = —2E*1 —cos) <0

u=—(p +p3)® =—-2FE*(1+cosf) <0 (1.2)

and satisfy the mass-shell relation s +t¢ + u = 0. Here E and 0 are the center-of-mass
energy and scattering angle, respectively, and the inequalities refer to the physical scattering
regime. Since s-channel and ¢-channel Feynman diagrams correspond to the same cyclic
ordering, color-ordered amplitudes (e.g. gluon amplitudes) will have only s-channel and
t-channel poles and shall be denoted by A(s,t). Amplitudes with poles in all three channels
(e.g. graviton amplitudes) shall be denoted by A(s,t,u). We use units in which the lowest
massive state of any particular theory has mass m? = 1. In open (closed) string theory, this

choice corresponds to o' =1 (a/ = 4).

1.1.2 Outline

In section 1.2, section 1.3, and section 1.4 we discuss the properties of the Veneziano, Vi-

rasoro, and Coon amplitudes, respectively. In section 1.5, we attempt and fail to construct
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a Virasoro-Coon amplitude by ¢-deforming the Virasoro amplitude. Three additional sec-
tions contain various technical details. In section 1.6, we review some properties of the
gamma function. In section 1.7, we review some properties of the Gegenbauer polynomials.

In section 1.8, we derive the low-energy expansion of the Coon amplitude.

1.2 The Veneziano amplitude

The Veneziano amplitude was discovered in 1968 [Ven68] and describes the scattering of four
open strings. More recently, the Veneziano amplitude has been revisited in the context of

the modern S-matrix bootstrap program [CKS17, GW19, HLR21, AHH21, Mai22, AEH22].

In d < 10 dimensions, the Veneziano amplitude is a physically-admissible UV-completion
of the tree-level four-point amplitude of maximally supersymmetric Yang-Mills field theory.
The color-stripped tree-level field theory amplitude which describes the scattering of any

four massless particles in the Yang—Mills supermultiplet is given by,

1

Asym = Py o (1.3)
where P, is a kinematic prefactor which is determined by maximal supersymmetry and
which contains the information about the particular states being scattered. For the four-
gluon amplitude, schematically P, = F** where F is the linearized field strength. The second
factor ﬁ is symmetric in (s, t) and is a meromorphic function with simple poles from massless
particle exchange in the s-channel and t-channel. In the high-energy Regge limit s — oo
with fixed polarizations and fixed ¢ < 0, the prefactor Py o s2, and the amplitude diverges

as Asgym X s.

In tree-level open superstring theory, the color-stripped amplitude which describes the

scattering process (1.3) is given by,

Aopen = P4 -AVen(Sa t) (14)



where Aye, is the Veneziano amplitude,

[(=s)I'(=1)

Avenl$:0 = 15 )

(1.5)

Like the corresponding field theory factor, the Veneziano amplitude is symmetric in (s, t)
and is a meromorphic function with simple poles only. We may explicitly exhibit these poles
using the infinite product representation (1.66) of the gamma function to write,

Aven(s,1) = 1 I1 nt—nfs+1) (1.6)

st (s —n)(t—n)

The infinite sequence of massive poles at s = 1,2,... correspond to excited stringy states.

1.2.1 Unitarity

The kinematic prefactor P, which appears in both the field theory amplitude (1.3) and the
open superstring amplitude (1.4) has a positive expansion on the Gegenbauer polynomials in
d < 10 dimensions [AEH22, HR22]. It remains then to check the unitarity of the Veneziano
amplitude itself. On the massless s-channel pole, P, o t2, and the residue of the Veneziano

amplitude agrees with field theory,

1 1
PS{:eOs Aven(s, t) = I;{Zeos i — E{:eos Agpen X t (1.7)

indicating the exchange of a massless spin-1 state, the gluon. The residue of each massive
pole at s = N > 1 is a degree-(N — 1) polynomial in ¢,
1
PieﬁAVen(s,t) = ﬁ(t+1)(t+2)--~(t+N—1) (1.8)
indicating the exchange of states with mass m? = N and spins j < N + 1. These residues

may be expanded in terms of Gegenbauer polynomials using the identities in section 1.7,

=

(2)
ieﬁAven(s,t) = cy,; C; 7 (1 + %) (1.9)

Il
o

J



with the first few coefficients given by,

cio=1 C20 =10 3,0 = %
1
Co1 = 2(d—3) C31 = 0
3
C3,2 = —4(d—1)(d—3) (110)

The coefficient c3( is negative for d > 10, indicating the non-unitarity of the superstring
above its critical dimension d = 10. These coefficients were recently studied in d = 4 [Mai22]
and were recently shown to be positive for all d < 6 [AEH22]. The unitarity of super-
string theory in d < 10 (and thus the positivity of the cy ;) is known from the no-ghost
theorem [Bro72, GT72, Tho85], but there is yet no direct proof that cy; > 0 for all d < 10.

1.2.2 High-energy

The high-energy behavior of the Veneziano amplitude may be calculated using Stirling’s
formula (1.68). In the Regge limit of large |s| > 1 with phase 0 < arg(s) < 27 (to avoid the

poles of the gamma function) and fixed ¢ < 0, we find,

|s| =00

Aven(s, 1) '~~~ (=) 'T(=t) (1+ O(s™)) (1.11)

Compared to field theory, the extra exponent ¢ softens the UV behavior. For any scattered
states with fixed polarizations, there is a range of fixed ¢ < 0 such that limy . Aspen = 0

while this limit diverges in the corresponding field theory amplitude.

1.2.3 Low-energy

At leading order in the low-energy expansion |s|, [t| < 1, the Veneziano amplitude reproduces

field theory. At higher order, stringy corrections to field theory are given in terms of Riemann



zeta-values. Using the Taylor expansion for the gamma function (1.67), we find,

et S oS W e

st
= =@ = (O (1) — () (5 + St + )+ - (1.12)

The Veneziano amplitude exhibits a remarkable property called uniform transcendentality,
meaning each term in its low-energy expansion may be assigned the same transcenden-
tal weight. If we assign weight k to the zeta-value ((k) (the standard number theoretic
assignment) and weight —1 to the Mandelstam variables, then each term in (1.12) has tran-
scendental weight two. Uniform transcendentality is in fact a general property of tree-level
superstring amplitudes [SS13], and the transcendental structure of one-loop superstring am-
plitudes is under active study [DG19, DG22]. In comparison, non-trivial transcendental

structure in field theory only arises from loop integrals [KL03, BF09, ABC12, BDD19].

1.3 The Virasoro amplitude

The Virasoro amplitude was discovered in 1969 [Vir69] and describes the scattering of four
closed strings. Like the Veneziano amplitude, the Virasoro amplitude has also been recently

revisited in the context of the modern S-matrix bootstrap program [GW19, AHH21, AEH22].

In d < 10 dimensions, the Virasoro amplitude is a physically-admissible UV-completion
of the tree-level four-point amplitude of maximal supergravity. The tree-level field theory
amplitude which describes the scattering of any four massless particles in the supergravity

multiplet is given by,

Asc = Ps<—i> (1.13)

stu

where P is a kinematic prefactor which is determined by maximal supersymmetry and which
contains the information about the particular states being scattered. For the four-graviton

amplitude, schematically Py = R* where R is the linearized Riemann curvature. The second

8



factor —ﬁ is symmetric in (s,¢,u) and contains poles from massless particle exchange in
the s-channel, t-channel, and u-channel. In the high-energy Regge limit s — oo with fixed

polarizations and fixed ¢ < 0, the prefactor Py o< s*, and the amplitude diverges as Agq o< s%.
In tree-level closed superstring theory, the amplitude which describes the scattering pro-
cess (1.13) is given by,

Aclosed - P8 AVir(Sa t; U) (114)

where Ay, is the Virasoro amplitude,

L(—s)D(—t)'(—u)
F'1+s)I'1+6)r(1+u)

Avir(s,t,u) = (1.15)

Like the corresponding field theory factor, the Virasoro amplitude is symmetric in (s, ¢, u)
and is a meromorphic function with simple poles only. We may explicitly exhibit these poles

using the infinite product representation (1.66) of the gamma function to write,

1 —n? — n(st + tu + us) — stu
AVir(S,t,U) = —— (116)
stu o (s —n)(t—n)(u—n)
The infinite sequence of massive poles at s = 1,2, ... correspond to excited stringy states.

1.3.1 Unitarity

The kinematic prefactor Py which appears in both the field theory amplitude (1.13) and the
closed superstring amplitude (1.14) has a positive expansion on the Gegenbauer polynomials
in d < 10 dimensions [AEH22, HR22]. It remains then to check the unitarity of the Virasoro
amplitude itself. On the massless s-channel pole, Py o< t*, and the residue of the Virasoro
amplitude agrees with field theory,

1 1 )
E{:eos AVir<S7 t, —S — t) = 1;{:608 m = t_2 — E{ZGOS Aclosed xt (1.17)



indicating the exchange of a massless spin-2 state, the graviton. The residue of each massive
pole at s = N > 1 is a degree-(2N — 2) polynomial in ¢, indicating the exchange of states
with mass m? = N and spins j < 2N + 2. In fact, the residues of the Virasoro amplitude

equal the residues of the Veneziano amplitude (1.8) squared,

iengwr(s,t,—s—t) = {%(f—i— DE+2)--(t+ N — 1)}2

2
- {PgeﬁAVen(s,t)} (1.18)
These residues may be expanded in terms of Gegenbauer polynomials using the identities

in section 1.7,

2N—2 s
Res Avi(s, t,—s — ) = ZO en, OV (142 (1.19)
=
with the first few coefficients given by,
crp=1 Cop = m C30 = %
Ca1 = 0 C31 = 0

22 7 3a-D@-3) 32 = 16(d+3)(@-1)(d-3)

C3,3 = 0

27
€34 = §d13)(drD)(d—1)(d-3) (1.20)

The positivity of these coefficients below the critical dimension follows indirectly from the
no-ghost theorem [Bro72, GT72, Tho85], but there is yet no direct proof that cy; > 0 for
all d < 10.

1.3.2 High-energy

The high-energy behavior of the Virasoro amplitude may be calculated using Stirling’s for-
mula (1.68). In the Regge limit of large |s| > 1 with phase 0 < arg(s) < 7 (to avoid the

poles of the gamma function) and fixed ¢ < 0, we find,

Avir(s, 8, —s — t) T (—g)t1 71 % (1+0(s™) (1.21)

10



Compared to field theory, the extra exponent 2t softens the UV behavior. For any scattered
states with fixed polarizations, there is a range of fixed ¢ < 0 such that limy_o Aciosea = 0

while this limit diverges in the corresponding field theory amplitude.

1.3.3 Low-energy

At leading order in the low-energy expansion |s|, |t], |u| < 1, the Virasoro amplitude repro-
duces field theory. At higher order, the stringy corrections to field theory are given in terms

of Riemann zeta-values. Using the Taylor expansion for the gamma function (1.67), we find,

2C(2k+1
Avic(s, t,u) = —% exp Z C2k — AL | g2kl g 2kl
k>1
1
= —E—Qg(s) — (B (S + ) + - (1.22)

Like the Veneziano amplitude (1.12), the low-energy expansion of the Virasoro amplitude
exhibits uniform transcendentality. If we assign weight k to ((k) and weight —1 to the

Mandelstam variables, then each term in (1.22) has transcendental weight three.

Furthermore, we note that only odd zeta-values occur in (1.22) while both even and
odd zeta-values occurred in the low-energy expansion of the Veneziano amplitude (1.12).
This discrepancy between the Veneziano and Virasoro amplitudes may be described by the
so-called single-valued map, which maps the (motivic) zeta-values ((k) to the single-valued

zeta-values (g, (k), defined by,
Co(2k) =0 Co(2k+1) = 2¢(2k + 1) (1.23)

The single-valued zeta-values are so-called because they descend from single-valued versions
of the multi-valued polylogarithm functions Lix(z), which evaluate to the Riemann zeta

function at z =1,
ZTL

Lik(z):zﬁ — ((k Zik (1.24)

n>1

11



Comparing (1.12) and (1.22), we see that the Veneziano amplitude becomes the Virasoro

amplitude under the single-valued map acting term-by-term on the low-energy expansion,
(st) Aven — (—stu) Avi (1.25)
sV

General tree-level open and closed superstring amplitudes are in fact related by the single-
valued map [SS13, Brol4, Stil4, ST14, BD21a, SS19, VZ18, BD21b], encoding a deep number
theoretical relationship between the open and closed superstrings, and thus between gauge

theories and theories of gravity.

Both the single-valued map (1.25) and the residue relation (1.18) are manifestations of
another relationship between open and closed superstring amplitudes. The Kawai-Lewellen-
Tye (KLT) relations [KLT86] express tree-level closed superstring amplitudes as bilinears
of tree-level open superstring amplitudes. Informally, the closed superstring is equal to the

open superstring squared. The four-point KLT relation is,
AVir(Sa t> U) = AVen(sa t) SKLT AVen(Sa t) (126)

where Sk is the KLT kernel,

sin(7s) sin(7t)
msin (7(s + 1))

SKLT = (127)

This expression for Skpr follows from the definition of the Veneziano amplitude (1.5), the
definition of the Virasoro amplitude (1.15), and the reflection formula for the gamma func-
tion (1.65). In the field theory (low-energy) limit, the KLT relations are known as the double

copy between gauge theory and gravity [BCJ10, BCC19].

1.4 The Coon amplitude

The Coon amplitude was discovered in 1969 as a generalization of the Veneziano amplitude
with non-linear Regge trajectories [Coo69]. The subsequent studies of the Coon amplitude

were phenomenologically motivated. A concise survey of this early literature is given in
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a (quite difficult to find) 1989 review [Rom89] (which cites an expanded but unpublished
pre-print [Rom88] which we could not locate). Around this time, the Coon amplitude was
revisited in the broader context of string theory [Rom89, FN95]. Most recently, the Coon am-
plitude has reappeared in the modern S-matrix bootstrap program [CKS17, Rid21, HLR21,
Mai22, F'T22, HR22, MR22].

The Coon amplitude A, is a one-parameter deformation of the Veneziano amplitude with
a real deformation parameter ¢ > 0. To construct a full four-point scattering amplitude, we
replace Ave, in the open superstring amplitude (1.4) with A, to describe the scattering of

four massless states in a putative g-deformed string theory,
Aq—strings - P4 Aq<37 t) (128)

This deformation may be understood using the mathematical theory of g-deformations or

g-analogs, also known as g-analysis.

1.4.1 ¢-analysis

In mathematics, a g-analog of a theorem, function, identity, or expression is a generalization
involving a deformation parameter g that returns the original mathematical object in the
limit ¢ — 1. Many special functions and differential equations have well-studied g-analogs
dating back to the nineteenth century [GR04]. For our purposes, we shall only need a few

g-ingredients. We first define the ¢-integers [n], by,

1 2 n—1
[n], = —14+q¢+¢*+--+g — n (1.29)
1_(] q—1

where the second equality holds for n > 1.

In passing from the Veneziano amplitude (1.5) to the Coon amplitude, we shall replace
the linear Regge trajectory a(s) = s that appears in the arguments of the gamma functions

with a non-linear deformation «,(s) that satisfies ay([n],) = n. The ¢-deformed Regge
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trajectory is thus,

o(s) = 20 +h(qu_ Ds) (1.30)

This Regge trajectory becomes linear as lim, ,; o,(s) = s.

The gamma functions in the Veneziano amplitude (1.5) are themselves replaced by the

so-called g-gamma function, which is defined for complex ¢ by [GR04],

¢

L 1 — q+n+1
(1—61)7sz lq] <1
n>0
r,(z) = - 1 (1.31)
z(z—1) s 1 — q—TL—
¢ = (¢— 1) Hm gl > 1
n>0 q

\

The g-gamma function obeys a functional equation analogous to I'(z + 1) = 2 T'(2),

1
L, (z+1) = -

L,(2) (1.32)
and becomes the ordinary gamma function as lim, ,,+ I';(2) = I'(2). Many properties of
the gamma function have precise g-analogs. For instance, the asymptotic behavior of the

g-gamma function is given by a g-analog of Stirling’s formula [Moa84],

20 -1y l-¢ Liz(1 —¢°)

InT,(z) —~ )T, g + 1In(27) + C; + O(¢) (1.33)

which is valid for small |¢*| < 1. Here Liy(z) is the dilogarithm and C, is a known ¢-

dependent constant.

1.4.2 ¢-deformed Veneziano

In terms of these ¢g-ingredients, the Coon amplitude for all ¢ > 0 is given by,

_ ,0q(8)aq(t)—aq(s)—aq(t FQ(_QQ<8))FQ(_&q<t))
Aq(s, 1) = graoal=aals)maq(t T (0= () —o(®) (1.34)

Our conventions for the Coon amplitude differ from the older literature by an overall normal-

ization but are chosen so that its leading low-energy behavior is % (1 + O(s, t)) to facilitate
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comparison to the Veneziano amplitude. Clearly, lim, ,; A; = Aven. Moreover, our single
formula contains both the Coon amplitude with ¢ < 1 and the Coon amplitude with ¢ > 1,
which were previously considered as distinct [BC76]. However, many properties of the Coon
amplitude, including its meromorphicity as a function of the Mandelstam variables, are ob-
scured in the form (1.34). The prefactor ¢®a(*)*«(*) is explicitly non-meromorphic, but we

shall soon see that it is perfectly natural.

Using the definition of g-gamma function, we may write the Coon amplitude in terms of

one convergent infinite product for ¢ < 1 and another for ¢ > 1,

Ay (s,1) = g 9(1 — g) = T

)

e ( q—aq(s)—i-n)(l q—aq(t)—i-n)

1 (1 — groa+aat)=n)(1 _ g=n)
O(g —1) = 1.35
- (q ) st (1 —_ q+aq(s)fn)<1 q+aq(t)fn) ( )

where the step function is defined by ©(z > 0) = 1 and ©(x < 0) = 0. This form is nice
because the infinite product of each of the four factors in either infinite product separately
converges. Moreover, for ¢ > 1, the non-meromorphic prefactor ¢®®)*() has canceled

against similar non-meromorphic factors in the ¢g-gamma functions.

We may further massage (1.35) into a form with just one infinite product for all ¢ > 0
times a piecewise g-dependent prefactor,

In(1+(g=1)s) In(1+(g—1)¢)

Aont) = {4 E 01— g) o - 1)

ﬂ)2 — (L) (s+1) + (1 —g")st

1 (1—q 1—q
X st H (S — lfq") (t — 1*(1”) (1.36)

1—q 1—q

We must take care with this expression because the infinite products of the numerator and
denominator do not separately converge. In this form, we see that the Coon amplitude
with ¢ > 0 has an infinite sequence of simple poles in both the s-channel and t-channel.

These poles occur at the ¢-integers,

n], = (1.37)



for integer n > 0. For ¢ = 0, the infinite product is just Hn211 = 1. For 0 < ¢ < 1, the
poles tend to an accumulation point at l%q. For ¢ > 1, the poles tend to infinity, and ¢ = 1

reproduces the string spectrum.

Like the Veneziano amplitude, the Coon amplitude is symmetric in (s, ¢) and has simple
poles only. For ¢ > 1, the Coon amplitude is meromorphic, but for ¢ < 1, the Coon amplitude
as written in (1.36) has an explicit non-meromorphic factor q®a®)2a(t) with branch cuts in the
complex s-plane and t-plane starting at the accumulation point q%l. In the limits ¢ — 0 and
¢ — 17, this non-meromorphic prefactor becomes ¢®«(*)*® — 1 and the Coon amplitude

reproduces the field theory and Veneziano amplitudes, respectively,

1
Aq(s,t> (14)—0) E
AQ(Svt) — AVen(87t) (138)

q—1

1.4.3 Unitarity

To compute the residues of the Coon amplitude, we shall manipulate the form (1.35) with
manifestly convergent infinite products. The algebra is tedious but straightforward. The

residue of the massless pole agrees with field theory for all ¢ > 0,

1 1
R_eOsAq(s,t) = Res — = - (1.39)

s=0 st ¢
For ¢ > 0, the residue of the massive pole at s = [N], with N > 1 is a degree-(N — 1)

polynomial in ¢, indicating the exchange of states with mass m? = [N], and spins j < N +1,
N N

n 1—q™
Res A,(s,t) = ¢V H (7 H ("t + ﬁ) (1.40)

1_
_IN _)
s=INlq n=1 \1=¢q ) n=1

On the poles, the non-meromorphic factor ¢«(Nl)ea® = (1 + (¢ — 1)t)™ ensures that the
residues are polynomials in ¢ for ¢ < 1. In any case, these residues may be expanded in

terms of Gegenbauer polynomials using the identities in section 1.7,

N-1 s

(%)
Res Ay(s,t) = Y ey ;05 2 (14 2-) (1.41)

s=[Nlq =0
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with the first few coefficients given by,

C10=4¢
o ?(1—¢)(2+q)
20 7 T 2(l+g)

_ ¢

6271 — 2(d-3)
_ ¢3[4(d—1)+2q(d—1)—6¢>(d—1)—¢>(56d—6)—2¢* (d—2)+3dq°+2dq®+dq"]

C30 = 4(d—1)(14q)(1+q+4¢?)
_ *(1—q)(1+3q+2¢%+¢°)
C3,1 = 2(d—3)(1+q)
— _ d°(ta+q?)
2 = e 142

For ¢ > 1, the coefficient ¢y is negative in any number of dimensions, indicating non-
unitarity. The non-unitarity of the Coon amplitude with ¢ > 1 has been known since the
early 1970s [BC71]. The unitarity of the Coon amplitude with ¢ < 1 is more subtle. This case
was studied in the 1990s [FN95] and again more recently [F'T22]. The most recent numerical
studies indicate that the Coon amplitude with ¢ < 1 is unitary below some g-dependent
critical dimension [FT22]. This critical dimension is d = 10 in the limit ¢ — 1 and d = oo

in the limit ¢ — 0 .

Although the Coon amplitude with ¢ < 1 may be unitary, it is non-meromorphic due to
the factor ¢®(®)*®) Ag we discussed above, this explicit non-meromorphic factor is necessary
for the Coon amplitude to have polynomial residues. The Coon amplitude with ¢ < 1 also
has an accumulation point of poles at ﬁ. By definition, meromorphic functions can only
have isolated poles. Thus, the infinite product itself is non-meromorphic even without the

explicit non-meromorphic factor.

For ¢ > 1 the situation is reversed. There the Coon amplitude is meromorphic with no
accumulation point, but it is non-unitary. Only the Veneziano amplitude at ¢ = 1 is both

meromorphic and unitary.
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1.4.4 High-energy

The high-energy behavior of the Coon amplitude may be calculated using the g-analog of
Stirling’s formula (1.33). In the Regge limit with fixed ¢ < 0 and large |s| > 1 with phase
0 < arg(s) < 27 (to avoid the poles of the g-gamma function as well as the branch cut
for 0 < ¢ < 1), we find,

Fq(_aq(t>)

|s| =00 a _
Agfs 1) R () e

[1+0((¢—1)""s™)] (1.43)

which agrees with the Regge limit (1.11) of the Veneziano amplitude as ¢ — 1 (ignoring the
subtlety that the small parameter blows up at ¢ = 1). For both 0 < ¢ < 1 and ¢ > 1,
the exponent o, (t) = In(1 + (¢ — 1)t)/Ingq can be made arbitrarily large and negative as a
function of t < 0. For any scattered states with fixed polarizations, there is thus a range
of fixed ¢ < 0 such that limy o Agstrings = 0 While this limit diverges in the corresponding

field theory amplitude.

1.4.5 Low-energy

The low-energy expansion of the Coon amplitude with ¢ < 1 was recently studied [FT22].

Here we extend that result to all ¢ > 0. The details of our calculation are given in section 1.8.

Like the Veneziano amplitude, the Coon amplitude reproduces field theory at leading
order. At higher order and for all ¢ > 0, corrections to field theory are given in terms of the
g-deformation Lij(z;q) of the polylogarithm Liy(z), which evaluates to the Riemann zeta
function (k) at ¢ = z = 1 [Sch01],

L) =Y oy W= —p (=Y (149

n>1 (1_q )k e n>1 n>1

The low-energy expansion includes in particular the g-deformed polylogarithms Lix(¢’; q)

with integers £ > 7 > 1. For all ¢ > 0, the defining sums for these special functions are
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absolutely convergent and finite,

p

qj
| — g qg<1
) nJ
Lit(¢’iq) = > oSy (k) =1 (1.45)
n>1 (l—q ) qj
SErEE

For ¢ < 1, there is also a contribution from the non-meromorphic factor ¢®(*)*«® which

appears in (1.35) and (1.36). In total we find,

(1 _ q)é1+€2 £min . ' o
=D ditrts ity (0 q)} st (1.46)
7=1

1
Aq(s,t)ZE exp Z {@(1—q) AT
l1,02>1
1 2 s
— = Tl a) — —NE=D | A il o) — _g)1=9)
== [le(q,q) O(1 — )4 } [Lls(q,q) O(1 —q) 2hfq](8+t)+

where (i, = min(¢q,¢2) and djy, 4, is the following rational number,

.
SN (Ll —i— 1) i
djier e = 2:; RSt (-) (1.47)

The limit ¢ — 1 reproduces the low-energy expansion of the Veneziano amplitude (1.12)

since Ligl_;_b(l; 1) = C(fl + 62) and,

0.
min 1 El +€2
z : 551,82 gl +€2< 61 ) (1 48)

j=1

for positive integers (1, £5.

The ¢-deformed polylogarithms, like the usual polylogarithms and the Riemann zeta-
values, may be assigned a transcendental weight. If we assign weight & to Lix(¢’; q), then we

must assign weight one to the factor (1 — ¢) since,

(1 — q) Lix(¢’; q) = Lir41(¢’; ¢) — Lig1(¢’ 5 q) (1.49)

Under these assignments, each side of this equation has weight £+ 1. If we assign weight —1

to the Mandelstam variables as we did in the low-energy expansions of the Veneziano and
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Virasoro amplitudes, then each term in the low-energy expansion of the Coon amplitude

with ¢ > 1 has uniform transcendental weight two, just like the Veneziano amplitude (1.12).

For ¢ < 1, the transcendental structure is not as clear. In this case, the argument of the

exponential (which should have transcendental weight zero) includes the terms,

1
(145 1nq

1 —q)frtt shyt (1.50)

The factor (1 — q)“**2 s“¢2 has weight zero under our previous assignments, but it is cus-
tomary to assign weight one to logarithms. After all, the logarithm is just the weight-one

polylogarithm,
Li;(2) = =In(1 — 2) (1.51)

so that (1.50) naively has transcendental weight —1 rather than weight zero.

We are not, however, out of luck. We may write the reciprocal 1/¢;¢5 in terms of finite

harmonic sums,

k—1
1 1
H(k)=) - = - Hy(010y 4+ 1) — Hy(010) (1.52)
n=1

We then assign transcendental weight one to the finite harmonic sums so that (1.50) has
weight zero. This assignment is delicate. One should think of H;(k) not as its value for a
single k (which is a rational number whose natural transcendental weight assignment is zero)
but instead as a function of k to be inserted into an infinite series in k. For instance, H; (k)
occurs in this manner in the double zeta-value (¢, 1),

)= > : Hi(n) (1.53)

ning nt
ny>na>1 n>2

The standard weight assignments of ((¢) and ((¢,1) are ¢ and ¢ + 1, respectively, which
justifies assigning weight one to the function H;(k). This assignment of non-zero transcen-

dental weight to finite harmonic sums is familiar to the low-energy expansion of one-loop
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superstring amplitudes [DG19, DG22] and to loop amplitudes in A/ = 4 supersymmetric
quantum field theory [KL03, BF09].

Under these assignments, each term in the low-energy expansion of the Coon amplitude
for all ¢ > 0 has uniform transcendental weight two, in perfect analogy with the low-energy
expansion of the Veneziano amplitude (1.12). For ¢ > 1, the subtleties involving In¢ and

finite harmonic sums can be ignored.

1.5 The Virasoro-Coon amplitude?

In this section, we shall attempt to construct a ¢-deformed Virasoro or Virasoro-Coon am-
plitude in analogy with our interpretation of the Coon amplitude as a ¢-deformed Veneziano
amplitude. Specifically, we shall try to construct an amplitude A, vi, (s, t, u) with the follow-

ing properties:

e (s,t,u) crossing symmetry

simple poles in each channel only at the g-integers [n], with n > 0

polynomial residues on the massive poles

e the field theory amplitude at ¢ = 0 and the Virasoro amplitude at ¢ = 1,
Agvi(s,t,u)  — !
-vir(S, U, U -
-V q—0 stu
Agvie(s, t,u)  —  Avie(s, t,u) (1.54)

q—1

the low-energy expansion —% (1 + O(s,t, u))

We shall first consider the location of the poles. For ¢ # 1, a convergent infinite product

which contains our desired sequence of poles in each channel is,

1
H (1 — qn—aq(s)) (1 — qAn_aq(t)) (1 _ qAn—aq(u)) (155)

n>0
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where ¢ = min(q, ¢~'). This infinite product, and thus A,.vi,, is proportional to the following

product of three g-gamma functions,

Fq(_O‘q<3))rq(_O‘q(t))rq(_aq(u)) (1.56)

If we are to have a polynomial residue on each massive s-channel pole, then the infinite

product of t-channel poles from Fq(—aq(t)) must be canceled by an infinite product of
zeroes. This cancellation can only be achieved by a function proportional to the ratio,
Fq(_aq(t))

Fq<1 —ay(s) — O‘q(t))

The Coon amplitude achieves polynomial residues through the same cancellation. The fur-

(1.57)

ther requirement that A, vi, = —ﬁ at low-energy implies that all but ¢! should be canceled
from Fq(—aq(t)) on the massless pole at s = 0 for all ¢ > 0. We may satisfy this condition
by multiplying (1.57) by ¢~®*). Demanding (s,t,u) symmetry, we find that A,vi, must be
proportional to,
ou(st) Fq(—aq(s)) Fq(—aq(t)) Fq(—aq(u))

Pq(l — ay(t) — O‘q(u)) Fq(l — ay(u) — aq(s)) Fq(l — ag(s) — O‘q(t))

where d,(s,t,u) = ay(s) + ay(t) + ay(u). At ¢ = 1, this expression reproduces the Virasoro

q (1.58)

amplitude as desired.

Now on each massive s-channel pole, the factor 1/T;(1 — a,(t) — ay(u)) contributes an
infinite product of zeroes in ¢, spoiling the polynomial residue. These zeroes do not appear
if ¢ = 0 or ¢ = 1 because ag(s) + a4(t) + a4(u) = 0 when ¢ = 0 or ¢ = 1. For general g,
the infinite product of zeroes must be canceled by an infinite product of poles, and this
cancellation can only be achieved by a function proportional to the ratio,

Ly (€= 04(s,t,u))
Fq(l - O‘q<t) - qu(u))

for some integer ¢ > 1. While the factor I, (Z — 04(s, ¢, u)) cancels the infinite product of

(1.59)

zeroes, it also introduces an infinite number of new poles, spoiling our initial assumption.
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Despite this complication of additional poles, we shall proceed with ¢/ = 1. We now have

the following ansatz for A, vir,

q—éq(s,t,u) FQ(_aq(S)) Fq(_aq<t>) Fq(_aq(u)) Fq(l - 5q(5> L, U))

1.60
Fq(l — ay(t) — O‘q(u)) Pq(l — ag(u) — aq(s)) Fq(l — ag(s) — O‘q(t)) (1.60)
which has the following convergent infinite product form for all g > 0,
1 (1 — gnfaq(t)faq(u)) (1 _ qnfaq(u)faq(S)) (1 _ dnfaq(S)faq(t)) (1 _ Qn) (161)
stu e (1= g (1 = gn=aa®) (1 = gn-eal) (1 — gr—oalst)) '

where again ¢ = min(q,¢~'). This ansatz reproduces the field theory amplitude at ¢ = 0 and
the Virasoro amplitude at ¢ = 1. The residues of this ansatz, however, are not polynomials.

Near the massive pole at s = [N],, (1.61) becomes,

11 1 N-1 1 N (1 B q’*n*N*aq(t)) (1 _ q"anfaq(u))
B N E 1— 4 N—aq(s) H 1 — An—N H 1— An—N—ag(t)—aq(u) (162)
[ ]q q n=1 q n=1 q

After some straightforward algebra, we see that the residue at s = [V}, is a non-polynomial

rational function of ¢ unless ¢ =0 or ¢ = 1.

We have thus failed to construct a ¢-deformed Virasoro amplitude under our stated
assumptions. Therefore, we conclude that there is no amplitude with (s,¢,u) symmetry,
simple poles at the g¢-integers, and polynomial residues. Only the field theory amplitude
at ¢ = 0 (with no massive poles) and the Virasoro amplitude at ¢ =1 (with poles at the
integers) satisfy our constraints. It seems then that there is no ¢-deformed Virasoro or

Virasoro-Coon amplitude.

In our companion work [GL23], we revisit this question by analyzing so-called generalized
Virasoro amplitudes, defined by a generalization of the infinite product representation of
the Virasoro amplitude (1.16). In this analysis, we assume (s,t,u) symmetry and demand
physical residues on an a priori unspecified sequence of poles \,. In other words, we do
not assume a given mass spectrum as we have done in our search for a g-deformed Virasoro
amplitude here. We find that the poles A, must satisfy an over-determined set of non-linear
recursion relations. We then numerically demonstrate that the only consistent solution to

these recursion relations is the string spectrum with A, = n.
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1.6 Gamma function

In this section, we shall collect some well-known properties of the gamma function I'(z). The
gamma function is a meromorphic function with poles at the non-positive integers, defined

by the following integral,

['(z) = /000 drx* e ™ (1.63)

The gamma function obeys the functional equation,

I'(z+1)==2I(z) (1.64)
and the reflection formula,
T
F2)T(1—2) = 1.
BT -2) = Lo (1.65)

A useful infinite product representation of the gamma function is,

r(z) = lﬁ(H—%)z (1.66)

Zn:l 1+%

A Taylor expansion for I'(1 + z) with |z| < 1 is given by,
InT(1+42)=—yg2 +ZC )k (1.67)

where v is the Euler-Mascheroni constant and ¢ ( ) =Y > n~ " are Riemann zeta-values.

The asymptotic behavior of the gamma function is given by Stirling’s formula,

InT(z) ~ (z—3)Inz—z+3In@2r)+O(z") (1.68)

which is valid for large |z| > 1 with phase | arg(z)| < =.

1.7 Gegenbauer polynomials

In this section, we shall review some properties of the Gegenbauer polynomials [Vil68, GROT].

The Gegenbauer polynomials may be defined by a generating function,

(1 —2xt+t2 ZC (1.69)
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or in terms of the hypergeometric function,

\) _ TE+2N) .. . 1. 1
Ci(w) = sy 21 (=0, 7+ 20 A+ 53 5(1— ) (1.70)

The first few Gegenbauer polynomials are,

(z)

(x)
CM(z) = =X+ 2A(1 + A) 22

(x)

= 201+ Nz + AT+ N2+ N)2? (1.71)

d—

In d > 3 spacetime dimensions, the polynomials C](- 2

w

)(COS 0) diagonalize the Lorentz group

T(j+2 . )
Ut2) _ which vanishes.

Casimir operator. In d = 3 we must omit the normalization factor NCESHVEIN]

The case d = 4 reduces to the familiar Legendre polynomials. The Gegenbauer polynomials

obey an orthogonality relationship,

1 . ™ T(j42X) ] =
1 22—1(4 5 2
/ dx (1 . 1;2))\75 C](/\)<I) Cé)\) (&3) _ 2 (J+A) TEHDTN) (1.72)
-1 0 j#L
and the following integration identity,
T+ (4200 (+ 1) (E=2EL) .
1 . - - 2 + ¢ even
/ dr(1— )+ OV (@)’ = { ¥ TN+ — ) (E D) 7 (1.73)
-1 0 j+ 1 odd

for integers j,¢ > 0. These two integrals may be used to write the residues of any tree-level
four-point amplitude in terms of Gegenbauer polynomials. The product of two Gegenbauer

polynomials may be expanded as,

Ji+7J2

A A A A

CV@) CV (@)= Y V(@) (1.74)
£=]j1—j2|

for integers j1, jo > 0, where,

(LX) T+ (g+2X) T(g—€4+N) T(g—ji+A) T(g—ja+A) . )
o ) TN T gt D) T(o—t1) Ty dD) Tg—jarn) J1 TJ2 7T £ even (1.75)

Cjrjast =
0 jl + jQ + ¢ odd

d—3

2
s = 0 are non-negative.

with g = 3(j1 + j2 + £). For d > 4, the coefficients c;
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1.8 Deriving the Coon amplitude low-energy expansion

In this section, we shall derive the low-energy expansion (1.46) of the Coon amplitude for all
q > 0. Our starting point is (1.36). The low-energy expansion of the factor ¢®(*)*«(®*) may
be computed using the Taylor expansion for In(1 — z),

yart+te

In(1+(g=1)s) In(1+(g=1)t) (T=q)™
Ing Ingq = eX 1t2 176
q p Z g (1.76)
l1,02>1

The low-energy expansion of the infinite product is similarly given by,

208)? (A=) (5 4 4) + (1 — ¢")st
0 (- =5)

. |:Sk+tk— (s+t+(q— 1)st)'“} (1.77)

At this point we cannot interchange the sums over n and k and perform the sum over n
because the resultant g-deformed polylogarithms Lig(1;¢) diverge for ¢ < 1. Instead, we

expand the summand using the multinomial theorem and collect powers of s and ¢ to find,

exp Z Z i 61 + 62 —1— 1) (_>(qn — 1)i Szltb (1.78)

(01 — i)y — i)li! (l=gm)frtte
n>1 £ fo>1 =0 ‘b ) (ﬁ)

where (i, = min(fy, f5). We now expand the factor (¢" — 1) and find,

mln

exp Z Z Z d;, zlhm sttt (1.79)

n>1 01,02>1 j=1 _

with the rational numbers dj, 4, defined in (1.47). The j = 0 terms vanish because,

mm (el + 62 _ Z _ 1) )
. = E b= 1.
dovéhZQ (gl _ Z) (62 _ Z)‘Z' ( ) O ( 80)

We may now interchange the order of the infinite sums and perform the sum over n because
the resultant g-deformed polylogarithms Liz(¢’; q) are absolutely convergent for all ¢ > 0.

Combining our results, we arrive at (1.46).
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CHAPTER 2

Generalized Veneziano and Virasoro amplitudes

2.1 Introduction

This chapter is based on [GL23]. In this chapter, we shall search for consistent generalizations
of the Veneziano amplitude [Ven68] and the Virasoro amplitude [Vir69] with zero Regge
intercept. For simplicity we shall only consider the scattering of four massless bosonic states,
in which case the tree-level open and closed superstring amplitudes respectively reduce to
the Veneziano and Virasoro amplitudes with zero intercept. Both amplitudes may be written

as infinite products with an infinite number of simple poles.

So-called generalized Veneziano amplitudes and generalized Virasoro amplitudes are de-
fined by modifying these infinite products subject to some general physical constraints. The
name generalized Veneziano amplitude originates in [FN95], and the Coon amplitude [Coo69]
is one well-studied example. In chapter 1 (based on [GL22]), we detail the properties of the
Veneziano, Virasoro, and Coon amplitudes, including their unitarity, high-energy behavior,

low-energy expansion, and number theoretic properties.

Our present procedure is an extension and clarification of Coon’s original argument [Coo69]
and related work [FN95]. These previous studies only considered generalized Veneziano am-
plitudes, but we shall also consider the generalized Virasoro case. In either case, we simply
assume crossing symmetry in the Mandelstam variables and demand physical residues on
an a priori unspecified sequence of poles \,. In other words, we do not assume the mass

spectrum of the theory. Under our assumptions, we find that the poles A, must satisfy an
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over-determined set of non-linear recursion relations. These recursion relations fix all the
subsequent poles in terms of the first three poles and highly constrain the space of generalized

Veneziano and generalized Virasoro amplitudes.

In the generalized Veneziano case, the recursion relations can be solved analytically. The
solutions correspond to the Veneziano amplitude, the one-parameter family of Coon am-
plitudes, and a larger two-parameter family of amplitudes with an infinite tower of spins
at each mass level. This two-parameter family of solutions has been previously identi-
fied [Co069, FNO5] but never systematically studied. Only the one-parameter sub-family of
Coon amplitudes has been studied in detail [FT22, GL22]. In this chapter, we shall system-
atically analyze the entire two-parameter space of generalized Veneziano amplitudes. We

also begin an initial study of the unitarity properties of this space

In the generalized Virasoro case, we numerically demonstrate that the only consistent
solution to the aforementioned recursion relations is the string spectrum. That is, we do not
find any consistent generalized Virasoro amplitudes beyond the Virasoro amplitude itself.
We reached a similar, though less general, conclusion in [GL22] by failing to construct a
generalization of the Virasoro amplitude with the same poles as the Coon amplitude (a

so-called Virasoro-Coon amplitude).

The authors of [CR23| approach this same problem under a different set of assumptions
and reach many of the same conclusions that we reach here, such as the uniqueness of the

Virasoro amplitude. Our work is complementary.

Our approach is part of the modern S-matrix bootstrap program [CSZ21], a revival of an
old approach [ELO66] which attempts to construct general amplitudes which satisfy various

physical properties without relying on an underlying dynamical theory.
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2.1.1 Conventions

In this chapter, we shall only consider crossing-symmetric tree-level scattering amplitudes for
four massless external particles in weakly-coupled theories in d > 3 spacetime dimensions.
We use units in which the lowest massive state of any particular theory has mass m? = 1.

In open (closed) string theory, this choice corresponds to o/ =1 (o/ = 4).

2.1.1.1 Kinematics

We shall primarily consider amplitudes stripped of their dependence on the polarizations or
colors of the scattered states, leaving functions A(s;;) which depend only on the Mandelstam

variables s;; = —(p; + pj)?,

S =819 =83 = 4F? >0

t =514 = 893 = —2E%*(1 —cosf) <0

U= 813 = s34 = —2E%(1 4+ cos) <0 (2.1)
which satisfy the mass-shell relation s+t +u = 0. Here E and 6 are the center-of-mass

energy and scattering angle, respectively. The inequalities refer to the physical scattering

regime with real s;;.

2.1.1.2 Crossing

Crossing symmetry refers to permutation symmetry in (s,t) or (s,t,u). The Veneziano,
Virasoro, and Coon amplitudes were discovered under the assumption of crossing symmetry,

and we are searching for their generalizations.

Since s-channel and t-channel Feynman diagrams correspond to the same cyclic ordering,
color-ordered amplitudes (e.g. gluon amplitudes) will have only s-channel and ¢-channel poles
and shall be denoted by A(s, t) to emphasize that they are analytic functions of two complex

variables. For these amplitudes, crossing symmetry is the requirement that A(s,t) = A(t, s).
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Amplitudes with poles in all three channels (e.g. graviton amplitudes) shall be denoted
by A(s,t,u). We shall regard these amplitudes as analytic functions of three complex vari-
ables restricted to the algebraic variety defined by s+t+u = 0. For these amplitudes, crossing
symmetry is the requirement that A(s,t,u) = A(o(s),o(t),o(u)) for any permutation o of

the variables (s,t, u).

2.1.1.3 Analytic structure

The amplitude A(s;;) is an analytic function of the complexified s;; with simple poles and
branch cuts dictated by unitarity. At high-energy, we demand that A(s;;) — 0 vanishes
as |s| — oo with physical ¢, in analogy with the high-energy behavior of the Veneziano,

Virasoro, and Coon amplitudes [GL22].

Tree-level amplitudes have simple poles at s;; = m2 for each state n which couples to
the external states through the s;;-channel. It is often assumed that physical tree-level
amplitudes are meromorphic, i.e. that A(s;;) is analytic outside its simple poles with no
branch cuts or other singularities. However, the Coon amplitude with ¢ < 1 provides a

counterexample of a seemingly healthy non-meromorphic tree-level amplitude [FT22, GL22].

In a physical four-point amplitude, the t-channel and u-channel poles should cancel on
each s-channel pole (and vice versa). Typically, the residue of each s-channel pole is then
a polynomial in ¢ (after using the mass-shell relation to eliminate any u-dependence). The
highest power of ¢ in this residue corresponds to the highest-spin state exchanged on that pole.
Non-polynomial residues can in principle result and may be Taylor expanded, corresponding
to the exchange of an infinite tower of spinning states. In any case, the residues of these
poles can be written as a sum of Gegenbauer polynomials and the amplitude may be written

as follows (under the assumption that A(s;;) vanishes at high-energy [CKS17]),

A(sij) = Z ! Z Cnj C](-%)(cos 0) (2.2)

—m2
5 —m?

n

In a unitary theory, the partial wave coefficients ¢, ; > 0 will be positive.

30



We shall restrict our discussion to amplitudes with an infinite number of simple poles
(2 la Veneziano, Virasoro, and Coon) because the assumptions of crossing symmetry, physical
residues, and that A(s;;) vanishes at high-energy imply that there must be an infinite number
of poles in each channel [CEM16, CKS17]. The argument may be summarized as follows.
A crossing-symmetric tree-level amplitude A(s,t) = A(t, s) may be expanded on either its

s-channel or t-channel poles, leading to the following equality,
fa(t) ()
zzs—mfl:z:t—m?1 (2:3)

The functions f,(z) must be finite at each z = m? because the t-channel poles should cancel

on each s-channel pole. However, the left-hand side of (2.3) can then only produce the

t-channel poles which appear on the right-hand side if the sum over n is infinite.

2.1.1.4 Accumulations points

In this chapter, we shall encounter two distinct notions of accumulation point spectra:
e infinite tower of masses m? < A\, with finite spin exchange at each mass level
e infinite tower of masses m? < A\, with infinite spin exchange at each mass level

for some finite accumulation point of masses 0 < A\, < c0.

Finite spin exchange results from a polynomial residue on a given mass pole and corre-
sponds to a finite tower of states at that mass level. The Coon amplitude with ¢ < 1 exhibits
this type of accumulation point spectrum with A\, = l%q. While there is yet no definitive
physical realization of the Coon amplitude, similar accumulation point spectra have been
found in a stringy setup involving open strings ending on a D-brane [MR22]|. Most famously,
the hydrogen atom has a spectrum of this type with energy levels E, = —13.6 eV/n? and

an accumulation point at F,, = 0.

Infinite spin exchange results from a non-polynomial residue on a given mass pole and

is generally considered unphysical. Indeed, sensible quantum field theories are typically
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assumed to have a finite number of particle types below any finite mass. In the case of finite
spin exchange, this assumption only fails at masses m? > Ao. In the case of infinite spin
exchange, this assumption fails at all masses above the mass gap. Nevertheless, amplitudes
with infinite spin exchange were recently considered in [HR22]. Moreover, amplitudes with
this type of accumulation point were recently found to have interesting extremal properties

in the context of the EFT-hedron [CV21, AHH21, HLR21, BKZ21].

In any case, amplitudes with either type of accumulation point spectra are not well

understood and are fruitful examples for the study of general scattering amplitudes.

2.1.2 Outline

In section 2.2, we shall briefly review our conventions for the Veneziano, Virasoro, and Coon
amplitudes. In section 2.3, we review some complex analysis and motivate our infinite prod-
uct ansatz for the generalized Veneziano and generalized Virasoro amplitudes. In section 2.4
and section 2.5, we respectively analyze the generalized Veneziano and generalized Virasoro
amplitudes by solving an infinite set of non-linear constraints on their poles A,. Finally,

in section 2.6, we discuss our results and present some questions for future research.

2.2 Veneziano, Virasoro, and Coon amplitudes

The Veneziano, Virasoro, and Coon amplitudes are each tree-level four point amplitudes
with an infinite sequence of simple poles and polynomial residues. A detailed review of
their properties may be found in [GL22]. The Coon amplitude was also recently discussed
in [FT22, CMM22, BDS22]. Here we shall briefly review our conventions and give each

amplitude’s infinite product representation.
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2.2.1 Veneziano

The Veneziano amplitude Ave, describes the scattering of four open strings and is a UV-
completion of maximally supersymmetric Yang-Mills field theory. The color-stripped tree-
level field theory amplitude which describes the scattering of any four massless particles in

the Yang—Mills supermultiplet is,

1
A, =P, — 2.4
SYM 4 (24)
where Py = O(s, t)? is a kinematic pre-factor. For the four-gluon amplitude, Py = F* where F
is the linearized field strength. In tree-level open superstring theory, the color-stripped

amplitude which describes the same process is,
-Aopen = P4 AVen (25)

where,

1 — st

_T(=9)r(=t) _ 1 -5
Ao =1 = w gy

(2.6)

Like the field theory factor é, the Veneziano amplitude is symmetric in (s,t¢) and is a

meromorphic function with simple poles only.

2.2.2 Virasoro

The Virasoro amplitude Av;, describes the scattering of four closed strings and is a UV-
completion of maximal supergravity. The tree-level field theory amplitude which describes

the scattering of any four massless particles in the supergravity multiplet is,

Asc = Py (—i) (2.7)

where Py = O(s,t,u)* is a kinematic pre-factor. For the four-graviton amplitude, P = R*

where R is the linearized Riemann curvature. In tree-level closed superstring theory, the
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amplitude which describes the same process is,
Aclosed = P8 -AVir (28)

where,

_ PEsI(=)0(-w) 1 (1+ ==+ 35)
Avie(s,t,1) = PA+s)0(1+ 00T +u)  stud(1-2)(1—L)(1- 1) (2:9)

Like the field theory factor —ﬁ, the Virasoro amplitude is symmetric in (s,¢,u) and is a

meromorphic function with simple poles only.

2.2.3 Coon

The Coon amplitude 4, is a generalization of the Veneziano amplitude with a real-valued
deformation parameter ¢ > 0. This deformation moves the poles of the Veneziano amplitude
from the integers to the ¢-integers,

1—q"
—
1—gq q—1

n], = n (2.10)

The Coon amplitude may be written as an infinite product with a ¢-dependent pre-factor,’

In(14(g=1)s) In(1+(g—1)¢)

Aq<s,t>={q HEEEE o1 - g) 1 00 - 1)}

H s,;ﬁt +(1=q)pr)
t

n>1 [n]q) (1 o m)

where the step function is defined by @(:U >0)=1and O(zx < 0) =0. For 0<g¢g<1,

(2.11)

the poles tend to an accumulation point at fq. For ¢ > 1, the poles tend to infinity. In
the limits ¢ — 0 and ¢ — 1, the Coon amplitude reproduces the field theory factor and the

Veneziano amplitude, respectively,

1
Aqy(s,1) q_>—0> o
Afst) = Aveals. 1) (2.12)
q—

LA more natural expression for the Coon amplitude may be given in terms of a special function called
the g-deformed gamma function [GL22].
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For all ¢ > 0, the Coon amplitude is symmetric in (s,t) with simple poles only, but its mero-
morphicity is subtle. For 0 < ¢ < 1, the pre-factor in (2.11) is explicitly non-meromorphic
1

with branch cuts at s, = yunt This pre-factor ensures that the Coon amplitude has poly-

nomial residues. For ¢ > 1, there is no pre-factor, and the Coon amplitude is meromorphic.

2.3 Infinite products and Weierstrass factorization

As we have seen in (2.6), (2.9), and (2.11), the Veneziano, Virasoro, and Coon amplitudes
each have an infinite product form. Hence, we shall assume that more general tree-level
scattering amplitudes with an infinite sequence of simple poles may be similarly written as
infinite products. To motivate our ansatz for these generalized Veneziano and generalized

Virasoro amplitudes, we shall first review some complex analysis.

2.3.1 Some complex analysis

Let f : U — C be a function of one complex variable z on an open set U C C. We first recall

some standard definitions from single-variable complex analysis [F1.12].

f(z)=f(z0)

zZ—20

o f(z)is complex differentiable at a point zy € U if lim, ., exists.
e f(z) is holomorphic on U if it is complex differentiable on U.
e f(z)is meromorphic on U if it is holomorphic on U except for a set of isolated points.

e f(z) is entire if it is holomorphic on the full complex plane.

e f(z) is complex analytic on U if for every zg € U it can be written as a convergent

power series f(z) =Y 7 a, (z — )" with a, € C.

It is a fundamental theorem of single-variable complex analysis that holomorphicity is
equivalent to complex analyticity, but with tree-level scattering amplitudes in mind, we will

be most interested in meromorphic functions.
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A meromorphic function f(z) may always be written as the ratio of two holomorphic
functions and is characterized by its (possibly infinite) sequence of zeros ¢, and poles A,

(counted with multiplicity). If these sequences are finite, then f(z) can be written as,

m ol2) I1,(1—2/C)
[L.(1—2/\)

where |m| € N is the order of the zero or pole at z = 0, g(z) is an entire function (so that the

f(z) == (2.13)

factor e9*) has no zeros or poles), and the two finite products run over the non-zero zeros
and poles. We note that each numerator and denominator factor is separately linear in the

variable z. This factorization is a consequence of the fundamental theorem of algebra.

If f(z) is meromorphic but with an infinite number of zeros and poles, it will admit a
similar factorization. In this case, we may formally combine the two finite products in (2.13)

into one infinite product,

— m 9(2) 2.14
= [T =23 (214)
which converges if the zeros (,, and poles A, obey,
1 1
; Coal<ee (2.15)

However, the formal product (2.14) need not converge.

A convergent product representation of any function f(z) which is meromorphic on the
full complex plane is given by the Weierstrass factorization theorem [FL12]. To ensure that
this (possibly infinite) product converges, it is written in terms of the so-called elementary
factors Fy(z),

Eu(z) = 1-2) =0 (2.16)

(1—2)exp (242 4+ 4+2) (>1
Using the elementary factors, it is always possible to find sequences N,, D, € N and an

entire function g(z) such that,

— M 3(z) ENn Z/C'rl
f(z H o ) (2.17)
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where again |m| € N is the order of the zero or pole at z = 0. Such a factorization always
exists but is not unique. For any Weierstrass factorization, the pre-factor e9%*) will have

neither zeros nor poles.

If, in fact, the formal product (2.14) converges, then the entire functions g(z) and g(z)

which appear in (2.14) and the general Weierstrass factorization (2.17) are related by,

exp (9(2) — g(z)) = exp { Z Zn (Z/gn) — Z Zn (Z/z\n) } (2.18)

n (=0 n  {=0

where the sums ) are over the non-zero zeros and poles.

For example, the gamma function I'(z) has the following infinite product representation

in Weierstrass form,

T(z) = evee L 11 ! (2.19)

o n>1 (1 + Z/n)67Z/n

where g is the Euler-Mascheroni constant and the denominators are just the elementary
factors Ey(—z/n). This infinite product clearly demonstrates the simple poles of the gamma
function at the non-positive integers, but without the factors e=*/™ (from the elementary

factors) the product would diverge.

The Weierstrass factorization theorem is no longer applicable if the zeros and poles are
bounded and tend to a common limit point (5, = Aos < 00 because then f(z) is no longer
meromorphic at z = Ay. In this case, however, we may still factorize the function f(z) in
a form analogous to (2.14). Such a factorization will not need elementary factors because
the elementary factors do not improve the convergence of the infinite product in the case
that (s = Moo < 00. Moreover, the pre-factor e9**) in this factorization will have no zeros
or poles of finite order but may have essential singularities, branch points, etc. since in this

case the function f(z) is not meromorphic at z = A.
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2.3.2 Ansatz for infinite product amplitudes

We shall now use the infinite product factorization described above to motivate the ansatz
for our generalized Veneziano and generalized Virasoro amplitudes. While a Weierstrass fac-
torization (2.17) necessarily exists for all meromorphic functions of a single complex variable,
there is no analogous theorem for functions of several complex variables. Moreover, while
tree-level amplitudes are expected to be meromorphic functions of the Mandelstam variables,
this need not be true. The Coon amplitude with ¢ < 1 is non-meromorphic. Thus, we shall
proceed without assuming meromorphicity. Instead, we shall simply write down and analyze

an infinite product ansatz analogous to (2.14).

We begin with the generalized Veneziano case. Our crossing symmetric tree-level gen-
eralized Veneziano amplitude A(s,t) should have an infinite sequence of simple poles A, in
both the s-channel and the t-channel. We shall assume that the leading poles are at s = 0

and t = 0 and that the amplitude reduces to field theory at low-energy,

A(s,t) = %(1 + O(s, 1)) (2.20)

s

Without loss of generality, we assume the poles are ordered A, > \,_; and choose A\; = 1.
These assumptions can always be made true by a relabeling of the poles and a choice of
units. Beyond these assumptions, the poles are wholly unspecified. In addition to its poles,
A(s,t) will have an infinite sequence of ¢-dependent s-zeros (,(t) and an identical sequence

of s-dependent t-zeros (,(s).

Ignoring issues of convergence momentarily, we shall consider the following ansatz which
satisfies these constraints and resembles the infinite product representation of the Veneziano

amplitude (2.6),

1 H 1—A,(s+1t)+ Byst (2.21)

Als, t) = Wi(s,t) — (1= s/ 21 —t/\)

n>1
where A,, and B, are yet undetermined coefficients and the pre-factor W(s, t) = W(t, s) has

neither zeros nor poles below the largest mass pole, i.e. for |s|, [t| < Ao Where A\, may be
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finite or infinite. The pre-factor W(s, t) is analogous to the pre-factor e9(*) in (2.14) and has
the low-energy behavior W(s,t) = 1+O(s,t). We note that the numerator and denominator
of the infinite product in (2.21) are both separately linear in s and ¢ so that the zeros and

poles in either channel can be written as,

(1= s/Ca (1)) Lrp (1=t/G(s)
H (1= s/M) o ?1:[ 1 —t/\) (222)

with the zeros given by,

1 —A.x

Cn(T) = T (2.23)

n— Bpx
In this form, the amplitude resembles the Weierstrass factorization (2.17) but without the
elementary factors. The formal product in (2.21) converges if the coefficients A, and B,, and
the poles A, obey,

Shotes Sl
n>1 n

n>1

(2.24)

We shall return to this ansatz in section 2.4.

We now consider the generalized Virasoro case. Our crossing symmetric tree-level gen-
eralized Virasoro amplitude A(s, t,u) should have an infinite sequence of simple poles A, in
the s-channel, t-channel, and u-channel. We shall again assume that the leading poles are

at s =0,¢t =0, and u = 0 and that the amplitude reduces to field theory at low-energy,

A(s, t,u) = —i(1 + O(s, t,u)) (2.25)

stu
Without loss of generality, we assume the poles are ordered A, > \,_; and choose A\; = 1.

Beyond these assumptions, the poles are again wholly unspecified.

Again momentarily ignoring issues of convergence, we shall consider the following ansatz
which satisfies these constraints and resembles the infinite product representation of the

Virasoro amplitude (2.9),

(2.26)

B 1 1+ A, (st + tu+ us) — B,stu
Als, ) = Wis. tu) (=) 11 (1= s/A) (1= t/A) (1 = u/A,)

stu
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where A, and B, are yet undetermined coefficients and the (s,¢, u)-symmetric pre-factor
W(s,t,u) has neither zeros nor poles below the largest mass pole, i.e. for |s|, ||, |u] < A
where A, may again be finite or infinite. As before, the pre-factor W(s, ¢, u) is analogous
to the pre-factor %) in (2.14) and has the low-energy behavior W(s,t,u) = 1 + O(s,t,u).
We note that the numerator and denominator of the infinite product in (2.26) are both
separately linear in s, ¢, and u. Moreover, there is no term proportional to s+t + u in
the numerator because this combination vanishes on-shell for massless external states. The
formal product in (2.26) converges if the coefficients A,, and B,, and the poles \, obey,
1 1
Z‘An—ﬁ)<oo Z‘Bn—)\—3‘<oo (2.27)
n>1 n n>1 n
We shall return to this ansatz in section 2.5.
In both the generalized Veneziano and generalized Virasoro case, demanding that the
t-channel poles cancel on each s-channel pole will enforce strong constraints on the undeter-

mined coefficients A,, and B,, as well as the poles \,. In the following two sections, we shall

analyze these constraints in detail.

2.4 Generalized Veneziano amplitudes

In this section, we shall systematically analyze our infinite product ansatz (2.21) for the

generalized Veneziano amplitude.

2.4.1 Veneziano truncation

We first recall the infinite product form (2.6) of the Veneziano amplitude, which has simple
poles at each non-negative integer. The residue of the massless s-channel pole is 1/, and the
residue of each massive pole at s = N is a polynomial of degree-(N — 1) in ¢. The Veneziano

amplitude achieves these residues because on each s-pole, its zeros cancel the t-poles, leaving
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a finite polynomial in ¢. This cancellation can be described in terms of the numerator factors,
No(s,t)=1—(s+1t)/n (2.28)

When s = N, each numerator factor Ny ,(N,t) = (1 —t/n) cancels the t-channel pole

from the factor (1 —¢/n)~!, and the infinite product truncates. In short, the condition,
Nyan(N,n) =0 (2.29)

ensures that the Veneziano amplitude has polynomial residues.

2.4.2 (Generalized Veneziano truncation

We now return to our generalized Veneziano ansatz (2.21). We shall demand that the zeros
and poles of this amplitude cancel in a similar fashion as those of the Veneziano amplitude.
We first demand that the residue at s =0 is 1/t so that the amplitude reproduces the

massless spectrum of super Yang-Mills analogously to the Venziano amplitude,
1— Apt

1
I;{:eosA(s,t) =7 = W(0,1) H e

n>1

which implies that W(0,t) = 1 and A,, = 1/\, since W(s, t) has neither zeros nor poles. In

1 (2.30)

other words, the coefficients A,, are determined by the poles A,.

Next, in analogy with the truncation condition for the Veneziano amplitude (2.29), we

demand that the generalized numerator factor,
No(s,t) =1— A,(s+1t)+ Byst (2.31)
obeys the generalized truncation condition,
Nyin(An, An) =0 (2.32)

so that My n(An,t) < (1 —t/A,) and the infinite sequence of t-channel poles cancels on each

s-channel pole.? This truncation condition determines the coefficients B,, in terms of the

2At this point, we are no longer considering the most general possible infinite product amplitude but
are instead working in close analogy with the Veneziano amplitude. A more general truncation condition,
NN tn+a(An, An) = 0 for some positive integer «, is considered in [CR23].
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poles A,

)\k + )\nfk - )\n
B, =
>\n>\n—k)\k:

k=1,2,....n—1 (2.33)

For fixed n > 2, both k£ and ¥’ = n — k yield the same equation for B,, so that there are L%J
independent equations for B,, where |z] is the floor function. The coefficient By is left
undetermined, the coefficients B, and Bjs are uniquely determined, and the coefficients B,,

with n > 4 are all over-determined.
This over-determination of the B,, highly constrains the poles. Any sequence of poles A,
must leave the following combination independent of £ for all n > 2,

B )\nfk>\k:

An(k) (2.34)

We shall refer to these equations as the generalized Veneziano amplitude constraints. The
Veneziano solution A\, = n (i.e. the string theory spectrum) solves these constraints with A, (k) = 0
for all n and k. We shall search for other, more general sequences of poles A, which solve

the generalized Veneziano amplitude constraints.

2.4.3 Generalized Veneziano amplitude constraints

Since A, (k) must be independent of k, we may fix n > 2 and choose two distinct values

of (k, k) in the appropriate range to find,

)\k + )\nfk - )\n o )\k/ + )\nfk/ - )\n

An(k) = An(k/> )\ —k)\k; )\ —k’/\k’

(2.35)

This equation is a non-linear recursion relation for the poles A, of order max(k, k') which
determines all the \,, with n > max(k, k') in terms of the lower A, (except forn =k + k', in
which case the equation is vacuous). Because we are free to choose (k, k') within the appro-
priate range, the poles A, must solve an infinite set of these non-linear recursion relations.
This system is highly constrained, and there is no guarantee that a general solution (other

than the Veneziano solution) exists!
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It turns out, however, that from (2.35) we can derive a simple first-order recursion relation
which determines all the poles A, with n > 4 in terms of A\;, A2, and A3. We consider the

following three equations for fixed n > 4,
A (1) = Ay(2) A (1) = Ayu(3) A1 (1) = A, 1(2) (2.36)

These three equations include the poles A1, Ao, A3, A3, A2, A1, and \,, but we may
eliminate \,_3 and \,_» to find the following first order recursion relation for A, in terms of

only )\1, )\2, )\3, and )\nfl,

Ao = % (2.37)
where the coefficients a, b, ¢, and d are given by,
a=X(1—2X3+ X 3) = (1 +2)(2* + 2y —y)
b= X(A3—X) =(0+2)y>0
c= 1—1—)\%—)\2—)\3 =22 —y
d= Aa(A3 — A2) =(14+2x2)y>0 (2.38)

Here we have defined the positive numbers z =X — A; = Ao —1 >0 and y = A3 — Xy > 0,
using the fact that the poles A, > \,,_; are ordered. The recursion relation (2.37) was derived
for n > 4 but is in fact true for all n > 1 if we define A\g = 0. For n = 1,2,3, (2.37) is only
vacuously true and does not determine Ay, Ao, or A3. The choice A\ = 1 simply sets our
units, and the free parameters Ay and A3 (or equivalently = and y), define a two-parameter
space of possible solutions in the region x,y > 0. The string spectrum A, = n is at the point

x =y = 1 of this two-parameter space.

2.4.4 Solving the Riccati relation

The recursion relation (2.37) is known as the Riccati recursion relation with constant co-
efficients, and its solutions are well known. An exhaustive study of non-linear recursion

relations of this kind may be found in [KL93].
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Although the Riccati recursion relation (2.37) is generally non-linear, there is a curve

¢ = 22 — y = 0 in parameter space where it becomes linear,
A =21 + 1 (2.39)

and yields the Coon spectrum (relabeling z — ¢),

Ay = (2.40)

The Coon spectrum reproduces the string spectrum at ¢ = 1 and accounts for all the spectra

reviewed in section 2.2. For ¢ > 1, the poles grow exponentially, and for 0 < ¢ < 1, they

1
1—q°

monotonically accumulate to the limit point A\, =

Beyond these well-studied solutions, there is, however, a much larger space of solutions
to (2.37) with ¢ = 2% — y # 0. In this case, the non-linear first-order recursion relation (2.37)
can be reduced to a linear second-order recursion relation using the following change of

variables,

A +d = (a+d) Z’;“ (2.41)

with the boundary condition zg = 1. Substituting this expression into (2.37), we find,
Znio — Zni1 + Rz, =0 (2.42)

with the positive coefficient R given by,

_ad—bc Y
k= (a+d)? (1+2z)(r+y) =0 (2.43)

The solutions of this linear recursion relation are governed by the quadratic equation,
r—r+R=0 (2.44)

whose roots are,

1+1—4R
re= g (2.45)

We shall separately analyze the cases R # %1 and R = 411.

44



2.4.4.1 The case R # ;

If R# ;11, then the roots r # r_ are distinct and z, is given by,

zZ1 —T— Ty — 21
2y = i+ r" (2.46)
ry —T— Ty —T-

Subsequently, A, is given by,

(1+2)(1 =)

M=) - (e

(2.47)

with p =r_/r, so that |p| < 1. We shall refer to these solutions as p-type spectra. These
spectra were first identified in [Coo69] and were later called Mobius trajectories in [FN95].
Our parametrization in terms of p is novel and can be clearly related to the first three mass
levels through the parameters x and y since,

1—+/1—4y/(1+2z)(z +y)
1++/1—4y/(1+z)(z +y)

, these spectra reduce to the Coon solution (2.40) with ¢ =p <1

p=plz,y) = (2.48)

When p=x or p=a~!

or ¢ =p~! > 1, respectively.

The expression (2.47) solves the generalized Veneziano amplitude constraints (2.34) for
all x,y > 0, but the resultant A\, will not necessarily be monotonically ordered and positive.
We shall now determine the values of x and y which yield a monotonically increasing sequence

of poles \,,.

We first note that R > i implies that the parameter p = r_/r, = €' is a phase so that

the A, are periodic as a function of n. These periodic solutions always produce negative

(and thus unphysical) A,,. The condition R > }1 is equivalent to y > 2U47) o5 this region of

3—x 7

parameter space is ruled out.

z(1+x)

5~ In this case, the
x

We now consider 0 < R < i which corresponds to 0 <y <
roots r4 are real and positive, so the parameter p is in the range 0 < p < 1. To deter-

mine whether the A, increase monotonically in this region, we shall momentarily treat n as
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a continuous variable so that A, — A(n) is an analytic function of n with a discrete set of

singularities at the points n = n, on the complex n-plane,

In(=275)  2mik
—x/p T
.= — 2.4
" Inp Inp (2.49)

with k € Z. Since ZLA(n) > 0 for all real n > 0, the function A(n) can only fail to be
monotonic if there is a singularity n, > 0 on the real n-axis such that lim,_, = A(n) = foo.
From (2.49), we see that there is at most one such singularity with & = 0, which occurs if

and only if,

1—ap
1—x/p
We first suppose that (2.50) is satisfied with 1 —2zp > 0 and 1 — x/p > 0, which then im-

0< <1 (2.50)

plies 1 —2p < 1 —z/p and thus p > 1. Since 0 < p < 1, we must instead have 1 —xp < 0

and 1 —x/p < 0. To proceed, we shall separately consider the cases 0 <z < 1 and z > 1.

e For 0 < x <1, it is not possible to fulfill the condition 1 — zp < 0, so the whole re-
gion corresponding to 0 < R < }l and 0 < x < 1 yields monotonically increasing and

positive \,.
e For x > 1, the condition 1 — x/p < 0 is always satisfied, but 1 — xp < 0 implies,

1 t—1\> z(1+z)—B-2)y >
x>p(x’y) — (a:—+1)> 0+ 0)@+y) = y>ux (2.51)

Therefore, when either 1 <z < 3 and 22 <y < % or when z > 3 and y > 22, the

function A(n) has a singularity at finite n = n, > 0 and is not monotonic. Moreover,

in this region, the limit point A\, = f_“ip < 0 is negative and thus non-physical.

2.4.4.2 The case R =1

If R= %, then the roots r, = r_ are equal and z, is given by,

1 11—z
Y ) 2.52
=145 (252)

46



Subsequently, A, is given by,
 (I42)n
224+ (1—2)n

We shall refer to these solutions as r-type spectra (where the r is for rational). The expres-

(2.53)

n

sion (2.53) solves the generalized Veneziano amplitude constraints (2.34) for all > 0, but

the resultant \,, will only be monotonically ordered and positive for 0 < x < 1. When x > 1,

14z

T < 0 is negative and thus non-physical. When x = 1, this solution

the limit point A\, =
reduces to the string spectrum A, = n. Notably, these r-type solutions were not identified

in the previous literature [Coo69, FN95].

2.4.4.3 Summary

We have now fully classified all the monotonically ordered and positive solutions of the
generalized Veneziano amplitude constraints (2.34). These solutions exist in the region of

the zy-plane defined by,
foco<t,0cy<=t@luli<e, 0<y<a? (2.54)

where again x = Ay — A\ > 0 and y = A3 — Ay > 0 are positive parameters which determine
the second and third masses. This region and the various solutions are shown in Figure 2.1.
Notably, all the non-monotonically-ordered solutions to the Riccati equation (2.37), i.e. the

points within the excluded regions of parameter space, yield negative A, and are unphysical.

For completeness, we shall rewrite all the solutions and the ranges of their parameters.
The Coon spectra have one free parameter and are given by,
_1-4
=1,

An 0<g<oo (2.55)

where ¢ is related to the parameters x and y by # = ¢ and y = ¢*. The p-type spectra have

two free parameters and are given by,
(1+)(1—p")

(1 —ap) = (1 —x/p)p

An, = 0<z<oo 0 <p<min(l,z7")
p#x,x! (2.56)
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e string spectrum x =y =1

— Coon spectra y = 22

---- r-type spectra y=x(1+z)/(3 —1x)
p-type spectra
unphysical spectra

1 1
x
0 1

Figure 2.1: The two-parameter space of solutions to the generalized Veneziano amplitude
constraints. The point x = y = 1 corresponds to the string spectrum. The solid black line
corresponds to the one-parameter subspace of Coon spectra. The dashed black line corre-
sponds to the one-parameter subspace of r-type spectra. The yellow region corresponds to
the two-parameter subspace of p-type spectra. The red region corresponds to unphysical

spectra with negative mass squared.
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where we have excluded p = z, 27! to avoid double-counting the Coon spectra. Finally, the

r-type spectra have one free parameter and are given by,

(1+2z)n

= 0 1 2.57
20+ (1 —x)n s (2.57)

n

The string spectrum A\, = n is located at * = y = 1 in parameter space and can be obtained
by taking various limits of each of these solutions. All of these spectra have a finite accu-
mulation point A, except for the Coon spectra (2.55) with ¢ > 1 (which includes the string

spectrum at ¢ = 1).

Although we derived these solutions from the Riccati relation (2.37), they do in fact
satisfy the full generalized Veneziano amplitude constraints (2.34). For each case, we may
compute A, (k) and verify that it is independent of k. Since any solution of the generalized
Veneziano amplitude constraints (2.34) necessarily satisfies the Riccati relation (2.37), we

have thus fully solved (2.34). Explicitly, the A, (k) are given by,
Coon : A(k)=1—¢q

1 (1—axp)®—(1—xz/p?p"

p-type : A, (k) = .
W= e —(=2/p)
l—2z 4+ (1—x)n

-t : A, (k) = . 2.58
pe (k) l+z 2x+4+(1—x)n (2.58)

These three expression can be written in a universal form,

1 1 An
A (k) = (2.59)

FYL W W W

where we have defined the (possibly infinite) quantities Ayoo = lim, 1o A,. We have,

1 1
Coon (g <1): )\—zl—q )\—:O
1 1
Coon (¢ >1): )\—:0 )\_Zl_q
. 1 1—ap 1 1—xz/p
— e: —_— pr—
PP e 14z N lia
1 1—=x 1 1—=x
_t . _— —_— = 2.60
mpe e 1tz N 1tz (2.60)
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When A\ is finite, it is of course the limit point of poles. The quantity A_., does not have

a clear physical interpretation but is still useful to define.

Finally, we note that with A, = 1/\, and B, = A,,/\,, all of the solutions we find give
convergent infinite product amplitudes (2.21) satisfying the convergence condition (2.24). As
we noted above, the coefficient B; is undetermined by our constraints, but we shall choose

By = Ay /) to fit the pattern. This choice will not affect our subsequent analysis.

2.4.5 Polynomial residues?

We derived the spectra above from the generalized Veneziano amplitude constraints (2.34),
which we in turn derived by demanding that the infinite sequence of t-channel poles cancels
on each s-channel pole within our infinite product ansatz (2.21). However, this truncation
condition will not necessarily imply that our generalized Veneziano amplitudes have polyno-
mial residues. With our explicit expressions for the poles A, and the coefficients A,, and B,,,

we can explicitly compute the residues of (2.21).

We shall denote the Coon amplitudes by A, (s, t), the p-type amplitudes by A,(s,t), and
the r-type amplitudes by A, (s,t). We may then manipulate (2.21) and write each of these
amplitudes in a form such that each factor in its infinite product is manifestly convergent.

For the Coon amplitudes, we have,

1 (1—q* aq(s)— aq(t))(l —4")
A, (s,t) = t— H
n>1

]_ _ qn ocq(s (]_ _ qAn—ocq(t))

In (14 (g —1)s)

= 2.61
0 s) s (261)
where ¢ = min(q,q™'). For the p-type amplitudes, we have,
1 (1 — pr=er®=er®)(1 — pn)
Ap(S,t) =W, (S t) H (]_ — pn ozp(s))(]_ _ pn—ap(t)>
In ((H—x):(l:xp)s )
ay(s) = (1+z)—(1-z/p) (2.62)

Inp
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Finally, for the r-type amplitudes, we have,

B 1 1— (a,(s) + a.(t)) /n
Ar(s, 1) =Wi(s,t) = H L (1= an(s)/n) (1= ar(t)/n)

2xs

I+2—(1—1x)s (2.63)

a.(s) =

In each case, the functions «(s) are the respective amplitudes’ leading Regge trajectory and

obey a(Ay) = N.

For simplicity, we have omitted the exponential factors needed to make the infinite prod-
uct of each factor in (2.63) convergent. As in the infinite product representation for the

Veneziano amplitude (2.6), these factors cancel between the numerator and denominator.

From these expressions, we may simply compute the residues at s = Ay for N > 1. We
recall that the residue of the massless pole at s = 0 is 1/t by construction. For the massive

poles, we find the following. For the Coon amplitudes with g > 1, we have,

S=AN

Res A,(s, t) = Wy(Aw, ) i—]i:[ (—nt+ 1) (2.64)

For the Coon amplitudes with ¢ < 1, we have,

N N-1 n
q 1 q
For the p-type amplitudes, we have,

N 22(1 — p2)2
Res A,(s,t) = W,(An, t )p— 1=p) 5
s=AN AN [p(1 = zp) — (p — z)p"]

N-1
1 —ap)p" — (1 —x/p)
1_t//\ Nn:1< A+ —p) t+1 (2.66)

Finally, for the r-type amplitudes, we have,

4a?

(1-— x)N)2

+
' oy — (1—x)n
1—t/>\ U(Tx)t—i—l) (2.67)

Res A, (5,1) = Wi 0w, >;N(
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Using the quantities Ay, defined above, we may write these expressions in the following
universal form,

Res A(s, t) = W()\N’t)i(l _ %) (1 ~ AA_]D

s=AN AN
N-1
1 1 1 1

X — — — — — —|t+1 2.68
(1 _t/)‘OO>N H {()‘n Aso )‘00) " } ( )

n=1
Ignoring for now the W(s, t) pre-factors, only the amplitudes A,(s,t) with ¢ > 1 have poly-
nomial residues. In other words, the amplitudes with accumulation point spectra all have

non-polynomial residues! In each case, though, the non-polynomial behavior is captured by

the factor (1 — /o)™ which multiplies a degree-(N — 1) polynomial in .

This, however, is not the end of the story. It may be possible to find a pre-factor W(s, t)
which cancels the non-polynomial factors (1 —#/Ay)™ on each pole. We recall that the
pre-factor obeys W(s,t) =1+ O(s,t). We must then require W(Ay,t) o< (1 — /o) for
all N > 1 to cancel the non-polynomial factors in each residue. A natural guess is sim-
ply W(s,t) = (1 —t/As)*® for the appropriate Regge trajectory a(s).® In fact, any pre-
factor W(s, t) which cancels the non-polynomial behavior on every residue must be propor-
tional to this guess, but this guess is not generally crossing symmetric. Only for the Coon

amplitude do we have,
(1 =1/ Aoo)®®) = (1 — 5/Asg)2 V) = ga(&)a® (2.69)

As described in section 2.2, this pre-factor is explicitly non-meromorphic and introduces

branch cuts beginning at s,t = A\ = 1%[1. We recall, however, that we explicitly allowed
for such non-meromorphic behavior in the pre-factor of our ansatz (2.21) so long as W(s, t)
had no zeros nor poles in the region |s|, [t| < Aw. For the p-type and r-type amplitudes, the
crossing-symmetric guess W(s,t) = (1 — t/As0)*® (1 — 5/A0)*® adds further non-polynomial

behavior to each residue which cannot be fixed by any other crossing symmetric factor.

3A more general pre-factor is considered in [CR23].
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Hence, we conclude that we can only cancel the non-polynomial residues in the case of the

Coon amplitude with ¢ < 1. We thus take,
Wy<i(s,t) = gtal®)ea®) and Wes1(s,t) = Wy(s,t) = W, (s,t) =1 (2.70)

since there is no way to construct a crossing-symmetric pre-factor which cancels the non-

polynomial behavior of each residue for the p-type and r-type amplitudes.

Of all the spectra which solve the generalized Veneziano amplitude constraints (2.34), only
the Coon spectra (2.40) can be included in an infinite product amplitude with polynomial
residues. Moreover, for ¢ < 1 polynomial residues can only be achieved by introducing the

non-meromorphic pre-factor W,(s,t) = ¢ga(*)oa(®),

The other generalized Veneziano amplitudes A,(s,t) and A,(s,t) do not have polynomial
residues, but the non-polynomial behavior of their residues is captured by the universal factor
(1 — /M)~ . These residues can be expanded in ¢ for all |{| < A, resulting in infinite spin
exchange on each massive pole as described in section 2.1. By construction, the massless poles
have finite spin exchange with ¢,,x = 1 (from the residue 1/t multiplied by the kinematic

pre-factor Py = O(t?) described in section 2.2).

2.4.6 Unitarity?

Although the non-polynomial residues of A,(s,t) and A,(s,t) are novel, these amplitudes
may still be interesting. Amplitudes with non-polynomial residues have appeared in the
context of extremized EFT-hedron bounds [CV21, AHH21]. Moreover, it has been recently
shown that amplitudes with non-polynomial residues may be unitary [HR22]. The unitarity
properties of the Coon amplitudes were also recently studied in [GL22, FT22, CMM22,

BDS22]. Here we shall begin a unitarity analysis of the generalized Veneziano amplitudes.

In a unitary theory, the residue of each pole of the four-point amplitude must have

an expansion on the Gegenbauer polynomials with positive partial wave coefficients. This
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expansion is described in (2.2). Several useful properties of the Gegenbauer polynomials are
listed in the appendix of [GL22]. One particularly useful property is that the product of two

Gegenbauer polynomials has a positive expansion on the Gegenabauer polynomials.

The unitarity properties of a given theory may depend on the number of spacetime di-
mensions d. The Coon amplitudes exhibit a particularly rich dimension-dependence [FT22].
For ¢ > 1, the Coon amplitude is non-unitary in any dimension. For 0 < ¢ < %, the Coon
amplitude is unitary in any dimension. For % < q <1, the Coon amplitude is unitary below a
g-dependent critical dimension d.(q). At ¢ = 1, this critical dimension d.(1) = 10 reproduces
the critical dimension of the superstring. We shall derive similar results for the larger space

of generalized Veneziano amplitudes.

2.4.6.1 Analytic results

We begin with a dimension-agnostic analysis which will provide sufficient but not strictly
necessary conditions for unitarity. We define z = cos 6, where 6 is the scattering angle in the
center-of-mass frame, so that ¢ = %s(z — 1). In terms of z, the residue of the generalized

Veneziano amplitude at the massive pole s = Ay is given by,

Res A(s,t) = W(An, 3An(z — 1)) € (1 — A—N> (1 - A—N> (2.71)

S=AN >\N

SNTEETE —11))\N/>\OO)N ]:_11 K%n - é - i)ATN(Z “Ut 1}

The z-independent factor,
1 AN AN
(1= =) (1 - £ 2.72
() (-3) e

is always a positive number. The z-dependent factor,
W(/\N, %)\N(Z — 1))
(1-3z=1Ax/A)"

has a positive expansion on the Gegenbauer polynomials since positive powers of z have a

(2.73)

positive expansion on the Gegenbauer polynomials [GL22]. In the case of the Coon amplitude
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(for any ¢), this factor simply equals one. In all other cases, the factor W(s,t) = 1, and we

may use the binomial theorem to write,

(1- iz —11)>\N/)\OO)N B (1 i 2);\_]:;) _Ni (N +,f - 1) (ANi—NQAOszk (2.74)

k=0

which is a sum of powers of z with manifestly positive coefficients. It remains to study the

polynomial part of the residue,

N-1
1 1 1 \ Ay 1 1 1 AN
_— )=z - —— | —+1 2.75
}_[1 [(An Ao Aoo) 2 * (An I )\oo) > T } (2.75)
This factor will be a sum of powers of z with manifestly positive coefficients if,
AN
- — >0 and — =<1 (2.76)

for n=1,2,...,N —1 for each N > 1. Because the poles are ordered A\, > \,_q, these

conditions are satisfied for all n at fixed NV if,

1 1 1 1 1 A

1 1 1 1 1
SRR — >0 and (1————>>\ﬁ<1 (2.78)

Rearranging, we find,

1 3 1
— < — t—>1 2.
P 0 and . + P (2.79)

We have carefully written these conditions in terms of the reciprocals 1/\,, and 1/A_, since

Ao O A_o, may be infinite.

The conditions (2.79) are satisfied as follows. For the Coon amplitudes with ¢ < 1, the

first condition is trivially satisfied since 1/\_o, = 0, leaving only the second condition,

Coon (g <1): 3(1—q)>1 — q< (2.80)

[SUITN)
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For the Coon amplitudes with ¢ > 1, we have 1/, = 0, and the two conditions become,

Coon (¢ >1): 1-¢<0 = g>1

l—qg=>1 — q<0 (2.81)

which is never satisfied. For the p-type amplitudes, the two conditions become,

1—x/p
-t : —— <0 - >
p-type 1tz = r=p
l—xzp 1—x/p 3p
>1 - r < — 2.82
1+ 1+x — ~ 14+p+ 3p? ( )
Finally, for the r-type amplitudes, the two conditions become,
t l-z < = >1
r-type : x
P 14+x — -
11—z 3
— < = 2.83
142 — = ) ( )

which is never satisfied.

In summary, we have found that the Coon amplitudes with 0 < ¢ < % are unitary in any
dimension, in agreement with [FT22]. Moreover, we have analytically demonstrated that
the p-type generalized Veneziano amplitudes with p <z < 3p/(1 + p + 3p?) are unitary in
any dimension. These inequalities define a region of parameter space with infinite critical
dimension. In terms of the parameters x and y, the first inequality p < = becomes y < z?
while the second inequality becomes f_(z) <y < fi(x), where,

6+$—3$2:|:\/9—6x—11x2)
9 — 3x — 5% + 323

fo() = 2 (2.84)

This infinite critical dimension region is displayed in Figure 2.2.

While the conditions (2.79) are sufficient to prove unitarity in all dimensions, they are
by no means necessary. In general, for a given finite dimension d, the unitary region in the

xy-plane will be larger than the region of infinite critical dimension.
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e string spectrum
— Coon spectra
---- 7r-type spectra
unitary in d <4
B unitaryind <6
B unitary in d < 10
B unitary in all d
non-unitary
unphysical spectra

Figure 2.2: The two-parameter space of solutions to the generalized Veneziano amplitude
constraints with unitary regions in various dimensions. The blue region is unitary in all
dimensions and includes the Coon amplitudes with 0 < ¢ < % The dark green region is
unitary in d < 10 and includes the Veneziano amplitude at * =y = 1. The middle green
region is unitary in d < 6. The light green region is unitary in d < 4. The blue region was
computed analytically, and the green regions were computed by numerically analyzing the

first few partial wave coefficients ¢, ;.
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2.4.6.2 Numerical results

To study the regions of parameter space with finite critical dimension, we shall employ
numerical methods to analyze the first few partial wave coefficients. One cannot mathemat-
ically prove unitarity by examining a finite number of partial wave coefficients, but if any of

those coefficients are negative, then the amplitude in question is non-unitary.

In this way, one can find evidence for the critical dimension of the superstring by com-
puting one of the first partial wave coefficients of the Veneziano amplitude, c3o oc 10 — d.
Similarly, one can deduce that the Coon amplitudes with ¢ > 1 are non-unitary by com-
puting the coefficient o9 o< 1 — ¢ [GL22]. In this spirit, we hope to provide some evidence
on the qualitative structure of the unitary regions of parameter space for the generalized

Veneziano amplitudes.

The analytic expressions for the partial wave coefficients ¢, ; are given by the following

overlap integral against the Gegenbauer polynomials [GL22],

d—3 1 d—4 da—3
Cnj = /\[j(2)/ dz(1—2%)z C; 2 )(z) x Res A(s, 35(z — 1)) (2.85)

1 s=An
where the residue is given by (2.68) and the normalization is,

da—3

NET) —9d-5095 4 g 3)

J

L+ DI(4F)?
l'(j+d—3)

(2.86)

The apparent poles in this formula at d =3 are a remnant of the normalization of the

Gegenbauer polynomials and can be trivially removed by a change in normalization.

For the p-type and r-type amplitudes which exhibit infinite spin exchange, the coefficients
Cp,; With n > 1 will generally be non-zero for all spins j > 0. Remarkably, Mathematica can
explicitly compute these integrals in terms of generalized hypergeometric functions. The
expressions are incredibly long, so we shall omit them here. Instead, we shall numerically
examine the region of parameter space where ¢, ; > 0 for 1 <n <4 and 0 < j < 3 in several

dimensions, namely d = 4,6,10. The unitary regions of parameter space are displayed
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in Figure 2.2. The qualitative structures of these regions do not appreciably change upon

probing larger values of n or j.

As expected, the unitary region in d dimensions envelopes those in d’ > d dimensions,
and they all contain the region of infinite critical dimension. For d < 10 the unitary region
includes the Veneziano amplitude at x = y = 1. The unitary region also appears to contain
some r-type amplitudes, albeit with finite critical dimension. It would be interesting to study
the features of Figure 2.2 in more detail. Perhaps the methods of [GL22, FT22, CMM22,
BDS22] which were used to study the Coon amplitudes could be adapted to study the unitary

properties of generalized Veneziano amplitudes.

2.5 Generalized Virasoro amplitudes

In this section, we shall systematically analyze our infinite product ansatz (2.26) for the

generalized Virasoro amplitude.

2.5.1 Virasoro truncation

We first recall the infinite product form (2.9) of the Virasoro amplitude, which has simple
poles at each non-negative integer. After applying the mass-shell relation s + ¢ + u = 0, the
residue of the massless s-channel pole is 1/t and the residue of each massive pole at s = N
is a polynomial of degree-(2N — 2) in t. The Virasoro amplitude achieves these residues
because on each s-pole, its zeros cancel the t-poles and u-poles, leaving a finite polynomial

in ¢. This cancellation can be described in terms of the numerator factors,
No(s,t,u) = 1+ (st + tu+ us)/n® + stu/n’ (2.87)

When s = N, each numerator factor Ny y,,(N,t,—N —t) o< (1 —t/n)(1 — u/n) cancels both

the t-channel and wu-channel pole factors (1 —t/n)"'(1 —u/n)~!, and the infinite product
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truncates. In short, the condition,
Nyin(N,n,—N —n) =0 (2.88)
ensures that the Virasoro amplitude has polynomial residues.

These features bare a striking resemblance to those of the Veneziano amplitude. Hence,
our analysis of the generalized Virasoro amplitude (2.26) will mirror our analysis of the

generalized Veneziano amplitudes in the previous section.

2.5.2 Generalized Virasoro truncation

We now return to our generalized Virasoro ansatz (2.26). We shall demand that the zeros
and poles of this amplitude cancel in a similar fashion as those of the Virasoro amplitude. We
first demand that the residue at s = 0 is 1/#* so that the amplitude reproduces the massless

spectrum of supergravity analogously to the Virasoro amplitude,

1 1— A,t?
— | | - - =1 2.
E{:eos A(s,t,u) = 2 - W(0,t,—t) 11 11—/ (2.89)

which implies that W(0,¢,—t) = 1 and A, = 1/A2 since W(s,t,u) has neither zeros nor
poles. In other words, the coefficients A,, are again determined by the poles \,,.

Next, in analogy with the truncation condition for the Virasoro amplitude (2.88), we

demand that the generalized numerator factor,
Nou(s,t,u) =14 Ap(st + tu + us) — Bystu (2.90)
obeys the generalized truncation condition,
Nyin(AN, A, =An — A) =0 (2.91)

so that Myyn(An,t, —=Ay —t) o< (1 —t/A\,)(1 —u/A,) and the infinite sequence of t-poles
and wu-poles cancels on each s-channel pole. This truncation condition determines the coef-

ficients B,, in terms of the poles \,,
NN F A2, — A2
NN AL A, L)

n’‘n—k

B, =

k=1,2,...,n—1 (2.92)
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For fixed n > 2, both k and k' =n — k yield the same equation for B,, so that there are

again ng independent equations for B,,. Once more, the coefficient B is left undetermined,
the coefficients B, and Bj3 are uniquely determined, and the coefficients B,, with n > 4 are

all over-determined.

As in the previous section, this over-determination of the B,, highly constrains the poles.

Any sequence of poles \,, must leave the following combination independent of k£ for all n > 2,

A, (K
*) Ak Ak (Mg + An—k)

(2.93)

We shall refer to these equations as the generalized Virasoro amplitude constraints. The
Virasoro solution A\, =n (i.e. the string theory spectrum) solves these constraints with
A, (k) = —1/n for all n and k. We shall now search for other, more general sequences of

poles A, which solve the generalized Virasoro amplitude constraints.

2.5.3 Generalized Virasoro amplitude constraints

Since A, (k) must be independent of k, we may fix n > 2 and choose two distinct values

of (k,¢) in the appropriate range to find,
MAFNA AL =N AN AN A A

no_ 2.94
)\n—k)\k()\k + )\n—k) )\n—ﬁ/\f()\ﬁ + )\n—é) ( )
We may then solve this equation for A, in terms of A\, A\,,_x, A¢, and \,_,,
Y T S O T [ N Y V) i YL W CURPE 5 V) | CEIE D WD W D vy
= \/ S VS VY WA S v VS VT VA== ) B (2.95)

As in the generalized Veneziano case, the first three poles are free parameters, and (2.95)
determines all the subsequent poles in terms of \;, Ao, and A3. We shall again define the
positive numbers z =X o — A = Ay — 1 >0 and y = A3 — Ay > 0, using the fact that the

poles A\, > A,_1 are ordered. The choice \; = 1 simply sets our units.

For n =4 and n = 5, there is a unique choice of (k, /) and thus a single equation deter-

mining Ay = M\(x,y) and A5 = As(x,y). For n =6, we can write two different equations
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for \¢ = A¢(z,y). These equations are exceedingly large and include several nested radicals.
Equating these two expressions implicitly defines a curve in the zy-plane. Any solution of
the generalized Virasoro amplitude constraints must be on this curve. We have analyzed
this curve numerically and verified that it passes through x = y = 1. Repeating this process
at n = 7 yields a second curve in the xy-plane, and any solution of the generalized Virasoro
amplitude constraints must again be on this curve. Through a straightforward numerical
analysis, we find that the A\g and A; curves only intersect at x = y = 1, corresponding to the

string spectrum.

In other words, only the string spectrum )\, = n satisfies the generalized Virasoro am-
plitude constraints (2.93). Thus, the construction which led to several infinite families of
generalized Veneziano amplitudes fails to yield any new generalizations of the Virasoro am-

plitude. The closed string is highly constrained.

2.6 Discussion

In this chapter, we have systematically analyzed generalizations of both the Veneziano and
Virasoro amplitudes by considering the infinite product ansatz (2.21) and (2.26). Demanding
that the poles cancel on each residue, we arrived at the generalized Veneziano and general-
ized Virasoro amplitude constraints, (2.34) and (2.93), respectively. These constraints are
equivalent to an infinite set of non-linear recursion relations obeyed by the poles of each

amplitude.

In the generalized Veneziano case, we solved the recursion relations analytically by re-
ducing them to the Riccati recursion relation (2.37). The solutions corresponded to the
Veneziano amplitude, the one-parameter family of Coon amplitudes, and a larger two-
parameter family of amplitudes with an infinite tower of spins at each mass level. Of these
generalized Veneziano amplitudes, only the Veneziano and Coon amplitudes have polynomial

residues. We also began an initial study of the unitarity properties of these amplitudes and
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found that a subspace of them, including the Coon amplitudes with 0 < ¢ < %, are unitary

in any dimension. A larger subspace is unitary with finite critical dimension.

In the generalized Virasoro case, we numerically demonstrated that the only consistent
solution to the generalized Virasoro amplitude constraints is the string spectrum. These
infinitely many constraints did not allow any deviation outside of closed string theory. Our

results are consistent with those of [GL22, CR23].

In future work, it would be interesting to explore where the low-energy expansion coef-
ficients of the generalized Veneziano amplitudes A,(s,t) and A,(s,t) lie in relation to the
EFT-hedron [AHH21] and other positivity bounds [CV21]. The low-energy expansion co-
efficients of the Coon amplitudes were recently studied in this context in [FT22, GL22].
It would also be interesting to further study the unitarity properties of these amplitudes.
Further generalizations of this work may study other truncation conditions leading to poly-
nomial residues for our infinite product ansatz. Recent progress in this direction has been

made in [CR23|.

Finally, we hope to find a definitive field theory or string theory realization of the Coon
amplitudes or their generalizations. Recently, accumulation point spectra like those ex-
hibited by Coon amplitudes were found in a setup involving open strings ending on a D-
brane [MR22]. Moreover, accumulation point spectra have appeared in various contexts in
the modern S-matrix bootstrap program, so it is imperative to better understand the Coon

amplitudes’ physical origins.

63



[ABC12]

[AEH22]

[AHH21]

[BCT71]

[BCT6]

[BCC19]

[BCJ10]

[BD21a]

[BD21b)]

[BDD19]

[BDS22]

[BF09]

[BKZ21]

[Bro72]

REFERENCES

Nima Arkani-Hamed, Jacob L. Bourjaily, Freddy Cachazo, and Jaroslav Trnka.
“Local integrals for planar scattering amplitudes.” JHEP, 06:125, 2012.

Nima Arkani-Hamed, Lorenz Eberhardt, Yu-tin Huang, and Sebastian Mizera.
“On unitarity of tree-level string amplitudes.” JHEP, 02:197, 2022.

Nima Arkani-Hamed, Tzu-Chen Huang, and Yu-Tin Huang. “The EFT-Hedron.”
JHEP, 05:259, 2021.

M. Baker and Darryl D. Coon. “Comments on a dual multiparticle theory with
nonlinear trajectories.” Phys. Rev. D, 4:1234-1237, 1971.

M. Baker and Darryl D. Coon. “Dual Four Point Functions.” Phys. Rev. D,
13:707-712, 1976.

Zvi Bern, John Joseph Carrasco, Marco Chiodaroli, Henrik Johansson, and Radu
Roiban. “The Duality Between Color and Kinematics and its Applications.” 9
2019.

Zvi Bern, John Joseph M. Carrasco, and Henrik Johansson. “Perturbative Quan-
tum Gravity as a Double Copy of Gauge Theory.” Phys. Rev. Lett., 105:061602,
2010.

Francis Brown and Clément Dupont. “Single-valued integration and double copy.”
J. Reine Angew. Math., 2021(775):145-196, 2021.

Francis Brown and Clément Dupont. “Single-valued integration and superstring
amplitudes in genus zero.” Commun. Math. Phys., 382(2):815-874, 2021.

Johannes Broedel, Claude Duhr, Falko Dulat, Brenda Penante, and Lorenzo Tan-
credi. “Elliptic Feynman integrals and pure functions.” JHEP, 01:023, 2019.

Rishabh Bhardwaj, Shounak De, Marcus Spradlin, and Anastasia Volovich. “On
unitarity of the Coon amplitude.” 12 2022.

Matteo Beccaria and Valentina Forini. “Four-loop reciprocity of twist-two opera-
tors in N' =4 SYM.” JHEP, 03:111, 2009.

Zvi Bern, Dimitrios Kosmopoulos, and Alexander Zhiboedov. “Gravitational ef-

fective field theory islands, low-spin dominance, and the four-graviton amplitude.”
J. Phys. A, 54(34):344002, 2021.

Richard C. Brower. “Spectrum generating algebra and no ghost theorem for the
dual model.” Phys. Rev. D, 6:1655-1662, 1972.

64



[Brol4]

[CEM16]

[CKS17]

[CMM22]

[Coo69]

[CR23]

[CSZ21]

[CV21]

[DG19]

[DG22]

[ELO66]

[FL12]

[FNO5]

[FT22]

[GL22]

Francis Brown. “Single-valued Motivic Periods and Multiple Zeta-Values.”
SIGMA, 2:e25, 2014.

Xian O. Camanho, Jose D. Edelstein, Juan Maldacena, and Alexander Zhiboedov.
“Causality Constraints on Corrections to the Graviton Three-Point Coupling.”
JHEP, 02:020, 2016.

Simon Caron-Huot, Zohar Komargodski, Amit Sever, and Alexander Zhiboedov.
“Strings from Massive Higher Spins: The Asymptotic Uniqueness of the Veneziano
Amplitude.” JHEP, 10:026, 2017.

Joydeep Chakravarty, Pronobesh Maity, and Amiya Mishra. “On the positivity
of Coon amplitude in D = 4.” JHEP, 10:043, 2022.

Darryl D. Coon. “Uniqueness of the Veneziano representation.” Phys. Lett. B,
29:669-672, 1969.

Clifford Cheung and Grant N. Remmen. “Veneziano variations: how unique are
string amplitudes?” JHEP, 01:122, 2023.

Miguel Correia, Amit Sever, and Alexander Zhiboedov. “An analytical toolkit for
the S-matrix bootstrap.” JHEP, 03:013, 2021.

Simon Caron-Huot and Vincent Van Duong. “Extremal Effective Field Theories.”
JHEP, 05:280, 2021.

Eric D’Hoker and Michael B. Green. “Exploring transcendentality in superstring
amplitudes.” JHEP, 07:149, 2019.

Eric D’Hoker and Nicholas Geiser. “Integrating three-loop modular graph func-
tions and transcendentality of string amplitudes.” JHEP, 02:019, 2022.

Richard John Eden, Peter V. Landshoff, David I. Olive, and John Charlton Polk-
inghorne. The analytic S-matriz. Cambridge Univ. Press, Cambridge, 1966.

Wolfgang Fischer and Ingo Lieb. A Course in Complex Analysis. Vieweg Teubner
Verlag, 2012.

David B. Fairlie and Jean Nuyts. “A fresh look at generalized Veneziano ampli-
tudes.” Nucl. Phys. B, 433:26-40, 1995.

Felipe Figueroa and Piotr Tourkine. “Unitarity and Low Energy Expansion of
the Coon Amplitude.” Phys. Rev. Lett., 129(12):121602, 2022.

Nicholas Geiser and Lukas W. Lindwasser. “Properties of infinite product ampli-
tudes: Veneziano, Virasoro, and Coon.” JHEP, 12:112, 2022.

65



[GL23]

[GROA]

(GROT]

[GT72]

(GW19]

[HLR21]

[HR22]

[KL93]

[KLO3]

[KLTS6]

[Mai22]

[Moa84]

[MR22]

[Rid21]

[Rom88]

Nicholas Geiser and Lukas W. Lindwasser. “Generalized Veneziano and Virasoro
amplitudes.” JHEP, 04:031, 2023.

George Gasper and Mizan Rahman. Basic Hypergeometric Series. Encyclopedia
of Mathematics and its Applications. Cambridge University Press, 2 edition, 2004.

I. S. Gradshteyn and I. M. Ryzhik. Table of integrals, series, and products. Else-
vier/Academic Press, Amsterdam, 7 edition, 2007.

P. Goddard and Charles B. Thorn. “Compatibility of the Dual Pomeron with
Unitarity and the Absence of Ghosts in the Dual Resonance Model.” Phys. Lett.
B, 40:235-238, 1972.

Michael B. Green and Congkao Wen. “Superstring amplitudes, unitarily, and
Hankel determinants of multiple zeta-values.” JHEP, 11:079, 2019.

Yu-tin Huang, Jin-Yu Liu, Laurentiu Rodina, and Yihong Wang. “Carving out
the Space of Open-String S-matrix.” JHEP, 04:195, 2021.

Yu-tin Huang and Grant N. Remmen. “UV-complete gravity amplitudes and the
triple product.” Phys. Rev. D, 106(2):1021902, 2022.

V.L. Kocic and G. Ladas. Global Behavior of Nonlinear Difference Equations of
Higher Order with Applications. Springer, Dordrecht, 1993.

A. V. Kotikov and L. N. Lipatov. “DGLAP and BFKL equations in the N =
4 supersymmetric gauge theory.” Nucl. Phys. B, 661:19-61, 2003. [Erratum:
Nucl.Phys.B 685, 405-407 (2004)].

H. Kawai, D.C. Lewellen, and S.H.H. Tye. “A relation between tree amplitudes
of closed and open strings.” Nucl. Phys. B, 269:1-23, 1986.

Pronobesh Maity. “Positivity of the Veneziano amplitude in D = 4.” JHEP,
04:064, 2022.

Daniel S. Moak. “The g-analogue of Stirling’s formula.” Rocky Mountain Journal
of Mathematics, 14(2):403 — 414, 1984.

Juan Maldacena and Grant N. Remmen. “Accumulation-point amplitudes in
string theory.” JHEP, 08:152, 2022.

I. Ridkokasha. “Confronting Dual Models of the Strong Interaction.” Mod. Phys.
Lett. A, 36(05):2150031, 2021.

L. J. Romans. “A new family of dual models (‘g-strings’).”, 1988.

66



[Rom89]

[Sch01]

S913]

SS19]

[ST14]

[Stil4]

[ThoS5]

[Ven68|

[Vil68]

[Vir69]

[VZ18]

L. J. Romans. “Deforming the Veneziano model (‘g-strings’).” Proceedings, Sum-
mer School in High-energy Physics and Cosmology: Trieste, Italy, 1989.

Karl-Georg Schlesinger. “Some remarks on ¢-deformed multiple polylogarithms.”
2001.

O. Schlotterer and S. Stieberger. “Motivic multiple zeta-values and superstring
amplitudes.” J. Phys. A, 46:475401, 2013.

Oliver Schlotterer and Oliver Schnetz. “Closed strings as single-valued open
strings: a genus-zero derivation.” J. Phys. A, 52(4):045401, 2019.

Stephan Stieberger and Tomasz R. Taylor. “Closed String Amplitudes as Single-
Valued Open String Amplitudes.” Nucl. Phys. B, 881:269-287, 2014.

S. Stieberger. “Closed superstring amplitudes, single-valued multiple zeta-values
and the Deligne associator.” J. Phys. A, 47:155401, 2014.

Charles B. Thorn. “A Proof of the No-Ghost Theorem Using the Kac Determi-
nant.” MSRI Publ., 3:411-417, 1985.

G. Veneziano. “Construction of a crossing-symmetric, Regge behaved amplitude
for linearly rising trajectories.” Nuovo Cim. A, 57:190-197, 1968.

N. Vilenkin. Special Functions and the Theory of Group Representations. Amer-
ican Mathematical Society, 1968.

M. A. Virasoro. “Alternative constructions of crossing-symmetric amplitudes with
Regge behavior.” Phys. Rev., 177:2309-2311, 1969.

Pierre Vanhove and Federico Zerbini. “Single-valued hyperlogarithms, correlation
functions and closed string amplitudes.” 12 2018.

67



	Infinite product amplitudes: Veneziano, Virasoro, and Coon
	Introduction
	Conventions
	Outline

	The Veneziano amplitude
	Unitarity
	High-energy
	Low-energy

	The Virasoro amplitude
	Unitarity
	High-energy
	Low-energy

	The Coon amplitude
	q-analysis
	q-deformed Veneziano
	Unitarity
	High-energy
	Low-energy

	The Virasoro-Coon amplitude?
	Gamma function
	Gegenbauer polynomials
	Deriving the Coon amplitude low-energy expansion

	Generalized Veneziano and Virasoro amplitudes
	Introduction
	Conventions
	Outline

	Veneziano, Virasoro, and Coon amplitudes
	Veneziano
	Virasoro
	Coon

	Infinite products and Weierstrass factorization
	Some complex analysis
	Ansatz for infinite product amplitudes

	Generalized Veneziano amplitudes
	Veneziano truncation
	Generalized Veneziano truncation
	Generalized Veneziano amplitude constraints
	Solving the Riccati relation
	Polynomial residues?
	Unitarity?

	Generalized Virasoro amplitudes
	Virasoro truncation
	Generalized Virasoro truncation
	Generalized Virasoro amplitude constraints

	Discussion

	References



