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ABSTRACT: In this paper we revisit the general phenomenon that scattering amplitudes
of pions can be obtained from “dimensional reduction” of gluons in higher dimensions in a
more general context. We show that such “dimensional reduction” operations universally
turn gluons into pions regardless of details of interactions: under such operations any
amplitude that is gauge invariant and contains only local simple poles becomes one that
satisfies Adler zero in the soft limit. As two such examples, we show that starting from
gluon amplitudes in both superstring and bosonic string theories, the operations produce
“stringy” completion of pion scattering amplitudes to all orders in o/, with leading order
given by non-linear sigma model amplitudes. Via Kawai-Lewellen-Tye relations, they give
closed-stringy completion for Born-Infeld theory and the special Galileon theory, which are
directly related to gravity amplitudes in closed-string theories. We also discuss how they
naturally produce stringy models for mixed amplitudes of pions and colored scalars.
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1 Introduction

Over the past few decades, enormous progress has been made in new understanding of quan-
tum field theory (QFT) and string theory via the study of the scattering amplitudes. For
example, profound relations among scattering amplitudes of gluons, gravitons, and Gold-
stone particles etc. have been found, revealing unexpected mathematical structures hidden
in these theories. One significant example was found by Kawai-Lewellen-Tye (KLT) [1] in
string theory, unveiling the famous double copy relation between tree-level closed string
and open string amplitudes. Modern realization of the double copy in QFT relies on the
color-kinematic duality was known as the Bern-Carrasco-Johanssonn (BCJ) relations [2, 3]
(see [4] for a review). Another remarkable foundation is the Cachazo-He-Yuan (CHY) for-
mula [5—7], which allows us to study a broader range of theories within a unified framework.
This includes gauge theories such as Yang-Mills (YM) theory and Yang-Mills-Scalar (YMS)



theory, as well as effective field theories (EFTs) such as non-linear sigma model (NLSM),
Dirac-Born-Infeld (DBI) theory and special Galileon (sGal) theory.

Based on the CHY formalism, some fascinating relations between gauge theories and
EFTs were uncovered in 8], revealing that the scattering amplitudes of EFTs are special
dimensional reductions (DRs) of gauge theories ones. These relations are further studied
in [9, 10] via fundamental properties of the theories, where the second version of the DRs is
derived. In particular, the NLSM amplitudes [11] can be obtained from DRs of Yang-Mills
amplitudes, whose two versions of DRs are given by taking the derivative of AYM with
respect to Lorentz product of two selected polarization vectors, e.g. ej - es, then performing
replacement (1.1) with p, - pp trivially reduced. The two versions of DRs yield the same
result, that is the NLSM amplitude.

DRI : e -pp—0, eq-ep—> —pg-
a pb a b pa pb ’ vea’eb ¢ {61,62}- (11)
DRII : eg-ep — 0, eq-pp— Da-Pp

Despite the concision of these relations, their physical significance may raise questions.
One may wonder: Are these DRs inherent, or just accidental? Are these relations between
gauge theories and EFTs natural, or just contingent upon deliberate selection of the two
specific DRs (1.1) above? In this paper, we will demonstrate the inherent nature of these
DR relations between gauge theories and EFTs, by proving that there exists a general class
of various DRs (1.2) yielding exactly the same result for a gauge invariant object, without
any assumption regarding tree-level such as CHY formula and rationality. We further show
that the Adler zeros of these resulting EFTs come from locality of the input amplitudes,
which reminds us about the intriguing result introduced in |12, 13| that uniqueness of gauge
theory and EFT amplitudes follow from gauge invariance and Adler zeros, respectively.

I 1 II 11
& 'eb_>_pa'pb) ea'eb _>_pa'pb7 €a

el py =0, el py— pa-Dy, Da- Db — Da D

~e£l — 0,

General DR : (1.2)

QHH o+

The generality of the equivalence of DRs inspires us to investigate the EFT amplitudes
beyond tree-level, such as their stringy UV completions, which are expected to arise from
DRs of the stringy versions of gauge theories. In this paper, we will mainly focus on the
stringy completion of NLSM, for which several different versions of stringy completions have
been proposed in [14-18]. As suggested before, it is natural to identify the DR of “stringy
Yang-Mills” theory as the stringy NLSM. In order to provide a more concrete manifestation
of the equivalence between different DRs, we present a systematic method to establish the
equivalence for open superstring via the integral-by-parts (IBP) process [19, 20|, suggesting
that this approach is applicable to any specific string theory like bosonic string.

We also extend our study to stringy models that concerns the mixed amplitudes of
pions and bi-adjoint ¢? scalars, whose field theory limit has been studied in [21]. We give
a systematic way to compute its low-energy expansion by deriving the “BCJ numerators”,
therefore one can compute the result at any o order once given the result of Z-integral as
computed in [22].



At the end of this paper, we extend our IBP-based method to the bosonic string, which
is similar to the superstring except that the resulting stringy NLSM may depend on the first
derivative e; - e; we take beyond leading low energy limit. Besides, it is natural to extend
our discussion of the open super and bosonic strings to their closed string version, which
immediately shows gravity can be dimensional reduced to Born-Infeld or special Galileon.

This paper is organized as follows: In section 2, we introduce the general DRs and
the corresponding relations between Yang-Mills and NLSM amplitudes. In section 3, we
prove the equivalence of different DRs from gauge invariance, and further the existence of
Alder zero after DR from locality. In section 4, we develop the IBP method to concretely
demonstrate the equivalence between DRs for superstring in detail. In section 5, we extend
the stringy NLSM to mixed amplitudes of ¢ and pions scattering and give the logarithmic
form. In section 6, we apply our IBP method to the bosonic string and apply our result to
the closed super and bosonic strings.

2 Dimension reduction: from gluons to pions

Before introducing the general dimensional reductions, let us briefly review the two types of
DR relations between tree-level scattering amplitudes of gluons and pions indicated in [8, 9].
To illustrate, one should first note that the amplitude of pure pions scattering and one with
only two ¢3 scalars are equal, e.g.

ANESM(1 9, ) = ANESMAOR (19 99 3 ), (2.1)

where we choose the ¢3 scalars to be 1?,2?, which can be arbitrarily chosen. This property
can be easily understood in the CHY frame work. It is then convenient to start with the
YMS amplitude with two scalars, which can be extracted from a pure Yang-Mills one via a
differential operator with respect to the two ¢3 scalars:

AzM+¢)3(1¢) 2¢7 37 ey n) = a@l‘@QAzM(l) 2’ ttt 7n)‘ (2.2)

Using the CHY formula, the authors of [8] found one can suppose that the polarization
vector e, and momentum p, of the a-th gluon live in dimension D = 2d, then wisely choose
the components of these 2d-dimensional Lorentz vectors to obtain the NLSM amplitude from
Yang-Mills amplitude (or rather, YMS amplitude, after acting the differential operator):

(2.3)

M . M
DRI : €a :(O,Zpg), DPa z(pfl‘,O),
€a €y~ —Pa Pbs €a Po—0, DaPb— Da- Db

where ¢ is the imaginary unit and we use the indices M and p for the 2d- and d-dimensional
space respectively. It can be shown in the CHY frame that

A){M*&(ld’, 29.3,....n) 23), ASLSM+¢3(1¢, 29.3,...,n). (2.4)



Furthermore, one can choose a different DR yielding the same result:

M _ (o o p M _ (ou
€ - ?Z 9y - ?O )
DRI - { o = 0h,ih), pa = (ph,0) (2.5)

€a € — 0, €q Db —> Pa*Pby Da:Pb— Pa " Db

The authors of |9, 10] provided an explanation in the Lagrangian level that the DR (2.5)
gives the NLSM amplitude, the proof using CHY formula is also straightforward.

In fact, the above reductions transform a general mixed amplitude of gluons and ¢3
scalars scattering into pions and ¢ scalars scattering:

AP (@) LLEED, AN (5} a), (2.6)
where the implicit overall ordering could be arbitrarily chosen, e.g. (1,2,...,n). Then the

bi-adjoint ¢> scalars are labeled by an ordered set o, with its unordered complementary set
{a} to represent the gluons (pions). Note that for the above reductions to hold we have
assumed 2 < |o| < n.

Interestingly, we find that arbitrary combination versions of (2.3) and (2.5) do exactly
the same transformation for gauge theories. Specifically, to perform a general DR, we split
the 2d-dimensional polarization vectors into two sets I and II, the two types of dimensional
reduced polarization vectors are defined as

el = (0,ipt), ey M = (v}, ip}),

General DR : < el el — —py-py, el el = —pg-ppy, el-ell =0, (2.7)
Ca Db — 0, €q Py Da- Dby PaDb— Pa P

IM

IM and similar for ej! ™. For indices in both I

where we have assumed a € [ by writing e

1M _

p (p,0). For example, for n = 4 we have:

and IT we have pL™ = p

=2 ,11={3,4}: e3-e4 =0, e3-ps,es-p3—D3-pPa
I={3},I1={4} : e3-ps — 0, —e3-e4,64-D3 —> P3- P4 - (2.8)
I1={3,4} , =0 : e3-eq4 — —p3-pa, €3-DPa,€4-p3 — 0

We discover that all the general DRs (2.7) yield the same result for a general mixed
amplitude of gluons and ¢?, regardless of how we split the particles into I and II:

AN (G} a) LTy ANLSME6 (a1 a). (2.9)

In the following parts of this paper, we will investigate more deeply into the equivalence
of general DRs as well as the resulting pure or mixed stringy NLSM amplitudes, both with
non-constructive method for arbitrary gauge theories and constructive method for specific
string Yang-Mills theories like the superstring and the bosonic string.



3 Adler zero from gauge invariance

As indicated in the introduction, the equivalence among different types of general DRs
convinces us of the inherent nature of the DR relations between gauge theories and EFTs.
In this section, we will demonstrate that the equivalence between different types of general
DRs (2.7) and the existence of Adler zero are guaranteed by gauge invariance and locality.
Let F;, be a function of e, - ey, €4 - Dy, Pa - Pp Which is multi-linear in m polarization vectors
eq with m < n — 2. The on-shell conditions p? = 0, transversality conditions e, - p, = 0,

€4+ €q = 0 and momentum conservation 2211 pe = 0 are assumed to hold.

Claim 3.1. For arbitrary partition of polarization vectors, dimensional reduction (2.7)

yields the same FP® for any gauge-invariant F,.

Proof. To manifest the multi-linear structure of Fj,, it is convenient to decompose F}, into
linear independent blocks according to its dependence on e, - €3, as has been done in [23].

Lm/2]

Fo=Y" > T €a-es FL, (3.1)

k=0 pc6y (ab)ep

where &; denotes the set of all possible partitions of 2k among m gauge particles into k
pairs, each p € & is an unordered combination of k disjoint non-diagonal pairs of gauge
particles. For example, let the gauge particles be {2,3,4,5}, we have

S1 ={(23),(24),(25), (34),(35), (45)}, &2 = {(23)(45), (24)(35), (25)(34)}.

Now F}; is a function merely of e, - py, pp - pe With a ¢ p, and is multi-linear in e, - py,
which helps us to employ the gauge invariance of F;,. Recall that the Ward identity requires
that applying e; — p; on F), for any gauge particle j yields zero. This implies the following
condition for a single gauge particle

— o u(ij N
Fﬁ\eﬁpj == Z e FPHd) o Vpn{j} =w. (3.2)
i€p,iA] ihs

However, since DR (2.7) involves replacement on not only a single gauge particle, we
need to generalize (3.2) into one with replacement on a nonempty set J of gauge particles
e? — p?. Note that in order to get a useful gauge invariance condition with respect to J
in our proof, we should not naively consider the Ward identity with e? — p” acting on F,,
but should apply (3.2) recursively to get:

lm/2]
Flasn=> > (D" ] ea-en F5™° P VpNJ =2, (3.3)
k=0 c€(Sklp,J) (ab)EC

where (Sg|p,TJ) denotes the set of all o € & such that I C o C p and each pair in o has
nonempty intersection with J. As a consequence, for each pair (ab) € o, at least one of the
polarization vectors in e, - 5 would be replaced by e? — p?, hence the RHS depends merely
on eg - Py, Pb - Pe and no e, - e, will appear.



Gauge invariance condition (3.3) can be proved by induction on |J|. For |J| =1, it is
just (3.2). Assume (3.3) holds for |J| =k, then VpN (JU {j}) = @ we have

[m/2]
k (oa
Fﬁ‘eju“}ﬁpjum - Z Z (=1 H eq - ey FP- U5} _pIU{5}
k=0 o€(&klp,3) (ab)eo P
[m/2] )
=> > v I e EPONE) |
{5} Ju{s}
k=0 o€(&klp,7) (ab)eoli(iy) eIHI} —pItl
(i§)€(&1]p,3)
[m/2]
N Z Z (_1)k+1 H €a " €b Fguau(ij) Ju{5} spIu{s}’
3} —pIU
k=0 oU(1j)€(Sk+1lp.T) (ab)ecaLi(if) e —p

where the second equality comes from (3.2) and the third equality is due to the fact that
JCoU(ij)CpifTCoCpandT C (ij) C p. Hence (3.3) holds for any J.

Now we are just one step away from the conclusion. Let p = @, then pNJ = @ and
o C p are automatically satisfied, so we can abbreviate (&y|p,TJ) to (S|J). By further
taking e; — p; for other i € J as well, we have

[m/2]
Fl,= > > (= I[ pa-m F] (34)
e k=0 oe(S]d) (ab)eo ep

So far we have already completed the proof. Note that the LHS of (3.4) is nothing but
the reduction (2.5) acting on F,,, or equivalently (2.7) with I = &

(2.7) with I=2

F, F? }Hp . (3.5)
And the RHS of (3.4) is exactly DR (2.7) with I = J # @ acting on F), :
(2.7) with I=7 m/2] 0
Fp———— > Y (U I] pa-p F (3.6)
k=0 pe(6k|J) (ab)ep P
Hence all the FTILDR are equal. This completes the proof. O

Corollary 3.2. For gauge-invariant F,, with odd m, DR (2.7) yields zero.

Proof. Let I = {j}, then (&4|I) # @ only if k = "+L. While for p € (S(m—1)/2/1), one
can observe that p = {j} and the only polarization vector that F}, depends on is e;. This
allows us to solely replace e; — p; to obtain the reduce F,, under DR (2.7) as follows:

2.7) with I={j _
F, M_}_) (_1)(m 1)/2 Z H Pa-py F e . (3.7)
PE(S (m—1)/2|1) (ab)€p

According to (3.2), this must be zero since there exists no non-diagonal (ij) C p. O



Claim 3.3. The resulting FP® has Adler zero if Fy, only contains local simple poles.

Proof. Let us first consider the soft behaviour of F), before dimensional reduction, where
we set p, = tp, with ¢ — 0. Denote the O(tF) order of Laurent series of F}, by f,’f, then
generally the leading order F,, ! takes the following form:

-1 _ €n " Pj p(0) | En- e] (0) ©0) ~(0) 0
1,J#£n

Note that (weak) locality condition forbids any pole in form of (p, - px) ! in BZ(J ), CZ(JO ),

hence Bl(]), CZ(]Q ) are free of Pn. Gauge invariance further demands that

]:—1

n ’enﬁpn

an pJB”+p” Sy =o. (3.9)
S w7 P

Note that (py - p;)/(pn - pi) with i # j and all (p,, - €;)/(pn - pi) are linear independent,
we must have BZ-(]Q) =0ifi+# j and C’i(;) ) = 0. This implies the soft theorem

— €n " Pi (0)
Fol= B with B =0. 3.10
" Z Pn - Di Z ( )
i#n i#n
Let I = {n}, obviously F, ! under DR is zero:

1 o €n " Di ,(0)
Fn ‘DR with I={n} — Zp .pABi
i#£n n v

= 0. (3.11)

enpi—0, -+
On the other hand, the next-leading order F9 takes the following form:

=Y En Pip)  En o) ) o ~ o). (3.12)

n ) 1] 17 )
—~ pp-pi Y pnpi J
L,j7#n

Similarly, take I = {n}, it is easy to see that

0 Dn p] 1
Tl wien I={n} = Z ~ O, (3.13)
,J#n
Therefore FP® must be at least of order O(¢!). This completes the proof. O

Remark. Earlier literature [12, 13] has found that assuming locality and the correct power-
counting, uniqueness of (1) Yang-Mills and gravity, (2) NLSM and DBI tree amplitudes is
ensured by (1) gauge invariance and (2) (enhanced) Adler zeros. Our claims reveal that the
two conditions are not independent, but rather related through dimensional reduction.

4 Pions in open superstrings

Now we have obtained a non-constructive proof on the equivalence between different types
of general DRs. However, we will not be content with just knowing that those DRs are
equal, but would also wonder how they are equal for a specific string theory. Due to the



extreme difficulty of evaluating string amplitudes, we develop a systematic method based on
stringy IBP [19, 20] to verify the DR relations at the integrand level. In this section, we first
review the superstring integral and introduce a set of functions for m gauge particles called
IBP building blocks (4.6). Next, we demonstrate the equivalence of all IBP building blocks
within a family via certain IBP processes (4.10). Finally, we set m = n—2 to show that the
dimensional reduced n-particle superstring correlator can be written as linear combination
of IBP building blocks (4.12), therefore establishing the equivalence of different DRs for
superstring amplitudes under IBP. We give a specific example for n = 5 points at the end
of this section and put off most of the tedious algebraic operations to Appendix A.

4.1 Open superstrings and IBP building blocks

The generic massless open-string tree amplitude is given by a disk integral:

strin, d"z i rin, ij
M ) = [l Tl B @), k8= el @)
P RS

1<J

.__ 3, string
=dpn

where z;; := 2z; — z; and s;; := 2p; - p; are the Mandelstam variables. The color ordering
p € Sn/Zy, is realized by the integration domain Zoi) < Zp(i+1)- We denote the Koba-
Nielsen factor as KN and the integral measure including it as d/ft ing, Using the SL(2,R)
redundancy one can fix e.g. (21, 2n—1,2r) = (0,1,00), and the product in the Koba-Nielsen
factor goes over all ¢, j such that 1 < i < j < n — 1 with this fixing. The string correlator
Z5M8 g a rational function of z’s, which is required to have the correct SL(2) weight:
e [ (v + 024) 225" under z, — —?‘Yigzzg with ad — v = 1. For convenience in
the following text, let us introduce the 2n x 2n skew-symmetric matrix W constructed by:

0 if =7, 0 if =47,
(A)” = A0 - D (B)Z] = 2e; - e
“Pi'bj otherwise, A otherwise,
Zij Zij

(4.2)

C); = ki

\ Zij

( 2¢; -
*Z B i =), T
‘ Zik _
lI’::(A c)

otherwise,

As shown in [24], the right /left-moving superstring integrand reads:
[n/2]-1

g — S (a0 Y T LY e (43)

P
100 g=0 pEGq (ij)€p J

where £ denotes the right /left movers respectively, and we only consider 7 r on

in short) here since we will focus on the open string, leaving the discussion of closed string

ga uge ( gauge

to Section 6. In this section we choose (ig,jo) = (1,2), which can be chosen arbitrarily,
since different choices of (ig, jo) are cohomologous to each other. The second sum goes
over all possible partitions of 2¢ particles among {3,...,n} into ¢ distinct pairs, as defined



in Section 3. Here we use W7, to denote the 2(n—2¢g—1) x 2(n—2¢—1) matrix yielded by
removing the 1st, 2nd and the i, j, n+i, n+j-th columns and rows from W for each (ij) € p.
To enhance understanding of the notation, let us give a few leading terms in (4.3):

1

212

gauge __

1 e - e o
o8 [Pf U, — Yo T Sipg iy

o
o L 22
3<i1<ji<n 1

+ 1( Z + Z > 2€i1 ‘€j1 2€i2 '€j2 Pf @312]112]2 T
a'? 2 2

3<i1<g1<ie<jos<n  3<i1<i2<j1<j2<n 171 12J2

Directly performing IBP on integrand (4.3) would be tedious and lack of universality.
This motivates us to consider the IBP-equivalent function families, namely the IBP building
blocks, which consist of the two letters:

Sij Sz’j
V= o Wiyi=——— (4.4)
Z ; % = % Y (- 2)?

Importantly, the two letters and the Koba-Nielsen factor are related by:
81' KN = O/‘/i : KN, 81% == —O/VVZ']', 82 = 0y (45)

For a given split of m gauge particles into I U II, the IBP building block is defined as:

[m/2]
Z(III) = Z Z H Wij HVk (4.6)
9=0 pe(&qlD) (i5)€p kep

where p is the complement of p with respect to IUII, (&4|I) denotes the set of all p € &,
such that I C p and each pair in p has nonempty intersection with I, as defined before (3.4).
Here are some examples and relations for IBP building blocks:

T({1,3}{2,4}) = VaVyWiz + W1gWas + W12 W3y

Z({1,2,4}|{3,5}) = VsW1aWaz + VsWi 3Wa 4 + VaWy sWo s + VsWi 4 Wa 5
+ VsWioW34 + VsWi oWy 5

IUL2,....2n—1}|@) =0  Z(2[{1,2,....n}) = ViVa---V, (4.7

T({1,2,...,2n — 1}|{2n}) = Z({1,2,...,2n}|@)
T({1,2,....2n — 2}|{2n — 1}) = Vo 1Z({1,2,...,2n — 2}|2)

We define a family of IBP building blocks as those that share identical IUII, these IBP
building block families turn out to be exactly the maximal IBP-equivalent function families
we need. Proof of the equivalence will be given in the next subsection.

Remark. From (4.7) we see that Z({1,2,...,n}|@)=0 for any odd n, which is consistent
with Corollary 3.2 and the known property of vanishing odd-point amplitudes in NLSM.



4.2 The equivalence of DRs under IBP
4.2.1 The equivalence of Z(I|II) under IBP

In the forthcoming discussion, we consider a n-point scattering process with the particles
ordered as {1,2,...,n}. For two IBP building blocks within the same family of the form
ZHi1y ik ks, - - yim}) and Z({é1, ..., igr1 H{ik+2, - - -, im}), Once we prove that such
two IBP building blocks are IBP-equivalent, it follows from transitivity that all IBP building
blocks in the same family are IBP-equivalent. For simplicity, let us temporarily abbreviate
T({i1, - sig{igst, -+ im}) to Z(UIT) and Z({i1, ..., ike1 H{ikro, -, im}) to Z(I"|IT").
To prove the IBP-equivalence between Z(I'|II') and Z(I”|IT"), it is necessary to look into
their summation ranges for a given ¢, namely (S,|I') and (&,4|II'), and tell their difference.
With careful observation, we find that

(84 IN\(SG1") = {p € (&,|T) |ir+1 € 5},

4.8
(SalIN\(S4[T) = {p € (84| (iknie) € prig € 1"} (48)

That is to say, the terms in Z(I'|II') but not in Z(I”|II") are those containing V;
while those in Z(I”[1I"”) but not in Z(I'|I') are those containing W; for some i, € 1I".
This inspires us to extract the respective common factors V;, , and Wj, ,;,. Note from (4.6)
that the coefficient of V; or W;; in Z(I|II) is a minor IBP building block excluding i or i, j
from the “gauge particles” list I U II, we can express Z(I'|Il') — Z(I”|IT"”) in the minor IBP
building blocks Z(I'|[11") and Z(I'|[I1"\{i,}) as follows:

k+10

k+1%¢

(VI = Z11") = Vi ZOUY) = 37 Wi, ZOUIT\{i}). (4.9)

k+1
igell”

Then we will observe from IBP and the Leibniz rule that the two IBP building blocks
Z(U'|IT") and Z(I”|II") multiplied by KN are equivalent as expected:
KN - V;,  Z(I'|II") = (8Zk+1KN) Ty 2= ——KN iy, Z(U|IT")
= LKNS Y (00, V) ZOW () = KN 3 Wi T Gie)) . (4.10)

ipell” ipcIl”

= KN-Z(I'II) 22£ KN - Z(1"|11") .

The boundary term emerging from IBP vanishes due to the short-distance behavior of
KN, i.e. KN, ., — 0. Now starting from a given IBP building block, we can transitively
prove its equivalence to any other IBP building blocks in the same family with a sequence
of IBPs and appropriately chosen SL(2,R) gauge fixing such that z;,_, is free coordinate
at each step. From the preceding argument we have proved that

Claim 4.1. For IBP building blocks in the same family we have

/ dpstTs (1,11, ) =22 / dpstne T(Ig|1L) , VI Ull =TI, Ul (4.11)
P p

~10 -



4.2.2 DR of open superstrings
From Claim 4.1 we see that for any set T, the integral of Z(T N I|T N1I) is independent of
split of m = n — 2 particles {3,...,n} into TUII. Thus if the DR of superstring correlator

can be reformulated as linear combination of Z(T N I|T N II)s, then the resulting stringy
NLSM is independent of how we choose the split in general DR, (2.7), and it is the case.

Claim 4.2. The dimensional reduced open superstring correlator can be written as

scalar auge 2(—1 ngil
S Z DR (D eypier) = 2V SN 1 AT T AT det (A gyr), (412)

12 TC{3,...,n}
| T|+n=even
where A denotes the matriz A defined in (4.2) with its i-th columns and rows removed for
Vi €T, hence det(A 1)) is independent of zi|;c(12)uT-
For brevity, we will only discuss the application of Claim 4.2 here, leaving its proof to
Appendix A. Let I = @, the resulting stringy NLSM amplitude is given by

NLSM string 2(_1)L%J_1
Mn = dlun T E I(@’T) det (A(12)I_IT)
12 TCc{3,...,n}
| T|+n=even (413)

12 i
- 2 A E e 2 A E
— d string Pf — /d string Pf
/ o (—E —A> "2 B -A)

where E is the n xn diagonal matrix defined as (E);; = 0;;V;, the second line comes from the
expansion of the Pfaffian in V; (A.7). A even briefer expression of stringy NLSM amplitude
corresponding to II = & is given by

9 -
MIJLSM _ /dﬂitrlng = det(Aij), A:=A—E. (4.14)

]

Here we give an explicit example for n =5, 1 = {3}, Il = {4,5}:

scalar

_2< det (A124) Z(@[{4}) + det (A125) Z(D|{5})+ )
oty

+det (A123) Z({3}]@) + det (A12345) Z({3}{4,5})
-2
=3 (det (Aq24) Vi + det (A125) Vs + det (A123as) (Vs Wag + ViWss))
12
2
=2 X ((A)35Va + (A)3,Vs + VsWay + VaWss) (4.15)
#

— ((A)35Va+ (A)34V5 — (o) 7105, (Vi)

i

IBP

12
A E
— ((A)35Va + (A)34Vs + V3VaVs) = Pf (—E —A) '

This odd-n integral, as expected, finally evaluates to zero.
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5 Mixed amplitudes and logarithmic forms

In this section, we extend the stringy NLSM (4.14) to give the stringy UV completion of
the mixed amplitudes of ¢3 and pions scattering. We also develop a systematic method to
compute its low-energy limit by giving the logarithmic form of the string integral, thus the
corresponding ' order can be obtained by plugging in the result of Z-integral [22].

To begin with, we shall give the superstring YMS integrand of the mixed amplitudes of
gluons and bi-adjoint scalars. As suggested in [9], for the scattering of gluons {i1, 9, ..., im}
and scalars ordered by (1, a,n), it is natural to identify the superstring integrand as

|al

SO%auge—&-color({il’ i2, e im}|1’ Q, n) — 8281.8“ H 826%(1?%71 _pn)gog;zauge’ (5.1)
=1

where we define ag := 1 and choose (ig, jo) = (1,n) in (4.3) to match the conventions in [9].
Algebraic operations (see Appendix B for details) show that

Lm/2]

2e:-e.
sOiauge—l—color({,L-l7 . lm}|17 a, n) — PT(l, a, n) Z (*O/)_q Z H 6;2 63 Pf ‘I,l,mp,n,
q=0 pES, (ij)ep
. (5.2)

PT(«) := ,
( ) Za(1)a(2)Pa(2)a(3) * * Fa(n)a(l)

where G, as defined in Section 3, only contains gauge particles, while 12" denotes the
matrix ¥ with its ¢, n+i-th columns and rows removed for each i in (1, o, n) or p.

Now Claim 3.1 guarantees that for any split of the m gauge particles, dimensional
reduction (2.7) gives the same result. This result is then naturally identified as the stringy

correlator of the scattering of pions {i1,1i2,...,%y,} and colored scalars (1, «,n):
2.7
PEEE IO ([ i T o) o geelareolor (o Y1 agn). (5.3)

Let I = @ in DR (2.7), the stringy integrand for mixed amplitude reduces to:
grealarteolor (£ o im L an) = det Ay, 4, o A PT(1, a,m), (5.4)

where we use A{il’i%m’im} with braces to denote A defined in (4.14) with only columns and

rows in {i1,42,...,4,} left. Note that for « = @, it reduces to the pure pions scattering.
Our next task is to expand (5.4) into a more explicit form. By fixing z, — oo and

omitting all z;, — 0o, we can draw an analogy to the matrix tree theorem [25] to derive

la]
~ Sij 1
det Agiy g, iy PT(Lasn) = (1" > [T 2] , (5.5)

% s
G(1L,0) e(if) W k=1 "~%—1%

where the summation goes over all labelled trees G(1, @) containing the sub-tree (1, «), with
nodes {1,2,...,n — 1} and orientations of the n — 2 edges e(i,7) flowing to the root node
1. For the definition of labelled tree, see [26]. Proof of (5.5) will be given in Appendix B.

- 12 —



For instance, let n = 5 with particles 3,4 to be pions and omit z;, — 0o, we have:

" 513514 523514 534514 513524
det Ay 4y PT(1,2,5) = + + +
212231241 212232241 212234241 212231242 (5 6)
523524 524534 513534 523534 ’
+ + +

212732242 212734242 212231243 212732243

Now we are just one step away from the logarithmic forms we expect. Notice that the
denominators in (5.5) are Cayley functions (generalization of PT factors) defined in [26],
thus we can apply (3.3) in [26] to expand these denominators to Kleiss-Kuijf (KK) basis.
This yields the logarithmic forms for mixed scattering of pions and colored scalars:

m
et (i, Lam) = 30 [[sip, PT(Len), (57)
oc€Perm(i1,...,im) a=1
p=allc

where the first summation goes over the permutations of the pion list o, and the second
summation goes over the shuffle product of @ and o. Here s;, 7 := 2p;, - > jeJ pj), while
1p.;, denotes the elements in {1} Llp from the beginning to i,, e.g. (1,2,5,4,3).5 = (1,2,5).
We remark that for @« = &, this is exactly the well-known BCJ numerator for pure pions
scattering [14, 27], see also |28, 29]. The above example (5.6) can be now written as

Soilcalar-f—COlOr({:g’ 4}|1’ 2, 5) = 53|12 S4/123 PT(l’ 2,3,4, 5) + 513 S4)123 PT(la 3,2,4, 5)
+ 513 84113 PT(1,3,4,2,5) + sqp12 531124 PT(1,2,4,3,5)  (5.8)
+ s14 831124 PT(1,4, 2,3,5) + s14 5314 PT(1, 4,3, 2,5).

The closed formula of the logarithmic form (5.7) provides a powerful algorithm to
compute the amplitudes in o’ — 0 limit: we just need to plug in the corresponding o’ order
of Z-integral, which have been computed in [22|. In particular, for the leading field theory
limit, we plug in the well-known bi-adjoint ¢? amplitudes m(1,2,...,n|1,p,n) [6] for each
PT(1,p,n). For example, the field theory limit of (5.6) simply reads

X4 X35  Xzs  Xog

ANLSM+¢° 3,441,2,5) = -1+ )
5 ({ }‘ ) X173 X173 —X2,5 X275

(5.9)

where we use the planar variables X; ; := (p; + piq1 +-- -+ pj,1)2 defined in [30]. Another
example for n = 8 in the field theory limit with 4 disjointed pions is given by

1 1 X X X X
ASNLSM+¢3({173,5,7}’2,4767 8) — n X3t A4 A7t Xogs
2X15  2Xap X14X15 Xo6Xo 7
(X1,7+ Xo3g) (X35 + Xag) n (X1,7+ Xo3g) (X35 + Xug)
2X26X27X356 2X27X36X37

+ (cyclici — i+ 2,i+ 4,7+ 6),

where we need to plug in a slightly different version of (5.7) with e.g. (ig,jo) = (2,8) to be
special instead of (1,8). We also present an example for 9-point with 6 pions in Appendix B.
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Apart from the field theory limit, the higher o’ order can also be worked out through
this method, e.g. the O(a’?) correction of (5.9) is given by:

2

T X35X7 X3 X,
— (1’4 — Xo5X14+ X35X14 — B

4 2
+ X — X1,3X274
Xi3 38

)

6 X13

+X13Xo5 — X13X35 + Xo4 X35 — Xo5X35—

XouX3s  X34Xs5
Xo5 Xos )

) )

6 Pions in open bosonic strings and closed strings

In this section, we first demonstrate that the stringy NLSM corresponding to the bosonic
string is regardless of the different DR but the first derivative O,.c; in the same IBP-based
method. Then, we generalize our discussion to closed string models for both the bosonic
and super string. We also discuss other gauge theories/EFTs obtained via the KLT relation.
We list some of their 4-point results as a simple comparison between the two versions of
stringy NLSM.

6.1 DR of bosonic strings

The bosonic string correlator goi?flonic [20, 31| can be written as a formula very similar to
the IBP building blocks (4.6) in our G-notation:

[n/2]
eome= > > 11 B3 118w (6.1)
q=0 pe&q (ij)ep kep

Here the two types of letters B(i),B(Zi.j) are defined as:

261‘ c €5

2e; - p;
By = L BE =4+ : 6.2
(7) ; 2ij (37) o Z?j ( )
This subsection only involves go}_’ﬁf{’“ic, which is abbreviated to ©P°°%¢. Similarly we
abbreviate B(i'—j) to By;;). For example, the bosonic string correlator for n = 4 is given by:

PO = B19)B(3)B(ay + B(13)B(2)B(ay + BuayB)B(s)
+ B23)B(1)B(4) + B24)B(1)B(3) + B(34)B(1)B(2)
+ B(12)B(3a) + B(13)B(24) + B(14)B(23) + B1)B(2)B(3)B(4)

To prove the equivalence of DRs of bosonic string correlator with respect to the different

bosonic

5 as linear combinations

split of gauge particles into I L II, we should express DRs of ¢
of IBP building blocks, then apply Claim 4.1. We find it much simpler than the superstring

cases, since the DRs of B(;) and B;;) are exactly V; and W; ; defined in (4.4):

DR(B(@):{O o {W e (6.3)

V, qecll Bip) 0 {ij}clI
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Comparing with the definition of IBP building blocks (4.6), one can easily see that:

2
/2
'z

DR (8e¢~ej QOEOSOMC) _

Z(I10), IUIT ={1,2,...,n}\{i,7}. (6.4)
For example, for the 6-point amplitude with first derivative O, .., we have:

= soni = 2 soni
DRIIf{2,4} (8e5~e6 So‘goso c) — pRU {2,4} ( — 902050 c)
56 6 5)

2 (6.

= —— (VaVaWig + WiaWas + W12 Way) = %I({l, 3}{2,4}).
o'z o'z

Applying Claim 4.1, we reach our desired conclusion that the general DRs (2.7) of the
bosonic string given the first derivative are equivalent, regardless of how we split m gauge
particles into I LIII. However, the DRs with different first derivative Oc,.c; can be different,
since there is no equivalence between Z(I|IT) and Z(I'|[IT") for TUTI # I’ UIT'. For example,
the integrated results of taking Og,.c, Or Oc,.c, at n =4 are:

s12l' (s12 — 1) ' (s93 + 1)
I (s12 + s23)
sl (s12+ 1) (s93 — 1)

I (812 + 823)

€1-€ey . —
(6.6)

€1 €4 : )
where we set o/ = 1. We can interpret them respectively as the scattering of (1?,2%, 37, 4™)
and (12,27, 3™ 4%). In the field theory limit, both of them are known to be equivalent to
the pure pions scattering, which reads s15 + so3. However, their higher o/ order corrections
are no longer equivalent. We remark that the dependency on the first derivative is the
characteristic that distinguishes DRs of bosonic string from that of superstring.

To end this subsection, let us give a comparison between Claim 3.1 and the IBP proof
based on Claim 4.1. For an integrated gauge invariant amplitude, the difference between
DRs is some vanishing gauge terms, ¢.e. Schwinger terms that does not contribute to
the amplitude. While for the stringy disk integral, the difference between DRs are some
vanishing boundary terms due to the short-distance behavior of the Koba-Nielsen factor.

6.2 Closed super and bosonic strings

There is a natural generalization of what we have considered, i.e. the closed super and
bosonic string models. As studied in |24, 32] and we have discussed, we have the following
left (right) movers

PEUE = (43) —2t o —detA, (6.7)

take e;-e;

S0’£>|:osonic _ (6.1) L ()Dl:otoscalsr _ (6.4), (6.8)

take e;-e;

" = PT(1,...,n). (6.9)
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The closed string amplitudes are then given by the modulus squared integral

dzd"z e _
Melosed _ /C vorsn g L) e-n()psa() (6.10)
’ 1<j

For different combinations of the left (right) movers, the corresponding amplitudes are
listed in Table 1, in which it is straightforward to see that the Born-Infeld (special Galileon)
is given by dimensional reductions of Einstein gravity on its left (left and right) movers.

pBE pSealar (pbosonic pboscalar
@™ | Einstein gravity pBaee Weyl-Einstein gravity [33, 34]
pScalar Born-Infeld special Galileon [§] (pboscalar bos-BI bos-sGal
¢ | Yang-Mills NLSM peolor YM+(DF)? [33, 34] bos-NLSM
(a) theories in "gauge family" (b) theories in "bosonic family"

Table 1. Various theories from different combinations of left (right) movers, where bos-BI/sGal/
NLSM are the models containing building blocks from (DRs of) bosonic string ones.

Noteworthy, the open and closed bi-adjoint scalar amplitudes are related by the single
value projections [35, 36]. As a consequence, the ordered amplitudes of open and closed
string are related via the single value projection since one can always express the ¢ as
logarithmic forms on the support of Integration-By-Part relations [19, 20|, and can therefore

color

expand it into the Parke-Taylor factor ¢S

NLSM open string closed string
. —2P(14+5)T(1+t) | —2a0(1+s)T(1+H)T(1+u
superstring (F(—)u)( ) r(1(—s)r)(1(—t)r)(—(u) )
. . 8['(1+5)['(1+t) 8T (1+5)(1+)['(14u)
bosonic string | —{=5rg ED I )

Table 2. The 4-point NLSM amplitudes in the open/closed bosonic and super string models, where
we choose the first derivative O,,.., before the dimensional reductions.

We present the explicit results of the 4-point stringy NLSM amplitudes in Table 2. It
is straightforward to show the corresponding open and closed string amplitudes are related
by the Single-Valued (SV) map [35, 36]: we can write the stringy NLSM amplitudes from
the DRs of the open and closed superstring ones as:

MON;:;M( ,2,3, 4) _ 2ueo(s)+o(t)+o(u)fe(s)fe(t)+e(u), (6.11)
Mggsselé/[(L 27 3, 4) _ 27Tu€20(8)+20(t)+20(u), (612)

where o(z) and e(z) are summations of infinite series of {(odd) and ((even) respectively:

o 2]6‘ 2k+1 — 2% 2k
kz o ;; +)1 e(z) = kz 5(ng (6.13)
=1 =1
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Note that the SV map of the multiple zeta values used here is simply ((2k+1) — 2{(2k+1),
¢(2k) — 0, therefore we have:

T (Mepa) o = TMopin lo(2)520(2).e(2)0 = Malosed - (6.14)

Similar relations also hold for the NLSM amplitudes as the DRs of the bosonic open
and closed string ones. Let us end this section by presenting the results of 4-point sGal and
BI in Table 3, which is computed via the KLT double copy relations.

Theory sGal~NLSM®NLSM BI~NLSM®YM
: Anl(1+s)P(A+H0(1+u 167D (1+s)D(A+6) 0 (1+u
superstring F((—8))F((—1t)F)(—(u) : F(1(—s)r)(1(—t)r)(1(—u) Lant

647 (14s)I(14+¢) T (1+w)

=) T (=) (=T (=) | complicated expression

bosonic string

Table 3. The 4-point amplitudes of sGal and BI in the closed bosonic/super string models, where
we choose the first derivative O, .., before DRs and AP! is the 4-point field theory amplitude of BI.

7 Conclusions and outlook

In this paper we revisit the slogan “pions as dimensional reduction of gluons”. We generalize
the DRs found in the literature and prove that all dimensional reductions we introduce
yield the same result for any gauge invariant object multi-linear in polarization vectors.
Furthermore, we prove that the resulting function must have Adler’s zero if the gauge
invariant object only contains local simple poles. We present some explicit examples of
open and closed super and bosonic string models, illustrating the equivalence among the
DRs via the IBP relations. Our claims can also be applied to mixed amplitudes, for which we
derive a closed formula for logarithmic correlators of any number of pions and ¢3 scattering
in the superstring induced model, providing a systematic way to compute such amplitudes
at the o/ expansion.

Our work has suggested several future directions. As we have seen, gauge invariance
induces the Adler zero via the dimensional reduction. However, there are EFTs such as
Dirac-Born-Infeld and special Galileon that have enhanced Adler zero [37, 38|, it would
be desirable to understand this property from a similar perspective. Another direction to
explore is to apply the general DRs we found on the expansion of the YM amplitudes [39-
41], which leads to various expansions of the NLSM as what has been done in [42]| using
the special DR [9, 10].

On the other hand, it would be interesting to investigate the relations among the stringy
NLSM models [24, 32] we explored and those proposed in [14-18]. There are significant and
noteworthy differences between these models, for example, the models we study satisfy the
monodromy relations |1, 43, 44| while those in |14, 15] satisfy the BCJ relations |2, 3.

Moreover, recent studies reveal a series of fantastic behaviors of the string/particle
amplitudes, namely smooth splittings [45], zeros and factorizations near the zeros [17] (see
also [46, 47]). Later in [48] it has been realized that another interesting phenomenon,

17 -



referred to as the 2-splittings, provides a common origin for both the smooth splittings and
the factorizations near zeros. It is natural to wonder whether the stringy models we study
share these phenomena.

Finally, we would like to generalize our understanding to loop amplitudes. At the
1-loop level, it is found in [49, 50| that the special DR [9, 10| (but without taking out a
special pair e; - ;) acting on the scalar-loop YM integrand, produces the correct NLSM
integrand at one loop. Given the fact the results in [49, 50| are based on the forward limit
of tree amplitudes, it is evidenced that our general DRs (2.7) would produce the same
answer. It would be highly desirable to understand dimensional reductions in higher loop
level, perhaps one of the available tools is the surfaceology that has been recently studied
in [17, 18, 51-55].
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A Details for DRs of superstring theory

In this appendix we will give the proof of Claim 4.2. We will set (ig,jo) = (1,2) in (4.3),
consistent with Section 4. Before performing dimensional reduction, let us introduce a key
tool for handling the reduced Pfaffians in (4.3), namely the following Laplace expansion of
the Pfaffian of a skew-symmetric 2n x 2n matrix A:

2n
Pf(A) = Y (=100 (A); PE(Ay) (A1)

j=1,j7i

where 6(i — j) is the Heaviside step function, (\A);; denotes the matrix element in the i-th
row and j-th column, and \A;; denotes A with its i-th and j-th columns and rows removed,
the index 7 can be chosen arbitrarily.

Now we can apply (2.7) to get the dimensional reduced Pfaffians and their prefactors.
By further performing a series of elementary row and column transformations on ¥ without

changing its Pfaffian, we obtain a new skew-matrix ® equivalent to W:

(2.7) A D Vi if i=j5€ll
v — P = , D), := , A2
<—D —A> (D) ! {0 otherwise #-2)

The explicit progress transforming ¥ to ® is given by:

Aany Aaqm 0 Aqm
g2 @0, Agqy A 0 (A+D)mm
0 0 -Agn —Agm
Aqn (A=D)army —Aqry 0
Aqn Agm 0 Aqm
_ [ Apny A 0 (A +D)am (A.3)
0 0 —Aqn —Aqm
0 Dy —Apry —(A+D)anm
Anqn Agm 0 0
_ Ay Agum 0 Diarmy | _ g2
0 0 —Anqn —Aqm '

0 -Dum —Agy —Aqnm

Note that IUII = {3,4,...,n}, the DR of prefactor is given by:

2¢; 1 ifpe(GylpnlI
qH e e] 27 H Wij x { }Pl ( alp ) (A.4)
(i)ep w (i)ep 0 otherwise
Recall that we take derivative of e; - eg before DR, by using (A.1) we have:
_ 9 prwr, = 2 prus _ 2 prg2e (A.5)
ez 1277 L2142 =
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Now we combine the above results together to get:

n/2)—1
r auge 2
S07shb(:ala DR (881 82()0% g ) — ZT Z (_1)q Z H Wij Pf(I)(lz)up. (A6)
12 g=0 PE(SqlpNl) (ij)€p

where the somewhat self-referencing p € (S4|p N 1) goes over all p € &, such that each pair
in p has nonempty intersection with I, without requiring that I C p. Later we will have this
condition encoded in IBP building blocks to avoid this self-referencing notation.

The next key step of our proof is to expand Pf ®(12)U7 into Taylor series of V; s, where
® is regarded as function of V;s through (D);;:

a"'
PERIr =" N Y, VQSWPf‘I’m) ? Vim0, vhgin,iny - (AT)
5 {i1,..yis pCpNII ts

Since Pf ®12Ur contains at most linear terms with respect to each V;, we omit all the
higher-order terms in Taylor series. Let S = {i1,...,is}, by using (A.1) we can reduce (A.7)
into summation of det (A (19),us) over sets S:

Pf(b(lQ)up _ Z (_1) (2n+3;|s‘)|s| (_1)n—|P‘;2—|S‘ det(A(12)upuS) H ‘/; (A8)

ScpnIl i€S

Note that the determinant of an odd-dimensional skew-matrix is zero, we further obtain:

Pra(2te — (-5 ST T Vi det(Aquzu,us) (A.9)

ScpNIl €S
[S|+n=even

Finally we collect (A.6) and (A.9) together to get:

n|_q [n/2]-1
scalar 2( 1 LQJ

il = Z > IT Wis [T Vi det(Aqayions)-  (A10)

pE(Sqlpnl)  (ij)ep i€p
SCpNIL,|S|+n=even
where p is the complement of p with respect to pUS. Let T = p IS, we have p =T N1,
S = TNII. Note that now T goes over all the subsets of I LI II with |T| + n = even, we can
rewrite (A.10) as summation of IBP building blocks (4.6) over all possible T as sets, and
get rid of the somewhat annoying self-referencing notation:

scalar 2(—1)L%J_1
gyt = =4 N Z(TNI|T NI det (Agz)ur). (A11)
12 Tc{3,....,n}

|T|+n=even

which is exactly Claim 4.2 we expect. This completes the proof.
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B Details for deriving the logarithmic form (5.7) and explicit result

In this appendix we will provide the proofs of (5.2) and (5.5). Throughout this appendix
we set (ig,jo) = (1,n) in (4.3) to be consistent with conventions in Section 5 and [9].

B.1 Proof of (5.2)
Recall that the definition of superstring YMS integrand reads:

|al

So;glauge—&-color({il’ i2a LERR Zm}|1a «, n) = 8261'671 H 825«11“(1’0@—1 _pn)so’;glauge’ (51)
i=1

In order to obtain an explicit formula of superstring YMS integrand from (5.1), let us

first take the derivative of e; - e,, by using (A.1) we have:

[n/2]—1
1 2e; - €;
Orere, P = — D (=a) 0y [ T prwte (B.1)

21
" =0 pEGq (ij)ep Y

Note that for any p such that p N a # &, the corresponding term in (B.1) does not
Py, —pn) Yi€lds zero for both H(ij)Ep

Pf WhP" for any a; € pNa. Thus we can safely restrict the range of gauge particles (where

contribute to the final result, since 9, . 2e; - ej and
elements of p € G, is taken) from {2,...,n — 1} to {i1,...,iy}. In the following text,
elements of partitions in &, is always taken from {iq,...,im}.

—pn)- Since ag =1 € (1,p,n),
the only component of ¥1*" containing eq, - P OT €, - Pag 15 (Cayay, thus the derivative

The next task is to evaluate the derivatives Jq,,, . (Pa;_,

D20, (pag—pn) 15 €quivalent to (Dac, . (pay—pn)(Clarar) d(C)a, ., When acting on Pf plon

This inspire us to translate all the derivatives (‘926%. (Pey_, —pn) INEO d(c) . which reads:

o o] o]
H aQeai '(pai_l —pn) = ( H 826042"([)&2-_1 —pn) (C)azaz) H 8(0)(11.&2. (B2)
i=1 =1 =1

This translation holds if the input of 9y, . depends on ey, - p, and ey, Do,

pﬂti_ 1 —pn)
solely through (C)g,q,, and it is the case. By recursively using (A.1) we have:

k
E(2n—3—k)

[Toc..., PE®YP" = (1) "2 PE®Len-orm VL a. (B.3)
i=1

Thus the input of 828%_ (Pay_; —Pn) is just Pf ®ha1@i-1,n (yp to an overall sign and
a prefactor), whose only component containing eq, - pp, 0Or €q, Pa,_; 1S (C)a,a;- This proves

the translation (B.2). The prefactor is easy to get:

|af |al

Za;_1n PT(1,c,n)
HaQEai'(paiflfpn)<C)OéiOéi = H : == PT(l)n) (B4)

i=1 i1 P10 Fain
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Finally we collect (B.2) to (B.4) together, and take k = |a] to get:

SOTglaugeJrcolor({h7 o im}1, o n) = (_1)n+1+w y
Lm/2]
% - e (B.5)
x PT(1,a,m) Z (—a/)74 Z H % Pf plopn
q=0 pEG, (ij)ep Y

Neglecting the unimportant overall sign, this is exactly (5.2) we desire.

B.2 Proof of (5.5)

In this subsection, we fix z, — oo, and denote the identities that only hold after omitting
Zin — 00 by “=". These z;, can be safely omitted since they automatically cancel out with
the zj, — oo in dps™™8 . In order to prove (5.5), let us first expand (5.4) into summation
of labelled trees for the case that & = @ with the matrix tree theorem [25], then reduce to
general o with Laplace expansion of determinant.

For o = &, the matrix tree theorem can be directly applied to yield the result:

~ . n Sij
det Aoz 1y PT(1,n) = (1) Z H z] (B.6)
G(1,2,...n—1) e( 4

where we make the denominator of each term matching the form 27 ¢23e - 2,—1,6 to get
the correct relative signs. For instance:

det A{2,3} PT(1,4) - 521831 + 523831 + 521832 (B?)

221231 223231 221232

By treating s;;|1<i<j<n as independent variables, similar arguments as the proof of (5.2)
yields the following equivalence for (B.6):

|2 o o]
Has%qai = <H85ai1ai("&)aiai> Ha(];)aiai, (B.S)
=1

i=1 i=1

Then we can apply Laplace expansion to recursively remove pions from det A{2,3,...,n—1}:

8(1&)%% det A{---aai—laaivai+lv---} = det A{--waz'fh@é”l,---}‘ (B.Q)
And the prefactor evaluates to:
|ot] _ |ot] 1
10, 0. Do =] - = PT(1,, ). (B.10)
i=1 i=1 "1
Finally, we collect (B.8) to (B.10) together to get:
det Agiip iy PT(1, t,m) H(xa o detApy gy (B.11)
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o

The RHS selects all the trees containing sub-tree (1, o) divided by [[;2 50, a;:

ol
det A g iy, PTL ) = (<1)" 37 [T 2 [ —— (B.12)
G elig) 9 o1 Su-ran

This is exactly (5.5), hence completes the proof.

B.3 Explicit example at 9 points

The field theory 9-point 6 pions amplitude can be computed via similar formula as (5.7),
where we need to take e.g. (ig, jo) = (3,9) to be special instead of (1,9), then the result is
obtained by plugging in the bi-adjoint ¢ amplitudes:

NLSM+43 5 2(Xy3+Xou)  2(Xigt+ Xog) | 2(Xi3+ Xopg)
Ay ({1,2,4,5,7,8}(3,6,9) = 3 + Xia + Xos + Xas
(X134 Xo4) (Xy6 + X57) (X18 + X79) + (X18+ X29) (Xo4 + X35) (X57 + Xeg)

3X14 X1 7 Xy 7 3X95X08X58
L (X13+ Xo9) (X35 + Xup) (Xes+ X79) L (X184 Xo9) (Xo7+ X38) (X35 + Xugp)
3X36X39X69 Xo8X36X37
N (X18+ Xo9) (Xo7 + X38) (Xa6 + X57) + (X13+ Xo4) (X115 + Xag) (X18 + X79)
XogX37Xy7 X1,4X16X1,7
L (X134 Xo6) (X35 + Xu6) (X188 + X7)9) n (X134 Xo7) (X35 4+ Xup) (X158 + X79)
X1,6X17X36 X17X36X37
N (X13+ X29) (X35 + Xy6) (X38 + X79) L Xuat Xus + Xoa + Xoe + Xa5 + Xao
X36X37X39 Xi16
_ (X155 + Xog6) (Xoa+ X35) B (X18+ Xo9) (Xoa+ X35) B (X13+ Xo4) (X154 Xup)
X16X25 Xo5Xog X14X16
(X Xop) (X35 + Xae)  (Xus+ Xog) (Xs5+ Xae) (X3 + Xop) (X35 + Xag)
X16X36 Xo8X36 X36X39
(X +Xo4) (Xue+Xs7)  (Xag+Xop) (Xae+Xs7)  (Xis+ Xog) (X6 + Xs7)
X1.4Xy7 X39Xy7 Xog Xy
(X134 X155+ Xoa+ Xog+ X35+ Xap) (X184 Xrg)
X16X1,7
(X35 + Xa6) (X13+ X1 8+ Xo7+ Xog + X358+ X79)

— + (cyclic,i = i+ 3,7 + 6).
X36X37 (cy )

+
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