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Abstract

We reformulate tree-level amplitudes in open superstring theory (type-I) in terms of
stringy Tr(¢3) amplitudes with various kinematical shifts in the “curve-integral” formu-
lation: while the bosonic-string amplitude with n pairs of “scaffolding” scalars comes
from a particularly simple shift of the Tr(¢3) one (corresponding to n length-2 cycles),
the analogous superstring amplitude requires “correction” terms given by bosonic-string
amplitudes with longer, even-length “cycles”, which are also Tr(¢?3) ones at shifted kine-
matics dictated by the cycles; in total it is expressed as a sum of (2n—3)!! shifted am-
plitudes originated from the expansion of a reduced Pfaffian. Upon taking n scaffolding
residues, this leads to a new formula of the n-gluon superstring amplitude, which is man-
ifestly symmetric in n—1 legs, as a gauge-invariant combination of mixed bosonic string
amplitudes with gluons and scalars, which come from length-2 cycles and longer ones
respectively (the total sum is associated with the expansion a n x n symmetrical deter-
minant); the corresponding prefactors are nested commutators of 2n-gon kinematical
variables, which nicely become traces of field-strengths for those legs corresponding to
scalars in the mixed amplitudes. These interesting linear combinations of bosonic string
amplitudes must guarantee the cancellation of tachyon poles and F?3 vertices etc., and
they give new relations between the superstring amplitude and its bosonic-string build-
ing blocks to all orders in the a’ expansion (the first order gives a new formula for gluon
amplitudes with a single F3 insertion in terms of Yang-Mills-scalar amplitudes). We pro-
vide both the worldsheet and “curve-integral” derivations, and discuss applications to
heterotic and type II cases.
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1 Introduction

Recently, a new formulation has been proposed for scattering amplitudes in the simplest
colored-scalar theory, the Tr(¢?>) theory, to all loops and to all orders in the 't Hooft coupling,
based on “curve integrals” on surfaces [1-3] (see [4-8] for earlier works). Subsequently in [9]
(see also [10, 11] it has been shown that by simple kinematical shifts, these curve integrals
also compute all-loop scattering amplitudes in non-linear sigma model (NLSM) and scalar-
scaffolded Yang-Mills theory (YM), which thus represent a novel unity of the simplest colored
scalars, pions and gluons, and make some of their hidden properties manifest, such as zeros
and splittings near zeros [11-13]. At tree level, the curve-integral formula for Tr(¢3) ampli-
tudes is equivalent to certain disk integrals for open strings (known from early days of dual
resonance model [14] and also dubbed as Z integrals in [15-18])), and the result of [9] in-
cluding zeros and splits automatically apply and generalize for stringy amplitudes of colored
scalars, pions and gluons. As we will review shortly, the curve-integral for stringy Tr(¢?>) am-
plitude with 2n colored scalars has the integrand of the form [ | d7“v, which corresponds to
the famous “Parke-Taylor” disk integrand 1/(z; 5 - - - 22n—1,2n%2n,1), in addition to the universal
Koba-Nielsen factor [19], [ Ju*; after performing the shift that gives the scalar-scaffolded n-
gluon tree amplitude, it gives nothing but the bosonic string amplitudes for n pairs of scalars
e.g. (1,2),(3,4),...,(2n—1,2n), (which is the coefficient of €; - €563 - €4 €9,_1 - €5, Of 2n-
gluon bosonic string amplitudes [20]); the “curve-integrand” from the shift becomes [ | i%,
,zgn_un). Therefore, this shift,
which turns the amplitude of stringy Tr(¢>) into that of n pairs of scalars in bosonic string
theory, amounts to the shift that turns a single length-2n “cycle”, (12---2n) into n length-2
cycles,(12),(34),...,(2n—12n); as explained in [20], important properties of gluon ampli-
tudes in this 2n-scalar language, such as the gauge-invariance (and multilinearity in polariza-
tions), as well as factorizations on gluon poles, can be shown directly at the level of curve
integrals (which follow from combinatorial properties of f I i—}z' [Tu*; after taking the scaf-

which nicely corresponds to the disk integrand 1/(z2,, ...

2


https://scipost.org
https://scipost.org/SciPostPhys.19.4.114

e SciPost Phys. 19, 114 (2025)

4 3 4 3 4 3 4
N N

5 + S14823 2

ot

— 81,3524 2

(23

3
SURSSIVAREEEN|
7 7
1 6 1 6 1 6 1 6
Figure 1: Example of 6-gon superstring amplitude. Red line denotes the perfect
matching ZL Black line denotes overall factor ——. Here we have omitted s, ,—1
1,j 4

22i-1,2i
and s3 4—1.

folding residues with (p; +p3)? = - - - (Pan_1 + P2n)* = O (where each pair of scalars become an
on-shell gluon), the resulting “curve-integrand” turns into exactly the n-gluon bosonic-string
correlator given by the usual OPE of vertex operators.

Of course the truly remarkable point of [20] is that there is strong evidence suggesting that
the same procedure at higher-genus surfaces directly leads to certain “stringy” completion of
all-loop gluon amplitudes in scalar-scaffolded language, where gauge invariance and factor-
ization/cut properties for such “canonical” integrand of YM loop amplitudes based on “surface
kinematics” can be shown in a similar way [3]. However, already at tree level, an obvious
question concerns superstring theory in this curve-integral formulation: while the worldsheet
coordinates, z variables, are naturally replaced by y /u variables associated with curves on the
n-punctured disk, what about the Grassmann variables associated with worldsheet fermions,
and what do combinations like z; — z; + 6;60; correspond to in this language? Since currently
we do not know any intrinsic formulation of the worldsheet supersymmetry directly in terms
of curve integrals, in this note we aim at a warm-up exercise of rewriting the tree-level super-
string amplitudes in the RNS formalism [21-23] in this new formulation, and we do so first
for n pairs of scalars, which, upon taking scaffolding residues, produce n gluons in superstring
theory. Interestingly, even this simple exercise will teach us several lessons. First of all, unlike
the bosonic string amplitude for n pairs of scalars, which is given by one term, [ | ‘;—32’, obtained
from the simplest shift, the superstring amplitude turns out to be a sum of (2n—3)!! terms: the
simplest term again follows from the simplest shift which gives [ | i—{, and any of the “correc-

tion” terms has its own kinematic shifts from the stringy Tr(¢>) amplitude; very nicely, we will
see that all these terms come from the expansion of a reduced Pfaffian of 2n x 2n antisymmet-
ric matrix on the worldsheet, where each term has its own cycle structures with even-length

. $14S .
cycles. For example, for n = 3, we have two “correction” terms 423 (with cycles
21,4%2,3%1,2%3,4%5 ¢

(1234)(56)) and ——13%2¢_ (with cycles (1243)(56)), both of which can be obtained from
6

21,3%2,4%1,2%3,4%5,
certain kinematic shifts of the stringy Tr(¢?>) amplitude just as the original bosonic string term
proportional to ——— (with cycles (12)(34)(56)).

%1,2%3,4%5,6
Note that there is a reflection of the underlying worldsheet supersymmetry in that we

choose to delete two columns/rows corresponding to a pair, e.g.(2n—1, 2n), which correspond
to the two scalars in —1 ghost picture. The upshot is that superstring amplitude is a sum of
stringy Tr(¢>) amplitudes with different kinematical shifts dictated by such cycle structures,
each dressed with some prefactors of Mandelstam variables. We will see that these kinematic
shifts are given by combinatorial intersection of any curve (ab) with the corresponding cycle
structure, e.g. for the original bosonic-string cycles (12)(34)..., the intersection is 1 for a, b
odd, —1 for a, b even and 0 otherwise; while for (1234)(56) we have non-zero intersections
1 for (a, b) = (2,6),(3,6),(4,6) and —1 for (a,b) = (1,5) (see Fig. 1). Important properties
such as gauge invariance, factorizations and even zeros and splits can be derived using the
expansion just as in [20].
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Moreover, we will see that upon taking scaffolding residues, this actually implies a new
formula for n-gluon superstring amplitudes, as linear combinations of mixed bosonic string

amplitudes with gluons and scalars, e.g. while for any 2-cycle such as (12) with smgularlty y =

the residue at y;3 = 0 produces a gluon, for any longer cycle such as (1234) the smgularlty
goes like % near y;3 = Y35 = 0 which gives two scalars instead. In any such term, the
gluon polarization for any leg which is a scalar in the mixed amplitude turns out to be given
by the prefactors (of 2n-gon kinematics): we will see that upon scaffolding these prefactors
combine into certain nested commutators of monomials of 2n-gon Mandelstam variables, which
are nicely gauge invariant by themselves. In fact, they turn out to be (products of) traces of
field-strengths, thus we have a manifestly gauge-invariant formula for n-gluon superstring
amplitude in terms of mixed, bosonic string amplitudes (with strictly less number of gluons).
For example, the two prefactors of n = 3 combine as s; 455 3 — 13554, Which in terms of
polarizations of the two gluons become tr(f;f;), thus the 3-gluon superstring amplitude is
given by the bosonic string one, plus tr(f; fz)Ag‘ixed((lZ)slS ¢) where the mixed amplitude has
scalar legs 1, 2 (from scaffolding (1, 2), (3,4)) and gluon leg 3 (from scaffolding the fixed pair
(5,6)).

This new formula represents a novel relation between superstring amplitude and all the
mixed bosonic-string ones, independent of whether it is derived from curve-integral or the
worldsheet. One novelty of our result is that the pair of scalars in —1 picture leads to only one
special gluon, e.g. leg n, thus it is manifestly symmetric in all other n—1 legs (which is not the
case of usual representations e.g. with two gluons in —1 picture). Note that the combination
of these bosonic-string amplitudes is very special, which must guarantee the cancellation of
tachyon poles, and also the F? vertices which cannot appear in the superstring amplitudes.
For the n = 3 example, we see that the correction amounts to —tr(f; fof3) which cancels the
F? vertices of the bosonic one and gives the correct superstring answer, or the 3-gluon YM
amplitude. We will show that the combinatorics of the sum is exactly given by the expansion
of an n x n symmetric determinants, where in each term the product of off-diagonal entries
form cycles for the scalars and that of the diagonal entries represent remaining gluons (in
bosonic string amplitudes); there are 2,5,17,73,388,... such terms for n = 3,4,5,6,7,...,
which are relatively economic.

We will also see that the formula implies new relations between the n-gluon superstring
amplitude and its bosonic string building blocks, to all orders in the a’ expansion. Note that
at leading order, both superstring and bosonic string amplitudes with n gluons are given by
the Yang-Mills amplitude, which is consistent with the fact that the a’ expansion of all mixed
amplitudes starts at higher orders; at next order O(a’), the n-gluon bosonic string amplitude
reduces to the YM amplitude with a single F* insertion, while the superstring amplitude van-
ishes since it starts at O(a’?). This implies a new formula of the YM amplitude with a single
F3, as a sum of mixed amplitudes dressed with traces of field-strengths at O(a’); it turns out
that only YM-scalar amplitudes with a single trace of scalars contribute at this order. Of course,
we also find new relations at higher orders O(a’*) for k > 1, which in general relate different
contributions from (mixed) bosonic string amplitudes and that from the superstring amplitude
at this order. Last but not least, our new representation for the superstring correlator can also
be used for heterotic string and type-II case, which imply similar relations for closed-string
amplitudes. Among other things, they also imply various new relations for gravitational am-
plitudes via double copy. All these results can be checked e.g. using Cachazo-He-Yuan (CHY)
formulas [24,25] for these field-theory amplitudes.

The paper is organized as follows. In sec. 2 we present our formula for the superstring
amplitude with n pairs of scalars as a sum of shifted stringy Tr(¢3) amplitudes, and that for the
n-gluon superstring amplitude as a linear combination of mixed bosonic-string amplitudes. In
sec. 3 we study various properties of superstring amplitudes using the new formulas, including
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new relations for the a’ expansion including a new formula for the F2 amplitude, new formulas
for closed superstring amplitudes: heterotic and type II, under field-theory limit, also obtain
the new relations for the R? and R® amplitudes. We provide detailed derivations based on the
worldsheet formulation in sec. A and the “curve-integral” formulation in sec. B.1.

2 A unity of amplitudes for stringy Tr(¢?3), bosonic string and su-
perstring

In this section, we first present a new formula for the superstring amplitude with n pairs of
scalars, in a form similar to the scalar-scaffolded bosonic string amplitudes. We then take
scaffolding residues and obtain a new formula for the n-gluon superstring amplitude, express-
ing the result as a gauge-invariant combination of mixed bosonic string amplitudes involving
gluons and scalars, arising from length-2 cycles and longer cycles, respectively.

2.1 2n-gon superstring as a sum of shifted stringy Tr(¢?3)

Recall that the bosonic string amplitudes with n pairs of “scaffolding” scalars can be ob-
tained as the stringy Tr(¢>) amplitudes with a simple kinematical shift on the planar variables
Xop = (Pa+Pas1 +---+Ppp_1)* of the 2n-gon:'

bos. _ 49° e,0
‘A(isz),(3,4),...,(2n—1,2n) = Ay, (Xa,b = Xgpt 5a,b) > ey

where the famous “even/odd” shifts are defined as 52”}’3 =1 for a, b odd, —1 for a, b even and
0 otherwise, and the unshifted stringy Tr(¢?3) amplitude is defined as:

3 dz cee dz S dyJ ¥
'A¢ = f u[l,Z,...,Zn] z." :f 'l et @)
2n D(12-+n) vol SL(2> ]R) l_[ v R20-3>0 U Yy l—[ a,b

i<j (a,b)

where we define ; ; = z;—z%;. Here the Mandelstam variables are s; ; := a’(p; +p;)* = 2a'p; p;
with the standard conventions. The integration domain is the positive part of the real moduli
space, Man, or z; < 2y < -++ < 29, (with 3 of them fixed by the SL(2,R) redundancy). In
the second equality we use the positive parametrization and rewrite the amplitude as a curve
integral, where the product over J runs over a given triangulation of the surface, i.e. a disk
with 2n marked points on the boundary (see also a brief review in Appendix B.1). [I] denotes
a “Parke-Taylor” factor for any length-k cycle I = (iy,..., ),

1

(21, —23,) (2, —2;,)

[1]:= 3)
The second product in (2) runs over all possible chords on the surface, labeled by two marked
points a and b satisfying a < b and b —a > 1. The variable u, ;, associated with the chord
(a, b), is a rational function of the y;’s, completely determined by the geometry/combinatorics
of the surface. These u variables satisfy the u-equations

Ugb + l_[ Ued = 1, 4)

(c,d) cross (a,b)

which encode the structure known as “binary geometry”. Remarkably, the solutions to these

equations are given by:

2:a—l,bza,b—l
g p = S itebL (5)
za—l,b—lza,b

In this paper, we ignore the overall dependence on the inverse string tension a’.
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These solutions provide a direct relation between the u-variables and the worldsheet coordi-
nates z, a connection that will play an important role shortly.

The kinematical shift in (1) is specified by its correlator as the unshifted stringy Tr(¢>)
multiplies a ratio of g; ;, or equivalently, a ratio of u variables:

)2

[ dz;---dz s: -
APos, = —L__"72n 19 90[3,4]...[2n—1,2n]] | ="
1,2),...,(2n—1,2 4 2 ’ s
[ dz; - -dz  ZyaZastZon oom
- e ST R [ PR
JD(l~~~2n) vol SL(Z; ]R) i<j ? 21’223)4 .. 'ZZn—l,Zn
i dy; 77 %ap e Uee
- l_[ua,b l‘[ >
JR:3>0 "y VI (a,b) (0,0) Ho,0

where we take the product of all u, , with a, b both being even, over the product of u, j, both

being odd. In the third line we have used u,; = % to express the ratio of z; ; as a

ratio in the u variables. As we have shown in Appendix B.2, any general ratio of the form
di i . o re . . .

I % JZJ [1,2,...,2n] with a specified weight —2 for each z; (i.e. for integer exponents d, ;

satisfying >’ i d; j = —2), can be expressed as a ratio of monomials in the u variables, which

determines the corresponding kinematical shift:

d: .
l_[i, j Zi,ljj

— Xa,b . .
m_l_[ua,b’ with xgp=b—a—-1+ Z di ;- 7)

(a,b) a<i<j<b
Let us spell out some examples that would be useful later:

11,21 -1
%1,0%3,4%5,6%1,3%2,4 _ Uz 4l 6U3 6ls

[1,2,3,4,5,6] Ups ’

(8

where we have used x5 4 =1+dy3=1,x15=3+dys+dj3t+d;4tdys+dys+dss=—1
and so on. Similarly, we have

11,2 —1_-1
%1,2%3,4%5,6%1,4%2,3 _ Uz6U36Uss ©)
[1,2,3,4,5,6] Uis

Now let us consider the superstring amplitudes in the RNS language(in this paper, we
only focus on the NS sector for external states). For 2n-point scalar superstring ampli-
tude, we can extract it from the 2n-point gluon superstring amplitude by the coefficient of
€1°€9€3 €4+ €9, 1 Ex,. We put the derivation in the Appendix A.2, and get the key building
blocks of the 2n-gon superstring amplitudes, the reduced Pfaffian of matrix A. Here we define
the 2n x 2n antisymmetric matrix

SNI'J . .
~ , 1 ,
A, =ln 7 (10)
0, i=7j,
where we also define
$12:=512—1, $34:=534—1, e Son—1,2n = S2n-1,20— 1, (11)

and $; ; =s; ; otherwise. As we will see, it makes sense to compute the reduced Pfaffian where
we delete the two columns and rows 2n—1,2n and define

(_1)11—1

Zon—1 " %2n

PfA := PflAlyy 190, (12)

6
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where the overall sign (—1)""! is chosen to compensate for the sign in [ [(s — 1), such that
the pure bosonic part, i.e. m has coefficient 1. The result is a sum over (2n—3)!!
perfect matchings as above, where for each a we define S, to be the signed product of Man-
delstam variables, sign,, l_[(l.’ eaSij (note the replacement sy;_; 9; — Spi_1,0; — 1). Each §; ; is
accompanied by a factor of z; —z; with i < j, and the sign arises from the Pfaffian expansion.

We show that the superstring amplitude with n pairs of scalars is given by Pf’A multiplies by
afactor 1/(21 523 4 * 234—1,2,) in the Appendix A.2. Therefore, on the support of (7), it reduces
to a linear combination of stringy Tr(¢>) amplitudes at different shifts, which correspond to
amplitudes with longer cycles (interpolating between Tr(¢?) and bosonic string with n pairs
of scalars):

(2n-3)!!
super. _ ¢3
"4(1,2) ,,,,, (2n—1,2n) — Z Sa ‘AZn (Xa,b = Xgpt 52,1;) > (13)
pm. a

where both S, and 6¢ can be obtained from expanding a Pfaffian abstractly. The sum is over
all perfect matchings, denoted by a, of 1,2,...,2n—2 together with the fixed pair (2n—1, 2n)
(which is chosen to be special as will be explained shortly), the prefactor S, is given by a signed
product of Mandelstam variables s; ;, and 5 is the kinematical shift associated with a. And
6 is the shift corresponding to the cycle factor (product of “Parke-Taylor” factors) defined as

=[] ——[] ——=sen'@ [] 1, (14)

Fodd (2i —2i11) (if)ca (2 —Zj)

where sgn’(a) is a sign factor that compensates for the additional signs introduced by [ [ [I],
since it contains z;, ; with i’ > j’.2 Note that for the special ay = (1,2),...,(2n—1,2n), 6% is
given above and S, = (s12 —1)(s34— 1)+ (s20—32n—2 — 1) gives rise to the original bosonic
string term. Let us spell out details for n = 3,4. For n = 3 there are 3 matchings (denoted as
@ 12): in addition to the fixed pair (5, 6), the remaining pairs are {(1,2), (3,4)}, {(1,3),(2,4)}
and {(1,4), (2, 3)} respectively; the corresponding prefactors and cycle factors read

Say = (12— (34— 1), Sa, = 51,3524 > Sa, =51,4523

Ca. = —[12][34][56], Coy =—[12431(56],  C,=[1234][56]. '

For n = 4, the 5!! = 15 matchings are denoted as a; fori = 0,1,...,6,7,...,14, where
for a,,...,as the prefactors are s; 355 4(S5 6 — 1), 51 455 3(ss 6 — 1) and 4 more with 1,2 or 3,4
replaced by 5, 6, and for a, ..., a4 the 8 prefactors are given by products of three s; ; such as
$1,352,554,6; €xamples of the corresponding cycle factors are depicted in Fig. 2.

The corresponding shifts 6% can be easily read from C,: for each chord (i, j), the shift
52‘]. is given by its combinatorial intersection (7) with the cycles in C,. For example, for
C,=1[12---2n—2][2n—1 2n], the shift is 51’ij =1fori=1,j=2n—1,—1 for j =2n (Vi), and
0 otherwise. In this way, for n = 3, we obtain (see Eq. (8) and (9)):

3
Azuper. _ (51,2 _ 1)(83’4— 1)Al€3)os. _51,332’4.,445 (52,4 = 52,6 = 63,6 = 54,6 = —51,5 =1)

(16)
+51,432,3A¢3(52,6 =036 =046=—"015=1).

For n = 4, in addition to the original bosonic string Agos' with a factor of the form
(s —1)(s — 1)(s — 1), we have 6 terms with with a factor of the form ss(s — 1) and 8 terms

ZNote that if we express the 2n-scalar amplitude as a weighted sum of shifted Tr(¢?%), the factor sgn’(a) is
absent by definition.
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Figure 2: Examples for the perfect macthings of n = 4.

with a factor of the form sss:

A;uPer' =—(s12—1)(s34—1)(s56— 1)AI§OS'
— (53,654,5(51,2— 1DA?*(B.22a) 53,554 6(51,, — 1)A?"(B.22b) + (123456 — 561234)
— (51.6525(53.4 = AP (B.220) — 51 55,6534 — 1)A?" (B.224))
- 51,452,653,5./4‘1’3 (B.23a)— 51,552,453,6A¢3 (B.23b) — 51,352,554,6./4453 (B.23c¢)
+ 51,552,354,6./4‘1’3 (B.24a) + 51,352,654,5.4‘#3 (B.24b) + 51,652,453,5./4453 (B.24c¢)
- 51,652’354,5./4‘1’3 (B.25) + 51,452,553,6.,44’3 (B.26). 7

In the second line, we include one cyclic image (with legs 7 and 8 fixed) of two terms, resulting
in a total of four terms. Note that since we have two special legs 7 and 8, most of the terms
cannot be related by cyclic rotation. The corresponding & shift, as we have labeled for each
term, can be found in Appendix B.2.
While the kinematical shift of s; ;, i.e. the corresponding d; ; (minus the exponent of the
PT factor) in (7), is directly given by the Pfaffian expansion, determining the combinatorial
intersection (i.e. the kinematical shift in terms of the shift of X, ;) can be a tedious task.
Nevertheless, as we have shown in (B.16), the range of the kinematical shift 6, = x, is
given by:
Xqop €[-1, b—a—1], (18)

if we restrict —2 < d; ; < 0. Note that for a triangulation that contains chord (a, b), u, j is pro-
portional to y, 5, so the minimum of x, ;, implies that the residue at the pole y, , = 0 involves
at most a first-order derivative. In particular, for the scaffolding chord (a, b) = (2i—1, 2i+1),
we naively expect Xx9;_; 5,47 € [—1,1]. However, this estimate is too loose for the particular
object we are considering. In fact, due to the overall factor 1/(2; 3234 *%2,_1,2,), We have

X2i—1,2i+1 =1+ d2i—l,2i with d2i—1,2i =—1or —2, and thus
Xoi—12i+1 =0, or —1. (19)

Therefore the scaffolding residue that we will consider shortly for each term in the expan-
sion (13) is given by:

X 3
lim A? ({64,51)5 O2i—12i41 =0,
¢° _ Y2i-1,2i+10
Res _O.A ({645 = _ P o3 (20)
Y2im1,2i41% lim —Yoim12i41 A% ({0461 |, O2im10i41=—1.
Yai-1,2i+10 a.)’21'—1,2i+1
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2.2 A new formula for the n-gluon superstring amplitude from scaffolding
residues

Upon scaffolding with residues X; 3 = X35 = ... = X,,_;; = 0, we obtain the n-gluon ampli-
tude in scalar-scaffolded form in superstring theory (we switch the notation and denote the
n-gon after scaffolding as (1,2,...,n) instead of (1,3, 5,...,2n—1)):

N

A;uper. — Z Tp A;nixed bos.(pslﬁg)’ (21)

pc[n—1]

where the sum is taken over all products of cycles, denoted by p, chosen from
[n—1]:={1,2,...,n—1}, i.e., over all possible sub-cycles of the ordered set {1, 2,...,n—1}(the
leg n is fixed); all such products can be extracted abstractly from the expansion of the
determinant of a n x n symmetric matrix, with total number N, = 2,5,17,73,388,...
for n = 3,4,5,6,7,... (OEIS A002135); e.g. forn = 3, p = 0,(12), for n = 4,
p =10,(12),(13),(23),(123), and similarly for n = 5, 17 such products including 13 single cy-
cles (6 length-2 ones, 4 length-3 ones and 3 length-4 ones which are permutations of T(;334)),
and double-cycles such as (12)(34),(13)(24), (14)(23). Here the mixed bosonic string ampli-
tudes are defined in the Appendix A.1, and the integrand for multi-trace of scalar in p are
the product of Parke-Taylor factors, and each gluon in 5 forms the those V and W’s building
blocks.

We will give a worldsheet derivation of these formulas, but we emphasize that this dif-
fers from any formula we know of: it has only one special leg n and it relates the superstring
amplitude with other (mixed) bosonic string amplitudes. With the knowledge of the gauge
invariance of mixed bosonic string amplitudes, it manifests the gauge invariance in this ex-
pansion of those gauge invariant building blocks T, as we will see below. It has much less
terms than (13) since upon scaffolding residues, we identify two punctures z,;_; and 2,; to z;,
makes the around 2% terms in the 2n-gon cycle to be 1 term [12---i] in the n-gon. For ex-
ample, [123456] and other 7 terms by permutation (12), (34), (56) become single term [123].
We comment that this new formula (21) is from a special choice of the 2n-scalar superstring
amplitude as we fix the two (—1) ghost charge operators in the position (2n—1,2n). Upon
scaffolding residues, this two (—1) ghost charge operators should OPE to a new operator with
the ghost charge (—2), which makes the leg n so special! If we change the choice to fix the two
(—1) ghost charge operators in the position such as (2i, 2j), after scaffolding, it should obtain
the familiar formula for n-point gluon superstring amplitude with the two special legs (i, j).

For now, let us show that T, is nothing but a simple nested commutator of those S, con-
tributing to this term (thus a polynomial of Mandelstam variables/planar variables of the 2n-
gon on scaffolding residues): more precisely by shrinking the segment (2i—1, 2i) to a vertex
that we call i, any cycle factor (of 2n-gon), C, reduces to a product of cycles of n gluons (where
the 2-cycles become fixed points that we remove to define p):

T,= ), sgn'(alp)S,]

a: Cy,—p

(22)

51,2553 4>++»52n—1,2n—0"’

where the sum is over all a such that C, reduces to p (plus fixed points), and sgn’(a|p) are
some signatures dependent on a and p. In Appendix A.2, we induce the explicit formula of
T,,, which expands as the sum of the products of the chain of s; ;’s commutators

TP = l_[ TO' s T(0'10'2~~~0'm) = 520'1—1],[20'2820'2—1],[20'3 tee SZo'm—l]’[zo-l > (23)
single-cycle o in p

for the special case of m = 2, we define T4 4,y = %3201_1],[2025202_11,[202. Remarkably, upon
translating to polarizations of the gluons, the polynomial T, becomes exactly a product of
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traces of field-strengths for p! Note that f/"” = ki'e? — k€' for i in the gluon n-gon. We can
identify the polarizations and momentum in the 2n-gon kinematics by the relation €; = py;_;,
and k; = py;_1 + py;. For example,?

T(12) = 23514 —51,352,4 2 €1 " ko€s - ki — €71 €3ky - ky = tr(f1f2),
T(123) = $1,652,453,5 — 51,452,653,5 — 51,552,453,6 T 51,452,553,6 (24)

—51,652,3545 T 51,352,654,5 515523546 — 513525546 == tr(f1f2f3)-

A simple proof of (23) and T(; ;,...; y = tr(f; fi, -+ fi, ) can be found in Appendix A.2.

Finally, the mixed bosonic string amplitudes contains scalars in the corresponding multi-
cycle structure p, as well as the remaining gluons in the complement 5 (including n which is
always a gluon). For example, for n = 3,

A:s;’uper. _ Agos.({L 2, B}g) + T(u),A3((12)5|{3}g) s (25)

and for n =4, 5 terms including 4-gluon case Azos', 3 terms of the form T(;5).44((12);/{3,4},)
(with 2 gluons) and a term with 1 gluon T(153)A4((123),|4,).

AZUper' — AEOS'({]_’Z, 3, 4}g) + T(lZ)A4((12)5|{3’ 4}g) + T(13)A4((13)s|{2: 4}g)

26
F Topap As((23) (1, 43,) + Tansp As(123),] 4}, (26)

We will give the definition of such mixed bosonic string amplitudes using both curve inte-
grals and worldsheet integrals. Independent of any representations, these mixed amplitudes
can be obtained by acting transmuted operators [26] on the n-gluon bosonic string amplitude,
A';OS', similar to universal expansions for field-theory amplitudes [27].

We define two transmuted operators, for simplicity here we use the n-gluon kinematics,
but one can always translate to 2n-gon scalar kinematics.

Dl,] = aei-ej > Dl,l,] = at’fl'ki - afl'kj = ael(kl—kj) M (27)

It is straightforward to show that acting the transmuted operators on the integrand of the pure
bosonic string amplitude yields the integrand of the mixed bosonic string amplitude, i.e., the
product of Parke-Taylor factors and the remaining gluon correlators, since

5,5 51 O1a O1a%i:

,a%j,b la la l,a%i,j

Di,jWa,b == —2 5 Di’l,jVa == - =) (28)
ij 2L 2L 3Li%Lj

where 0, ; is the Kronecker delta. See the explicit definitions of V and W in Appendix A.1.

Here, we already observe that D; ; ; acting on V; gives rise to a soft factor P f;l -, which serves
50, a3y

as an intermediate step in forming a larger Parke-Taylor factor. For example:
[12] =Dy, Wy 5, [123] =D 3D 53(W; 3V5),

(29)
[1234] = Dy 4Dy 5 4D 3 4(W; 4V, V3), [12][34] = Dy 3D5 4(W; ;W5 4).

We now demonstrate how the transmuted operators can be used to derive mixed bosonic
string amplitudes from the pure bosonic string amplitude. Let p = {f4,...,,}, the corre-
sponding transmuted operator is defined as

s m;—1 s
b, =] [@pypema [ | Poi-pcinsomd =] [P0 (30)

3Here, we have absorbed a factor 1/2 in the definition of tr(f; f,), other traces are defined as usual.
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where m; denotes the length of 3;, and f3;[j] denotes the j-th element of f3;.
In the case of a single trace a = (a1, a,,...,a,,), the associated transmuted operator takes
the form

D(a) = Dal;am l_[ Daifl:ai’am . (31)

Acting ﬁ(a) on the bosonic string correlator (A.3) yields

m—1
N 1 Lo 0
D(a)IEOS = I | m>%i—1 Irrlrll;nor bos _ PT(a)Immor bos, (32)
az a,a, \i=2 zai:amzai:ai—l

where Immor bos denotes the coefficient of the V,,’s in I, i.e. I:F;nor Pos := [Ticq OvZ2*.

The actlon of the transmuted operator on Iﬂ;ﬂor bos preserves the same structure as in (32).
Applying this recursively, we obtain

D Ibos (l_[ PT((X)) Irrlrllllonor bos (33)

agp

where we omit the overall minus sign in (32) to maintain consistency in the definition. The
RHS of the above equation exactly matches the definition of the mixed correlator given in(A.5).
Thus, the n-gluon superstring amplitude can be expressed as

A;“Per:( >, Tpﬁp) Abos:. (34)

p€[n—1]

Notably, specific dimensional reduction [28-30] of both sides of (21), or equivalently (34),
gives rise to a new expansion of superstring-induced nonlinear sigma model (NLSM) ampli-
tudes in terms of bosonic-string-induced NLSM+¢> mixed amplitudes [30-32].

3 Properties and new structures of superstring amplitudes

Having derived a new formula for the n-gluon superstring amplitude, which is not only man-
ifestly gauge invariant (given the gauge invariance of the bosonic-string building blocks) but
also symmetric in n—1 legs, we now study interesting properties (old and new) of superstring
amplitudes using it. Let us first comment on several very basic ones, which already illustrate
certain non-trivial points of the new formula. First of all, one can check that, in terms of 2n-gon
kinematics, the combination of multi-linearity and gauge invariance of the scalar-scaffolded
superstring amplitude, (13), still works in a similar way as the bosonic string case [20], though
it requires some extra works since the prefactors S, also plays a role in the derivation. On the
other hand, (21) actually makes this property manifest term-by-term recursively: for any given
term in (21), since this works for the scaffolding residue on any length-2 cycle (exactly as the
bosonic-string case), we only need to check it for those legs in the prefactor T, which is
manifestly gauge invariant (and linear in the polarization)!

Moreover, let us comment on another important property, which was derived for bosonic
string amplitudes in [20], namely the factorization on any gluon pole with X, , — 0. We imme-
diately see a new complication: while one can repeat the derivation just as the bosonic string
case for (13), it becomes rather complicated to recognize the resulting two sub-amplitudes as
superstring amplitudes. Note that the worldsheet supersymmetry is reflected in the freedom
of choosing a scalar pair such as (2n—1,2n) (or gluon n), which is exactly what makes the
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proof of factorization more intricate: one has to restore this redundancy on one of the two
sub-amplitude which requires the use of integration-by-parts identities! Similarly it is also
nontrivial to prove gluon factorization for (21): on any pole X, , — 0, the residue for some
mixed amplitudes on the RHS correspond to a scalar factorization, and it is highly nontrivial
that the linear combination factorizes by the exchanging a gluon when combined with traces
of field-strengths, T,. We leave a systematic study of such factorization properties to future
works.

In the remainder of the section, we will briefly study interesting new features of super-
string amplitudes from (13) and (21), which differ significantly from bosonic string ampli-
tudes, such as the cancellation of F> vertices for leading singularities(LS), and the absence of
tachyon poles. Furthermore, we will view (21) as new relations between the n-gluon super-
string amplitude and its bosonic-string building blocks, to all orders in the a’ expansion, and
discuss the new relations for closed superstring amplitudes from double copy.

3.1 Cancellations of F? vertices, tachyon poles, etc.

As shown in [20], for any triangulation of the n-punctured surface (dual to a trivalent graph
with n external legs), the leading singularity of bosonic string amplitude can be computed
as a (n—3)-fold residue of the curve integral (after taking scaffolding residues), which re-
sults in a combination of gluing of 3-pt YM and F3 vertices. This gives a purely combina-
torial/graphical way of computing any leading singularity to all orders in ’t Hooft coupling
for bosonic string amplitudes; in particular for any tree-level LS (one of the Catalan num-
ber of triangulations of n-gon, labeled by chords (a,,...,a,_3)), after taking n scaffolding
residues with X; 3 = ... = X5, 1, = 0, we obtain LS by taking n—3 residues of the form
Xg, = ... = X,,_, = 0, which in turn is given by the residue y, =... =y, , = 0 of the
n-gluon bosonic string amplitude; in practice as explained in [20], this amounts to take the
coefficient of | | y in the expansion of the Koba-Nielsen, [ Ju*, factor. The result is a nice com-
bination of 22 terms with different orders in a’: since for each triangle of the triangulation
(3-vertex of the graph) we have the 3-pt Yang-Mills (YM) amplitude plus the F3 amplitude
with an extra a’; after gluing we have the pure YM LS, and the one with a single F? inser-
tion at O(a’), and that with two F3 insertions at O(a’?), ..., and the pure F3 LS at O(a™™2).
Remarkably, our formula guarantees that for any leading singularity, these higher-order terms
with F? insertions must all cancel out, leaving only the pure YM term which is the correct LS
for superstring amplitude!

Let us look at the simplest example for n = 3 where no residue needs to be taken (except
for the scaffolding ones):

AFP = AR ({1, 2, 3} )+ Ta) A3 ((12),13,) = AM+tr(fy fofs)—2tr(f1 fo)e3-ky =ATM. (35)

Here the bosonic string amplitude contains two terms: the Yang-Mills 3-point amplitude
AgM and the F? 3-point amplitude tr(f, f,f;). At 3-point kinematics, the mixed amplitude
A3((12)s]3,) = —2€5-k;, multiplied by the prefactor T(q9) = tr(f1f2) = €1-ky€5°ki—€1-€2ky kg,
yields —tr(f; fofs). This precisely cancels the F? term in the bosonic string amplitude, as ex-
pected.

For n = 4, we compute the leading singularity at s; , = 0:

Res AP = Res AD*({1,2,3,4},) + Res T1z)A4((12):1{3,4},)
s $1,2=

$1,2=0 1,2=0

+ Res Ty As((13) 12, 415) + Res ToaAu((23)1{1,4))

+ sRe=So T(123)A4((123);[{4},)
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. YM|YM YM|F? F3|lYM F3|F3 F3|lYM F3|F3 YM|F?
= (Lsy""™M sy sy MM sy T )—(Ls) MM +1sy T )—Ls)

L eYM|YM
=LS, .

(36)

Here, we use LS to denote the leading singularity at s12 = 0, with the left vertex given by
A and the right vertex by B. The leading singularity of the 4-point bosonic string amplitude
consists of four terms. The residue of T(13).44((12)/{3,4}) contributes to LSZSWM + LSZBIFB,
since its left part is 2tr(f;f;)es - ky, which on the support of s; , = 0, becomes tr(f; f5f3);
and the right part remains the 3-point bosonic string amplitude, which includes contributions
from both YM and F3 vertices. The residues of the three terms on the second line yield the
remaining LSZM|F3. In total, all contributions from F3 vertices cancel out, and analogous
telescopic cancellations happen for higher n.

Similarly we should see that our formula guarantees the absence of tachyon poles for the
superstring amplitudes. Note that every term on the RHS of (21) contains tachyon poles at
Xqp = 1, and it is intriguing to see that the residues at each such pole cancel out in the full
combination. For example, the 4-point bosonic string amplitude has the explicit expression at
finite o', A2*({1,2,3,4},) = B(1,2,3,4)F2),. The definitions of B(1,2,3,4) and F-integral
can be found in the literature [33,34]. Now, we can use the transmuted operators (27) to

obtain the mixed bosonic string amplitudes that appear in the expansion. For example:

A4((12)s|{35 4}g) = Dl,2B(1J 2; 3: 4)>
k3'€4+k2'€4+k3'€4 (37)

A((123)[{4}¢) = D1 3Dy 53B(1,2,3,4) =

$1,2 $2,3
Note that B(1,2,3,4) = AXM + d'(...), and only the single-gluon mixed amplitudes are free of
higher-order a’ corrections. The function B(1,2,3,4) also contains tachyon poles; however,
after summing over all mixed bosonic string amplitudes, we recover the well-known 4-point
superstring amplitude Azuper‘ =AZM F g)s 4 [15,35,36], with all tachyon poles canceling out.

3.2 New relations for the a’ expansions

We emphasize that (21) is a new relation between superstring amplitudes and various bosonic
string mixed amplitudes, which hold for finite a’, and it immediately implies infinite numbers
of relations for a’-expansion of these amplitudes. In the ' — 0 limit, each mixed bosonic-
string amplitude reduces to mixed amplitudes with Yang-Mills coupled to (bi-adjoint) ¢ [34]:
these amplitudes and their stringy corrections from bosonic strings have been studied in [37,
38]. Note that the leading order has mass dimension of s**"=~"s where n,, and ng are the
number of traces and scalars respectively, and the trace factor carries mass dimension s™s (in
the 2n-gon notation, the polarization carries the same mass dimension as the momentum),
thus each term in RHS of (21) has mass dimension 2 + n,. This means that only the original
bosonic-string term (ag) with n,, = 0 contributes to the leading order of superstring amplitude,
or the n-gluon Yang-Mills amplitude (with mass dimension s2), which is the same a’ — 0 limit
of both superstring and bosonic-string amplitudes. Now at the next, O(a’) order with mass
dimension s>, the LHS is 0 while bosonic-string amplitude reduces to YM amplitude with a
single F3 insertion, and we have

A = X T AMS (|5, ). (38)
P ntrzl
For example, for n = 4 we have:
3
AN = Ty A4(12){3, 4} ) + Ta3) A4 ((13)142, 4},)
+ T(23)A4((23)s[{1,4}¢) + T(123)A4((123),[{4},). (39)
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For n = 5 the result reads:

A = T As((12),143,4,5) ) + 5 perms + T(193).As((123);1{4, 5} ;) + 3 perms (40)
+ T(1234)As((1234)5[{5} ) + T(1243)As5((1243),[{5}) + T(1324)A5((1324),|{5} ),

where the 5 perms compress single trace terms (13),(14),(23),(24),(34), and the 3 perms
compress single trace terms (134),(234), (124). Note that the double trace T(;3):34), T(23)(14),
and T(;13y(24) do not contribute. We have explicitly verified that our new formula (38) agrees
with the result obtained from the CHY formula [39] up to 5 points.

3.3 Double copy: Heterotic and type II closed superstring

We have already discussed the new formula for the open superstring (21) from various aspects,
so now let us briefly turn to the closed superstring via double copy.

The heterotic superstring amplitude arises from the double copy of the type I superstring
and the bosonic string, while the type II superstring amplitude comes from the double copy
of two type I superstrings. The derivation is similar to that for the type I superstring in Ap-
pendix A.2, but with the addition of the bosonic/super parts in the Z sector.

The new formulas for the heterotic and type II closed superstring amplitudes are

Nn

Mgeterotic. — Z Tp M;nixed bos.(pglﬁh),
pc[n—1]
N,

Mewe = N T MIed s (50 0) (5 N0, U(p NG| (6 NG,
p,0C[n—1]

(41)

where M denotes the closed string amplitudes, h denotes the graviton, and T denotes the
trace over the polarization vectors €.

In the @’ — 0 expansion, at the next-to-leading order we can obtain the double-copy ver-
sion of (38), corresponding to gravity amplitudes with a single R? or R® insertion [39,40]:

2 -
MERHR = Z T, My ™ (p,|6n),
P, ng=1
N, (42)
, 3 _ N e -
MR = Z T, T, MP™((p No)l(pN0), U(p NGNS,

p,0, ny=1

where the LHS denote the amplitudes with a single R? or R® insertion, corresponding to the
next-to-leading order terms in the bosonic closed string amplitude. The building blocks on the
RHS are Einstein-Yang-Mills-(Scalar) (EYM(S)) amplitudes, which are transmuted from gravity
amplitudes [26]. One can further decompose these EYM(S) amplitudes into YMS amplitudes
using the KLT relations [41]/color-kinematic duality and double copy [42-44], or compute
them directly via the CHY formulae [28,45]. We have also explicitly verified those formula (42)
agrees with the result obtained from the CHY formula [39] up to 4 points.

4 Conclusions and outlook
In this paper we have derived, first in the worldsheet formalism and then in terms of curve
integrals, new formulas for tree-level superstring amplitudes. Inspired by the scaffolding pic-

ture, we first obtain (13) which express the superstring amplitude for n pairs of scalars (or
a special component of 2n-gluon superstring amplitude) as a linear combination of (2n—3)!!
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stringy Tr(¢?2) amplitudes with different kinematic shifts given by combinatorial intersections
(which correspond to bosonic-string amplitudes with different cycle structures). Very nicely,
upon scaffolding residues, this leads to a new formula for the n-gluon superstring amplitude,
which is manifestly symmetric in n—1 gluons, (21): it is given by a sum of mixed bosonic
string amplitudes with scalars and gluons, dressed by gauge-invariant nested commutators,
(22), which become exactly traces of field-strengths. We have also discussed applications of
our formulas, including the study of cancellation for tachyon poles and F? vertices, and more
importantly new relations between superstring and bosonic string amplitudes to all orders in
their o’ expansions; in particular, at the first non-trivial order, (38) provides a new formula
for gluon amplitude with a single F* insertion.

Our preliminary study opens up numerous avenues for future investigations, and let us
mention a few of them. First of all, it would be much more satisfying to understand how
the worldsheet supersymmetry could naturally emerge from “surfaceology” (without referring
to worldsheet picture). For example, could we derive (21) directly from considerations in
terms of curve integrals? Relatedly, we have not proved the cancellation of F? vertices in
leading singularities to all n, which might provide more combinatorial understanding of our
formulas. Note that many properties such as factorizations on gluon poles and cancellation of
tachyon poles now depend on gauge fixing and integration-by-parts identities, and it would
be interesting to prove them explicitly. Moreover, each term in our formula clearly has similar
pattern of zeros and splits near zeros as the bosonic string, and it would be nice to work this
and and compare with results of [13].

Another direction concerns external fermions and spacetime supersymmetry: we have only
focused on external gluons, which naturally arises from scaffolding scalars. Is it possible to
produce fermions in a similar way (see [46,47] for related works)? Alternatively, along the
line of [37,38], one could further expand mixed bosonic string amplitudes into combinations
of kinematic prefactors multiplied by amplitudes with more scalars and less gluons, in a way
similar to the “universal expansion” for both tree- and one-loop amplitudes [27,48]. It would
be highly desirable to find a way of “uplifting” such prefactors to BRST invariants, perhaps
based on some pure-spinor considerations [49-51] (for a review see [52]).

More concretely, our new formula (21) has provided new relations between superstring
and bosonic string amplitudes to all orders in the a’ expansion. The first non-trivial order gives
a new formula for gluon amplitudes with a single F* insertion (see [39] for a CHY formula),
but it would be very interesting to systematically spell out higher-order relations(see [53] for
Berends-Giele currents in YM + F3 + F# theory and [54] for effective Lagrangian of the open
bosonic string). They involve various amplitudes with higher-dimensional operators as well
as those in DF? +YM theory [34]. Moreover, we have briefly commented on heterotic/type
IT amplitudes via double copy, and it would be highly desirable to study new relations for
these closed-string amplitudes more systematically. Another aspect of the new relations con-
cerns four-dimensional helicity (or supersymmetric) amplitudes from string theory: while the
bosonic string amplitudes involve more complicated configurations such as all-plus and single-
minus amplitudes, they must vanish when combined to superstring amplitudes. It would be
interesting to study such four-dimensional string amplitudes both from the worldsheet and
from the curve-integral formulation.

Last but not least, we have focused on tree-level amplitudes, but clearly it is worth consider-
ing generalizations to loops. Neither superstring or bosonic string amplitudes for higher-genus
surfaces have been understood in the curve-integral formulation, and it would be extremely
interesting already to translate building blocks of one-loop amplitudes in this language [48],
or use the single-cut to reconstruct higher-loop integrand [3,55]. At tree-level, the mixed YMS
amplitudes have also important as the boundary data of the supergluon scattering in the AdS
space [56,57]. Even though we do not expect similar relations for loop-level string ampli-
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tudes, our results again indicate the importance of mixed amplitudes also at loop level, which
interpolate between stringy Tr(¢>) amplitudes with [ | d7y and the gluon case with [ | d—“Z. We
plan to study curve integrals for such mixed loop amplitudes with external gluons and scalars
in the future.
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A Worldsheet derivations

In this appendix, we will review the basics of tree-level open string amplitudes in the world-
sheet language, and derive the new formula from superstring amplitudes.

A.1 Review of tree-level open string amplitudes

The tree-level open string amplitude is the correlator function in the disk surface. After color
decomposition, the color ordering open string amplitude is defined as,

An(1,2,...,n)=f

D(12--+n)

du,(0,0,---0,) = f du, x Z,, x KN, (A.1)
D(12--n)

where the integration domain denotes D(12---n) = {—00 < 27 < 29 < ... < g, < 00}, the

measure denotes du, = %ﬁ;ﬁé) with the volume of the SL(2,R) symmetry can be canceled

by the three fixed punctures at (0, 1, 00).

All the vertex operator has the structure O; = V(zj)eipf'X(Zi)

with the corresponding mo-
mentum p. The universal part from the Wick contraction of the e'?iX()’s is the Koba-Nielsen

2a'p:p:
factor, KN =[], _;z;; Py
the V(z;)’s.

We are interested in those massless vertex operator with p?> = 0, and we list some as
followed.

For bosonic string, the operators are V'(z) ~ J%(z) and V.(z) ~ €-10X(2). J%(2) is the Kac-
Moody current with the adjoint index a of the SU(N) gauge group. The polarization vector €
satisfy the condition ¢; - p; = 0.

For superstring, here we only consider the NS sector, so we list the operator with the ghost
charge —1, 0. Ve(_l)(z) ~e)(z)e”PFeiPX(#) and VE(O)(Z) ~[e10X (2)+2a’ (p-h)e-p(z)]eP X,

With those vertex operators, we now consider the corresponding integrands.

The single trace n-point scalar bosonic string integrand is Parke-Taylor factor, from the
single trace Tr(T%!--- T%) of (VJa1 (zl)VJa2 (z9)--- VJa"(zn)),

with z; ; = z; —z;. The integrand Z,, is from the Wick contraction of

1
lar __ —
Irslca = =PT(1,2,...,n). (A.2)

21,2223 " 2n1
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For n-point gluon bosonic string integrand from (V. (2)V.(25) - V.(z,)) is

ln/2]+1 n—2r

= S l_[Ws ]_[v,, (A.3)

r=0 {ghh{l} s

where we have a summation over all partitions of {1,2,...,n} into r pairs {g,,h,} and n—2r
singlets [,, each summand given by the product of W’s and V’s.

n 6 .p. e -6.

V= E —L, W=t (A.4)
—d gz . ’ a’zs.
J?él LJ L]

For bosonic string, we can consider the mixed version of scalar and gluon vertex operators.
The n-point m-trace({a;, a,,...,a,,}, each a is non-empty list) scalar and gluon integrand is
from the multi trace Tr(a;) - - - Tr(a,,) of the mixed correlator.

. m [(n—la])/2]+1 r n—|al—2r
I’r1n1x.b05(a1’ Aoyenny Q) = l_[ PT(a;) Z Z l_[ Wgs:hs l_[ ‘/lt s (A.5)
i=1 r=0  {(ghlil} s t

where the second sum run over all partitions of {1,2,...,n}/ U:’;l a; into r pairs {g;, h,} and
n — 2r singlets [,, and |a| denotes the total length of a1, a,,...,a,,.

For tree-level superstring, the total ghost charge must be —2, so we need two Ve(_l)(z)’s
and n—2 VEO(Z)’S to construct the n-point gluon superstring integrand. The worldsheet super-
symmetry guarantees the integrand is independent with the position of two Ve(_l)(z)’s. The
gauge-fixed superstring correlator is defined (see eq. (4.8) of [58]) as

ETS 49, ¢ -
= — ) ]_[(—Z) pfiplioo (A.6)

.. /62 {1; ’n}\{ll;]l; ;lq>]q},
Zig.jo =0 distinct [=1 Zil,)l

pairs

{ii}

where the second sum goes over all q distinct unordered pairs {iy, jo}, {iz, jo},- -, {ig, jg} Of
Lio.Jo]

(Lt \ {1, 15 eoigofg}
to denote the 2(n—2q—1) x 2(n—2qg—1) matrix yielded by removing the i,-th, j,-th and the

i,j,n+i,n+j-th columns and rows from ¥ for each (ij) € {i, j;,...,i,j}. The ¥, matrix is
an anti-symmetric 2n x 2n matrix, defined as

_[ An _Cg
\I’n - ( Cn Bn ) > (A7)

labels from the set {1, 2, ..., n}\{iy, jo}, and (iy, jo) is arbitrary. Here we use ¥

where A,,,B,,, C, are n x n matrices involving the polarization vectors, whose components are
given as

Sa,b 2€,°€p 2€4°Pp
—=—_ a#b, b a#b, —acb a#b,
(An)ab = {(Z)a Zb a=b (Bn)ab = { FaE (Cn)ab = { S 2€4°Pc

> - Y 0 5 a=b B ZC#& H , a=>o,
(A.8)

and the reduced Pfaffian of ¥ is defined as
Pf W, = — Pf(\Il[“ o, (A.9)

Za,b
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where a, b (a, b < n) is arbitrary and \Ilgl“’b] denotes the minor with the a™ and b™ rows and
columns removed. As shown in [13] in order to simplify the superstring correlator (A.6), we
define an differential operator Oa,b

1

Ogp i= ——€a" €00, 00, (A.10)
Then we can induce the following compact formula for superstring integrand
Tuper = [1 (1+0,,) PF'¥,. (A.11)

{a,b}c{1,...n\{io.Jo}

A.2 Derivation of the new formula for superstring
The 2n-scalar kinematical configuration [20] is
pi-€;=0, V(i,j)e(1,...,2n),
{1, if(7, ) € {(1,2);(3,4);(5,6);- - ;(2n—1,2n)}, (A.12)
El' . €j =

0, otherwise.

Applying the 2n-scalar kinematical configuration to (A.11) and choosing (iy, jo) = (2n—1, 2n),
we have

—1 n—1
w12 1 7 ~ €91 1" €o;
P ————— | [(140y_19)PfA;, | | =—=
2 Z2n—1,2n !:1[ — n!:ll 29i-1,2i
n 1 n—1 1
_ /
= [ [a-— 3, .0pfAs, (A.13)

=] 22i—1,2i 7]

1 1 ~Ton—
[T (o),
=1 %2i—1,2i \%2n—1,2n

where we omit the factors 2 before each € - € and the A is defined in (10).*

In the following, we continue to scaffold and translate the momentum in the 2n-gon kine-
matics to polarizations or momentum in the gluon n-gon. First, let us focus on the Pfaffian
which can be expanded as

§ 5. &
PfA [2n—1 2n] Z Sgn(i1j1 i2j2 o in—ljn—1) )1 Plas)2 | Pl-lb)el ) (A.14)

1=iy <ip<-+<iyq 11,1 “l25)2 ln—1>Jn—1
i1 <Jpseeorln—1<Jn—1

If we fix each 2,44 oq4+1 and identify the remaining 2,441 With 2,44, and set all s,44 oqq+1 t0
zero, then those 2,44 have weight 2. Consequently, each term would be formed as Parke-Taylor
factors multiplied by some Mandelstam variables, for example

$01,0,4+1505,034+1 """ So,,,01+1 = §0i,0i+1
sgn({0}) . (A.13)

01,094+1%05,03+1 """ Z0,,,01+1 i=m+1 Z0;,0i+1

n—1
-1
- Sgn({o})sol,02+1502,03+1 o 'Som,ol+1PT(0102 e Om) l_[ -

l:m+1 a in,Oi+1

ZOi+1 _)Zoi

“In this Appendix, all factors of 2 in Lorentz products such as 2¢; - € »2€;  pj,2p; - p; and the overall signature
(—1)™! are omitted, we also define s;; = p; * p; for convenience.
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where 04,0,,...,0,_1 =1,3,...,2n—3, and sgn({o}) denotes the signature of the permutation
(01,09+1,09,...,0,01+1,0m41,0ms1+1,...,0,_1,0,+1). It's evident that exchanging certain
pairs of 0; and o; + 1 should yield the same Parke-Taylor factor, up to a sign determined by the
permutation’s signature. By collecting terms with same Parke-Taylor factor, we obtain

, (A.16)
a/zoﬁ—l —2;

£(01050m) *= S0y1,[0,+150,1[03+1 " S0, 1[0, +1 - (A.17)

n—1

Sgn({o})t(oloznom)PT(OlOZ e Om) ( l_[ -

i=m+1 20,01+1

The t(,,0,--0,) @nd PT(0,0, - -ep,) share the same cyclic and reflection symmetries, and only
(m—1)!/2 of permutations are independent. Remarkably, the nest commutator t,_,,..., ) can
be translated to traces of field strength for the gluons

_ [ [ [
So11L02+150,][03+1 " " S0, ] [01+1 = tr(pol-ll-lpohuz] poz-zl-lpoz,ﬂﬂ o .p0m+1p0mnu“m+1])’ (A.18)
[

— M2 . '
where pO t1Poruy] = Po,+1Posuy ~ Po,+1Pos > and we using k; to d'enote t.he momentum. of
gluons. To identify the polarizations and momentum in the 2n-gon kinematics by the relation

€; = Pai—1, and k; = py;_1 + pa;,
[u Ia [ 1~ gl 2] — fap
Po, 167" % (Do, +Po, 1) DGY 2 k(! 1y 0 €001y = Froriya - (A.19)
The signature sgn({o}) in (A.16) is only dependent on m

Sgn(01,02 + 1,02,. «+,0m,01 + 1, Om+15>0m+1 + 1,. «e304-1,051 + 1)

=—sgn(o; +1,0;,09+1,09,...,0m41,0m41 +1,...,0,-1,0,_1 +1)
m+1 (A.ZO)
=(=1)"""sgn(01,01 +1,05,05+1,...,0,1,0,1 + 1)
— (_1)m+1

where in the first equality, 0; + 1 is moved to the first position, and in the second equality,
the m pairs of (0; + 1, 0;) are commuted. We have only talked about the single cycle before,
and the multi-cycle is totally the same. Recovering the prefactors of Pfaffian in (A.13) and
Koba-Nielsen factor we have

(Z( 1)lPle, T )KNl_[ = ]_[ L (A.21)

o;ep ¥ %0041 iep Zo;,0,+1

where p is the collection of the products of cycles from (1,3,...,2n—3), and p are the com-
plementary of p. The last step is to solve the n of scaffolding residues. In general, we have

KN
Res =KN|, (A.22)
22i=%2i-1 Z9;_1 2 207721
and KN 1
2 = 7 (azziKN) |z 2o (VZl 1 KN) |z —z > (A23)
Zo0i=%Z9;_1 a/zz_ . 20 %2i—1 20 22i—
i—1,2i
where
n n
N S52i,j P2i—1 * (P2j—1 + P2j) €;-k;
Vair1 = . =2 ~2 (8.24)
j#£2i—1,2i,2n “20J lz0i>20 1 £ 2i-1,2j—1 JEL T
Similarly, we define
- $2i—1,2j—1 €€
Waic10j-1= —— ~—. (A.25)
XZyi12j-1 X3
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Using the derivative relation 8221, Vai1 |Z =« "W, o
2j %2j-1

m
-1
Re_s (.'.( Re_s (KNH/Z—))...)
201+17 207 Zom+1=%0m i=1 a in;Oi'*'l
—1\" [ &
- (?) [z, .k~
i=1

lm/2]+1 m—2r

(33 [T TT0 s

r=0 {gh}L{l} s
The last line is exactly the mixed operator defined in (A.5). The Koba-Nielsen factor for 2n-
scalars is also identified to the Koba-Nielsen factor for n-gluons

l_[ Zot'siJ _ apZn 1(P2i+p2i-1) za/(P2i+p2i—1)'(P21+P2j—1)
VA PP | | —1,2n—1 | | 2i—1,2j—1

for the single trace objects, we have

(A.26)

Zo;+17%o;

20;+120

i<j<2n Soi_ 121—)0 i=1 i<j<n
2n—2
_Zalpzn—rzizl bi | | a/(Pzi+P2i—1)'(P2j+P2j—1)
— “2n—1 2i—1,2j—1
i<j<n (A.27)
_ o' (p2i+pai1)-(P2j+P2j—1)
= | | 2i—1,2j—1
i<j<n
a’ki-kj
~ | | Z.. .
2i—1,2j—-1"
i<j<n

where we use the gauge fixing z,, — o0 in the second line. Finally, we get the result after
taking all scaffolding residues

I’iuper ~ Z Tp IrrlniX-bOS( o). (A.28)
P

A.3 The closure of the new formula for superstring

Under the 2n-scalar kinematical configuration (A.12), the new formula for superstring must
regenerate the Pfaffian.

It’s evident that only W5;_; ,; would contribute to the result while V; do not. Regarding the
traces, since €44 * €oqd+1 occurs iff foqq and f,qq4471 are adjacent, only traces with even length
would survive. Hence, we have

1

2 b
0;,0;+1 (A29)

(fo, * for1) @12 — —klky ;-

Considering a single trace Tr(fo, fo, 11" f,, fo,+1) and combining it with the Parke-Taylor fac-
tor we have

Vi -0, Woi,oi+1 -

a'z

PT(Ol,Ol +1,. Om> Om + 1)Tr(folfol+1 fomfom+1) (A.30)
= PT(Ol, o1+1,...,0,,0, + 1)(f01 : f01+1)H1M2 e (f : fo +1)H2m—1M2m Nuops ™" Mg
— (=1)"PT(01,01 +1,...,0p, 0, + 1)ku1kgz+1 kuzm lkg:il Nusps " Mg
M 7.2 kMZm lk:u'2m
_ (_1)m %1 70,41 o+l Muyus L Nsmin
201,01-4-1 zom,om+1 01+1,02 Zom+1,01
1 1 kol+1 ' koz kom+1 ' k01

=sgn(o; +1,09,...,0,+1,07)
201,01+1 zom,om+1 201+1,02 Zom+1,01
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Other surviving orderings of Tr(f, f, 41" f,, fo, +1) can be obtained by (m—1)! permutations
for the positions of the m pairs f, f, +1, or by 2™~ permutations for every pair (o;,0; + 1)
individually.®> The latter operation introduces a minus sign, while the former does not. Hence,
the sign change under such permutations o is captured by sgn(co).

By permuting the index of metrics 1) in the first line of (A.30), one can also generate multi-
trace structures. For example, (f01f01+1 ).UllJ«z (f02 ’ f02+1 )M3M4'nu1u2 nu3u4 = Tr(folfoz )Tr(fo3fo4)~
Therefore, summing over all the possible permutations is equivalent to summing over all in-
dependent multi-traces for m pairs of adjacent field strength f, fo +1,---,f,, fo, +1- This sum-
mation can be organized as follows

n

(ngn(a)ﬁkg(o#l)'ka(mﬂ))ﬁ - l_[ / 21 —> (A.31)

o i=1 Zo(o+1),0(0i11) /=1 01,041 iZmy1 ¥ 25 0,41

where we identify z, . and z, in the first product, and o sum over all the possible unequal
permutations. The a’ dependent terms are from W, ;. Extracting out the common factor

(1/22. _1,.) ]_[?:_11 1/29;_1 5, the summation is

moje o ke oo L R |
(ZSgn(O)l_[ o(0;+1) o(ol+1)) l_[ a . (A.32)

I i=1 20(0;+1),0(0:41) i=ma1 20i+1,0;

Remarkably, deleting a pair of (f, f,,1)"” from (A.30) is equivalent to extracting the coeffi-
cient of k, -k, in (A.32) and multiplying by —a’~!. Hence, the factor —a’~! can be recursively
absorbed by shifting k, - k,.1 — k, - k,+1 —a’~!. Finally, we obtain

S. . s. . § .
Z sgn(iyjyigfy " in—1Jn—1) LI 2k b ) (A.33)

. 4 . . . . . Z‘ .
1=i; <ig<-<ip_q 11,J1 “l2,)2 ln—1>Jn—1
13 <J1seesln—1<Jn—1

which is exactly the expansion of Pfaffian (A.14).

B Curve integrals: Review and derivations

B.1 A lightening review of curve integrals for the disk

Recently, a new reformulation of the scattering amplitudes of Tr(¢?>) and its extensions to
other theories, such as Yang-Mills and the nonlinear sigma model was introduced in a series
of papers [9, 10, 20]. This reformulation is known as the curve integral formalism which
decries the scattering amplitudes as an integral over functions associated with curves on a
given surface. This description is valid at all order for the 't Hooft topological expansion for
Tr(¢3), and at least the leading planar limit at any loop for its extension.

For our purposes, we will focus on tree level, where the corresponding surface is a disk
with 2n marked points on the boundary. To further specify the setup, we choose a scaffold-
ing triangulation of the surface [9,20] for later convenience, i.e., a triangulation with chords
(1,3),(8,5),...,(2n—1,1) forming an inner n-gon (See the left panel of Figure 3 for an exam-
ple with 2n = 6). The triangulation is dual to a fat graph, which defines the path for the each
curve C and encode the word and corresponding u, variables.

5>The cyclicity and reflection symmetries reduced the number of permutations form m! and 2™ to (m — 1)! and
2m~1 | respectively.
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>ﬁ>C

Figure 3: Scaffolding triangulation of a disk with 6 marked points (left), the corre-
sponding fat graph (middle), and the word associated with the chord (1, 3) (right).

To be specific, at tree level, each curve is labeled by two endpoints a, b on the boundary
and is associated with the kinematical data X, , = (pg + pg41 + ... + pp—1)%. To record the
path, we begin by labeling the roads of the fat graph according to the sides they touch. Using
this labeling, we can trace the path of a given curve along the fat graph by keeping track of
the roads it traverses and whether it turns left or right at each intersection(See the middle of
Figure 3).

We adopt the convention that each left turn corresponds to moving upward, while each
right turn corresponds to moving downward. By following this rule, we construct a “moun-
tainscape” uniquely associated with the curve — an object we refer to as the word (See the
right panel of Figure 3).

In order to determine the u variables associated with the word, we introduce two matrices:

0
ML(ya,b)=[ygb y‘;”’], MR(ya,b)=[y§”’ 1], B.1)

where L and R stand for left and right turns, respectively. We define y, ., := 1 for boundary
variables. We then multiply these matrices according to the word, i.e., each time the curve
turns left or right at some road y, ;. At the end of the process, we obtain a 2 x 2 matrix M,
with entries m; ; denoting the element in the ith row and jth column. The corresponding u

variable is then given by:
My Moy
Up = ————. (B.2)
My -Myo

For instance, M; 4 and u, 4 in our 6-point example are given by:

1 0¥z Yi3||Ysa O _| Y3sY1i3+Y13 1,3
MR(l)ML(y13)MR(y35)_[1 1][ 0o 1 1 1| [14yssy13+y1i3 1+y13]|’

14+ y13Y35Y13
u1,4 = . (BB)

(1 +J’1,3) (1 +J’3,5)

One can proceed to compute all 2n(2n—3)/2 u-variables associated with curves on the surface.
The stringy Tr(¢3) amplitude is then given by

¢3 _ d.yJ Xa,b
‘A2n - f l_[ l_[ ua,b 5 (B.4)
R21-3>0 " Y (a,b)
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where the product over J runs over the triangulation of the surface. For example:

X X
s J dy,3dyssdyis [ Yis (1+ys5) P 14 yi3+y13yss
6 R3>0 Y1,3Y3,5Y15 1+y13+Y13Y35 (1 +}’1,3)(1 +Y3,5)

( (1+ }’1,3)3’1,5 )Xl’s ( 1+y13 )X“ ( 1+ y15+y13)15 )Xz’s
1+ y15+Y1,3Y15 1+ y13+Y1,3Y35 (1 +y1,3)(1 +y1,5) (B.5)
( T+ y1s )X2’6 ( (1+y15)¥35 By Y35t Y1535 o
1+y15+Y13)15 1+ys3s +)’1,53’3,5) ((1 +y15) (1 +}’3,5))

I+yss Kas
(1 +J’3,5+J’1,5J’3,5) '

Very nicely, it was shown in [9,20] that a simple deformation of the stringy Tr(¢3) theory
computes the YMS amplitudes with n pairs of scalars in the bosonic string:

dy X

YMS _ J a,

AR _J [ 132 [y (B.6)
R2n—3>0 yJ (a,b)

Moreover, its scaffolding residues at X; 5,X35,...,X5,-11 = 0, or equivalently the residues
at ¥13,Y35,--+>Yan—1,1 — O at the integrand level, effectively fuse the n pairs of scalars into
gluons, resulting in a pure gluon amplitude. The kinematical data in the effective n-gluon
problem is given by €; = (1 —a)py; —aps;_1, and k; = p,;_; + po; with a to be a free parameter
related to the gauge redundancy. Gauge invariance and multilinearity are reflected in the
following identities written in terms of planar variables:

luon __
AN = Z (Xoij —Xgi1,j) X Qai j
JA(20-1,21,2i+1)

= Z (Xoij —Xai41,j) X Qi j»
JA{2i-1,20,2i+1)

(B.7)

where Q,; ; := %MAH is independent of Xy; ;.

B.2 Combinatorial intersection as kinematical shifts

We consider any monomial of z; ; := 2z; —z; for i < j which has weight —2 for every z; variable,
and by factoring out the Parke-Taylor factor, we have a ratio that can be written as a monomial
of n(n—3)/2 u, j, variables:

d.
l_[zi l}if =PT(1,2,...,n) l_[ uz”‘l’,” , (B.8)

i<j (a,b)

where on the LHS, degrees d; ; = d;; szatisfzy Z#i d;; = —2 for any i, and on the RHS,
PT(1,...,n) = ————, and u,;, = =22 (with degree denoted as x,;); note that

21 9°Zn—1.n%n Zq bZa—1.b—

while each z; is als’;ocialfted,lwith the i-th edgé ofl"léhle n-gon, each chord (a, b) (for non-adjacent
a < b) connects vertices a, b (we define vertex a to be intersection of edge a—1 and a). In the
following derivation, we assume that the differences z; ; = z; —z; always appear with i < j.
However, since the Parke-Taylor factor includes a term z, ;, there is an overall minus sign,
which we will omit. We now proceed to derive the relations between the relations between

d; ; and xg p.
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By noticing that x, j is the analog of X, ;, and d; ; is the analog of s; ; except that fors; ;,;
we have d; ;.1 + 1 due to the PT factor, it is straightforward to see

dijiv1+1=X;440, fori=1,...,n, (B.9)
—d; ;=X + Xip1 41— X1 — Xir1j non-adjacent i, j,

where x; ;,; = 0; thus start from any monomial of u variables (together with PT factor), we
can go from RHS to LHS; by inverting these relations, we can also go from LHS to RHS and
find that x, j, is given by the sum of d; ; for all pairs of edges i, j between vertices a, b, or in
the interval {a,a+1,...,b—1}, plus all the +1 shift for d, ;11,...,dp_ p—1:

Xep+1l=b—a+ > dy;. (B.10)

a<i<j<b

To summarize, we have a combinatorial interpretation of the degree x,, in the ratio
(for non-adjacent a < b): it is given by b—a—1 plus the total degree of z; ; factors with all
pairs i, j in the interval {a,a+1,...,b—1}. For the purpose of this paper, let us now assume
—2 < d;; <0, and it is straightforward to determine the range of x, ,: Let Qq p = D o<ic j<b i j
and K = {a,a+1,...,b— 1} with cardinality m = b —a. Then the sum over all off-diagonal
entries within I satisfies:

30,3 (Sa-Tas)-am-FFa, e

i€k jeK i€k \ j#i j¢K i€k j¢K
J#i
where in the second equality we have used >’ j#idi,j = —2. Since the left-hand side equals
2Qq p we find:
1
Qa,b =—m—§ZZdi,J-. (B.12)
i€k j¢K

Each term d; ; with i € K, j ¢ K, appears only once in this sum. As the total row sum of d; ; is
fixed at -2, it follows that

> d;i;€[-2,0], foreach i€k, (B.13)
jgK

and thus the total interaction term satisfies

>3 d;; e [—2m,0]. (B.14)

i€k j¢K

We conclude that the possible values of Q, j lie within the interval

Qqp €[—m, 0], where m=b—a. (B.15)

And therefore
Xa,b e[-1,b—a—1]. (B.16)
Let us present some explicit examples: for n = 4, the corresponding ratios for

11,11 1,111 2,2 _—2_-2
21223 4%1 3%2 4> 21,3%1,4%2,3%2 4> 21,223 4> %1,3%2,4

. . _2 _1 _1 _1 . . .
tively. 'For. monomial 2] 5%3 4%3 5%, 5 At 5-point, we have the following counting (see Table 1)
for ratios in terms of u’s:

are given by' u214, u1)3, UZ’4/U1’3, u1,3u2’4 respec-
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. : o1 . -2 _-1_-1_-1
Table 1: Combinatorial intersection for 2] 5%3 4%3 5%, 5

(a)b) b—a—1 Zasi<j<b di,f Xa,b
(1,3) 1 2 1
(1,4) 2 -2 0
2,4) 1 0 1
(2,5) 2 -1 1
(3,5) 1 -1 0
Therefore we have:
2. -1_-1.-1

£1,2%3,4%35%45  Usqlss

= B.17
PT(1,2,3,4,5) U3 ( )

And similarly for monomial 2, 323 525 522 4% 4 the combinatorial intersection reads (see Ta-
ble 2):

Table 2: Combinatorial intersection for z; 323 52 522 4%1 4-

(@,b) | b—a—1]| Yocicicpdij | Xap
(1;3) 1 ‘1 ].

(1;4) 2 '1 1

(2,4 1 0 1

(2,5) 2 -1 1

(3,5) 1 0 1

As a consequence, we have:
21,323,522,522 421 4
= Uy 3U7 4Up 4Up sU3 s - (B.18)

PT(1,2,3,4,5)

For n = 6, there are nine u variables relevant to the counting problem. For example, the

. 1k : 11,211 :c o .
combinatorial intersection of the term 2] 9%3 4%5 621 3%4 4 1S given by (see Table 3):

~1,-1,-2,-1,~1
21,0%3,4%5,6%1,3%2,4 Uz 4Up 6U3 6Us (B.19)
PT(1,2,3,4,5,6) ws '
Applying this algorithm, we also find the following results:
-1,-1,-2,-1,1
21,223 4%5 6%1,4%2,3 Uz eUs6lap (B.20)
PT(1,2,3,4,56)  wus '
-1,-1,-1,-1,-1,~1
%1,3%3,5%2,5%2,6%4,6%1,4 e B (B.21)
= Uy,3Ug 4l 5UD 2,6U3,5 . .
PT(]., 2’ 3, 4, 5, 6) 33 4 > 4 2,5 :6 3; 3:6 4s6

It is straightforward to extend the analysis to higher points. Below, we present some addi-
tional non-trivial examples for n = 8, which give rise to the §-shift in (17):
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) . . . -1,-1_-2_-1.-1
Table 3: Combinatorial intersection for %1 2%3 4%5 6%13%0.4°
(a,b) | b—a—1 ZaSi<j<b di,j Xa,b
(1,3) 1 -1 0
(1,4 2 -2 0
(1,5) 3 -2 -1
2,4) 1 -1 1
(2,5) 2 -2 0
(2,6) 3 -2 1
(3,5) 1 -1 0
(3,6) 2 -1 1
(4,6) 1 0 1
—2.-1,-1,-2_-1_-1
21,0%3,4%5,6%7,8%3,6%4,5 _ Ug 4l 5Up UUs glis gUs gl g
— , (B.22a)
PT(1,2,...,8) U 3Uq 7U3 7
—2.-1.,-1,-2_-1_-1
#1,2%3,4%5 6%7,8%3,5%4,6 _ U24Ua 5Uz6U2,8Us 6U4,8Us 8Uc g
_ , (B.22b)
PT(1,2,...,8) Uy 3ly,7Usz 7
-1,-2.-1_-2_-1_-1 2
%1,2%3,4%5 6%7,8%1,6%2,5  U1,4U2,4Us 8U3 8ls 6ls 71Uy gUis gllc 8 (B.220)
= , .
PT(1,2,...,8) Uy 7Uss
2 g 2a e 20 sl U Sy ally Uy gUs gUs gl U2 oUs gl
1,2%3,4%5 6%7,8%1,5%2,6  U1,4U2,4Uz 6U2,8U3,8lUq,614,7Us glls 8lic 8 (B.22d)
— , )
PT(1,2,...,8) Uy 7Us s
21 92mtgT g2y lg—1o-1 "
1,023 4%5 6%7,8%1,4%2,6%3,5  U1,4l2,4Us 5 6Un U3 gl4 6lla 71U glls 8ll6 8 (B.23a)
= , .
PT(1,2,...,8) ny
2 gLy lg=25=1,—1,—1 2
1,223 4%5 6%7,8%15%2,4%36  U1,4U2,4U,6lUn 8Us3,6U3,8U4 614,714 glls sll6 8 (B.23b)
= , .
PT(1,2,...,8) U7
2 927 2T tg 2T g1l
1,2%3 4%5 6%7,8%1,3%2,5%4,6 _ Uz 4U25U U2 gUUs 6Us gls 6Us gUs gle g (B.23¢)
= , .
PT(1,2,...,8) uy 7
21 02alzgTlgr2g =101
1,2%3,4%5,6°7,8%1,5°2,3%4,6 _ U2,6U2,8U3 6U3,8Us 6U4,8Us8lUe,8 (B.24a)
PT(1,2,...,8) uy7 ’
21 02tz iz 2g g l0—1
1,2%3 4%5 6%7,8%1,3%2,6%4,5 U 4Up 5Us sl g3 gliq gls gl g (B.24b)
= > M
PT(1,2,...,8) Uz
-1-1,-2-1_-1_-1 2
#1,2%3,4%56%7,8%1,6%2,4%3,5 _ U1,4U2,4U2,8Us,8U46lU4,7U, gUs 8Us,8 (B.24¢)
= , 24c¢
PT(1,2,...,8) uy 7
-1,-1,-2_-1-1_-1
21,2%3,4%5 6%7,8%2,3%4,5%1,6 _ Uz gli3 glis gls gl (B.25)
— F) *
PT(1,2,,8) U7

-1,-1,-2_,-1_-1,-1 2
21,2%3,4%5 6%7,8%1,4%2,5%3,6  U1,4U2,4Us5U3 6U2 8Us, 6U3,8U4,6UU4,7U4 gUs 8Ue 8 (B.26)
PT(1,2,...,8) Uy
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